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Abstract

Boreal forests are Earth‘s second largest forest biome, covering an area of 12.0–14.7

million km2. Winters are typically long, cold and dry, creating ideal conditions for

sustaining snowpacks throughout this period. The spatial and temporal distribution

of snow cover in boreal forest environments plays a crucial role in hydrological and

ecological processes at local and regional scales. The dynamics of snow accumulation

and melt reflect the interplay between such processes as the wind-driven redistribu-

tion of snow and the net energy balance at the snowpack surface. The presence

of a forest canopy exerts a modifying e↵ect on these processes; snow on the for-

est floor is typically sheltered from wind and direct solar radiation, whilst receiving

enhanced longwave radiation from the surrounding canopy. However, the balance

between these e↵ects can be complex, particularly in the case of discontinuous forest

canopies where clearings allow wind and light to penetrate down to the underlying

snowpack. Understanding how the interplay between environmental factors drives

spatially and temporally varying patterns of snow cover across forest edges is of par-

ticular importance and relevance in boreal regions where rates of climate change are

high and forest fragmentation is increasing.

In this thesis I explore how linear clearings, such as roads and tracks, may alter patterns

of wind flow and incoming radiation, and consequently modify the dynamics of snow

accumulation and melt across discontinuous forest canopies. This investigation uses

field data collected during this research project and observations from long-running
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monitoring at the Arctic Research Centre of the Finnish Meteorological Institute (FMI-

ARC), in northern Finland.

Using a Met O�ce wind flow model (BLASIUS) I simulate patterns of wind flow

across forest discontinuities and show that the clearing width is a key influence on

these dynamics. There is less drag on the wind flow within the clearing relative to the

forest canopy. Su�cient distance (approx. 100 m) is required for the wind flowing

across the gap to adjust to this change in the boundary conditions. A region of

reversed flow as the wind enters the gap was found for all gap widths. Within the

100 m gap, the wind speed then increases with distance across the gap until it is

slowed by the presence of the downwind canopy edge. Narrow gaps (<30 m wide)

have less impact on sub-canopy wind speeds as there is insu�cient distance for the

flow to fully adjust to the change in conditions. The influence of a forest gap on sub-

canopy wind dynamics becomes negligible for very narrow gaps (approx. 3 m wide).

Canopy height and density have a second-order e↵ect on the wind flow dynamics

across the gap. Increasing the canopy height accentuates the region of reversed flow,

and faster flowing air above the canopy is not drawn down as deeply down into the

gap. A denser forest canopy results in greater vertical velocities at the canopy edges.

Reducing the canopy density results in greater overall wind speeds across the model

domain.

The wind flow model was coupled to a forest snow model (a simplified version of

FSM2) using a linear scaling relationship observed between above- and below- canopy

wind speeds, and similarly for surface friction velocity. This coupled model was used to

explore the interactions between forest canopy, wind, and the surface energy balance

on snow accumulation and melt across a range of forest gap scenarios. The simulated

snow mass accumulates sooner and at a greater rate within the gap compared to

under the forest canopy. In wider gaps (� 50 m) there is an asymmetric pattern

of snowmelt, with melt occurring sooner towards the exposed downwind edge of the
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gap and persisting for up to a month longer towards the sheltered upwind edge.

Snow melts more evenly across narrower gaps. In the simulated scenarios I show that

turbulent heat fluxes drive the spatial pattern of snowmelt across a gap. Simulated

snowmelt patterns in the wider gaps correlate with sub-canopy wind speeds across the

gap; higher wind speeds lead to greater fluxes of sensible heat and therefore earlier

onset of melting and higher melt rates. Radiative fluxes provide a secondary influence

on snow melt and have most impact on the melt dynamics towards the upwind edge

where wind speeds are lowest. The canopy density influences the amount of sub-

canopy snow accumulation and modulates the snowmelt patterns set by the energy

fluxes across the gap. In the widest gap (100 m), increasing the LAI leads to later

snow disappearance.

The findings from this thesis demonstrate that introducing clearings into boreal forests

produces a significant change in the local wind flow dynamics and snow hydrology.

The width of the clearing is important, with canopy characteristics providing a sec-

ondary, modulating e↵ect. The modifications to wind and snow induced by the

presence of a gap in the canopy are greatest in the widest gaps. However, even nar-

row canopy gaps may have a significant impact if their orientation aligns closely with

the prevailing wind direction. While the e↵ects of an individual gap may be localised,

they could become regionally significant in areas of boreal forest undergoing extensive

fragmentation.
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Lay summary

Boreal forests are found in some of the northernmost regions of the world such as

Canada, Scandinavia and Russia, and cover approximately 11% of the Earth‘s land

surface. Winters in boreal forests are typically long, cold and dry, creating ideal con-

ditions for sustaining snow on the ground. Understanding snow in boreal forests is

important because the accumulation and melting of snow in boreal forest environ-

ments play crucial roles in the hydrology and ecology of these regions.

The overall impact of forests on snow cover can be variable. As snow falls, some

may land on the branches and leaves of the forest canopy. This interception of snow

reduces the amount of snow on the ground when compared to nearby open areas.

Snow on the forest floor is sheltered from the wind and shaded from the sun by the

overlying canopy, which has the e↵ect of preserving the snow for longer. On the other

hand, trees emit longwave radiation, which provides energy for melting.

Where there are gaps in the canopy, less snow is intercepted and so greater amounts of

snow can accumulate on the ground. There is the potential for greater wind speeds

within the gap when compared to the surrounding canopy. The snow in the gap

is also more exposed to radiation from the sun and may still receive the enhanced

longwave radiation from surrounding trees, both of which act to bring on melting

of the snow sooner and faster. The interactions between these processes are central

to understanding how changes in forest cover impact on the snowpack in boreal
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forests.

In this thesis I explore how linear clearings may alter patterns of wind flow and incom-

ing radiation, and consequently change snow accumulation and melt across the clear-

ing. Linear clearings can be natural features, such as rivers, or generated by human

activity, such as road-building, forestry practices, and oil and gas exploration.

As the evolution of snow within the boreal landscape is dependent in part on the

wind at the snow surface, it was necessary to use a computational model to explore

how clearings in forest canopies a↵ect the local wind flow. I use a computational

model of wind flow developed by the Met O�ce, alongside measurements made

at the Arctic Research Centre of the Finnish Meteorological Institute (FMI-ARC),

in northern Finland, to simulate wind flowing across forest clearings with di↵erent

clearing widths and canopy characteristics. I show that the width of the clearing

is a key influence on local wind speeds. Forest clearings are associated with higher

wind speeds below the height of the trees than in intact forest. This is because the

leaves and branches of trees act to slow the wind down (canopy drag), whereas within

the gap there is less drag on the air flow. However, this is only the case if there is

su�cient distance (approx. 100 m) for the wind flow to adjust to the lower drag in

the clearing. For narrow gaps (less than 30 m wide), the e↵ect of a forest clearing

on wind speeds is reduced, becoming negligible for very narrow gaps (3 m wide). A

zone of recirculating air was found as the wind enters the gap, and is enhanced when

there are taller trees surrounding the gap. Reducing the density of the forest canopy

(e.g. if there are fewer leaves) leads to higher overall wind speeds across the forest

and gap.

To understand snow accumulation and melting in fragmented boreal forests, I combine

the wind flow model with a second model that simulates snow accumulation and

melting, alongside further measurements from FMI-ARC. I use the combined model

to explore how snow accumulation and melting are controlled by the interactions
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between the forest canopy, wind, and the melting energy received by the snow surface,

across a range of di↵erent forest gap scenarios. I show that snow accumulates earlier

and faster within the gaps compared to within the forest. In wider gaps (� 50 m)

there is an asymmetric pattern of snowmelt, with melt occurring sooner towards the

exposed downwind edge of the gap and persisting for up to a month longer towards

the sheltered upwind edge. This melting pattern is created because away from the

sheltered forest edge higher wind speeds help to maintain a temperature di↵erence

between the snow surface and the air immediately above it. In narrow gaps, snow

lasts longer and melts more evenly, as the wind speeds are much lower compared to

wider clearings.

The findings in this thesis demonstrate that gaps in forest canopies impact both local

wind flow and snow dynamics. There is a global trend towards increasingly fragmented

forests, often linked to human development. As a result, linear clearings may become

increasingly prevalent within these landscapes. Therefore, by revealing the role that

these clearings play in modifying the local environment, this thesis contributes towards

future forest management aiming to mitigate as far as possible any negative impacts

of existing and future boreal forest fragmentation.
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Chapter 1

Introduction

1.1 Thesis context and rationale

Boreal forests are Earth’s second largest forest biome, with a spatial extent covering

12.0 – 14.7 million km2 (Baldocchi et al. 2000). Boreal forests play an important role

in the global carbon cycle and are estimated to contain 32% of global forest carbon

stocks (272±23 Pg C), with 20% of this stored in live biomass, 20% in deadwood and

litter and 60% in soil (Pan et al. 2011). They are located in the circumpolar region

between 50 and 70 degrees north, predominantly in Canada, Russia and Scandinavia

(Johnson & Miyanishi 2012, Gauthier et al. 2015). Winters are typically long, cold

and dry, creating ideal conditions for sustaining snowpacks throughout this period

(Bonan & Shugart 1989, Brandt n.d.).

The spatial and temporal distribution of snow cover plays an important role in the

ecology, hydrology and economies of seasonally snow-covered landscapes (Pomeroy

& Goodison 1997, Barnett et al. 2005, Bokhorst et al. 2016, Sturm et al. 2017,

Penczykowski et al. 2017, Slatyer et al. 2021). The accumulation and subsequent

melting of the snowpack are key processes that a↵ect a wide range of environmental
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factors such as: soil temperature and moisture (Zhang 2005, Lawrence & Slater 2010,

Hardy et al. 2001); biogeochemical cycling (Brooks & Williams 1999, Jones 1999,

Brooks et al. 2011); streamflow timing and amount (Lundquist & Dettinger 2005,

Sun et al. 2018); vegetation dynamics (Wipf et al. 2009, Rasmus et al. 2011, Trujillo

et al. 2012); surface albedo (Warren 1982, Flanner et al. 2011).

The low thermal conductivity of snow protects tree seedlings and understory species

from cold winter temperatures (Penczykowski et al. 2017). Snow cover also insulates

the underlying soil, and so the accumulation and the melting of snow has an impor-

tant influence on the timing of soil thaw and the subsequent release of available soil

moisture (Zhang 2005, Bartlett et al. 2006). The timing of spring thaw and avail-

ability of soil moisture are strong controls on the start of leaf-out and photosynthesis

(Barichivich et al. 2014). The length of the growing season is linked to the strength of

the boreal forest carbon sink, with earlier snowmelt linked to enhanced carbon uptake

in boreal forests (Black et al. 2000, Jarvis & Linder 2000, Barr et al. 2002, Pulliainen

et al. 2017, Ahmed et al. 2021). Longer growing seasons in forest ecosystems may

increase carbon availability in the form of labile litter, enhancing microbial respira-

tion and thereby reducing net carbon uptake (Brooks et al. 2005). Additionally, soil

respiration is an important contributor to annual CO2 fluxes (Valentini et al. 2000)

and as soil temperature is a primary control on soil microbial activity, snow cover can

facilitate the continuation of microbial activity during the winter (Brooks et al. 1996).

Patterns of snow cover distribution can also impact on the availability of nutritious

food for herbivores (Mårell et al. 2006, Penczykowski et al. 2017). Furthermore, up

to one-third of annual precipitation may be stored within the snowpack until melting

in the spring, which has an important influence on streamflow timing and magnitude

(Pomeroy & Granger 1997, Barnett et al. 2005, Bartlett et al. 2006, Sturm et al.

2017).

Boreal forests are typically dominated by coniferous tree species, such as pine, spruce
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and fir, that retain their needle-shaped leaves during the winter and as such are

an important influence on the amount and duration of underlying snow (Pomeroy &

Dion 1996, Gauthier et al. 2015). Understanding the interactions between forests and

snow is key to producing accurate snow accumulation and melt predictions, which are

necessary for the e↵ective management of forested water-sheds and improving land

surface schemes for climate modelling (Essery et al. 2009, Rutter et al. 2009, Wang

et al. 2010, Ellis et al. 2013, Dickerson-Lange et al. 2021, Malle et al. 2021).

Forest canopies influence both the accumulation and ablation (removal) of snow

on the underlying forest floor (Essery et al. 2009). Interception of falling snow by

the canopy acts to reduce the snow mass on the ground, a process enhanced by

the needle-shaped leaves of conifers that increase the surface area of the canopy

(Lundquist et al. 2013). The snow may be held in the canopy for a period before it

is unloaded or sublimates, giving rise to greater heterogeneity in the distribution of

snow mass and properties compared to snow in open environments (Wilm & Dunford

1948, Troendle & King 1985, Pomeroy & Schmidt 1993, Hedstrom & Pomeroy 1998,

Varhola et al. 2010, Schelker et al. 2013, Moeser et al. 2016, Lundberg et al. 2016).

Wind flowing through a forest is slowed by the aerodynamic drag exerted on it by

canopy elements such as leaves and branches (Finnigan 2000). As such, the typically

low wind speeds under a forest canopy mean that turbulent fluxes tend to constitute

a minor contribution towards snowmelt energetics and the net radiation balance is

the dominant component of the surface energy balance (Link & Marks 1999a).

Incoming shortwave and longwave radiation to the snow surface is strongly modified

by the presence of a forest canopy, which produces di↵erent spatial and temporal

patterns of melt compared to those observed in open environments (Musselman et al.

2015). Shading by the canopy reduces the amount of direct shortwave radiation

reaching the forest floor, which acts to enhance snow retention and is a key influence

on snow-melt variability (Harding & Pomeroy 1996, Metcalfe & Buttle 1998, Hardy
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et al. 2004, Sicart et al. 2004, Talbot et al. 2006, Musselman et al. 2012, Malle

et al. 2019). In contrast, longwave radiation to the underlying snow surface tends to

be enhanced under forest cover relative to adjacent open areas, due to the greater

emissivity of forest canopies (Sicart et al. 2006, Essery et al. 2008, Lawler & Link

2011, Webster et al. 2017). As a consequence of absorbing solar radiation, the canopy

may reach substantially higher temperatures than the overlying air (Webster et al.

2016). This results in greater transmissions of energy to the snow surface and acts

to advance the onset of melting (Link et al. 2004, Sicart et al. 2004, Pomeroy et al.

2009).

Forest disturbance is a key driver of heterogeneity in eco-hydrological systems across

landscapes (Dale et al. 2001, Johnson & Miyanishi 2010, Turner 2010, Mitchell 2013).

The cause of disturbance may be abiotic (e.g. drought); biotic (e.g. pathogens) or

anthropogenic (e.g. forestry practices) in origin, or a combination of these (e.g. fires)

(Turner 2010). Disturbance to forest ecosystems can have far-reaching impacts,

for example a↵ecting crucial ecosystem services such as carbon storage and water

provision (Seidl et al. 2016, Thom & Seidl 2016).

In boreal forests, human activity such as road-building, forestry practices, and oil and

gas exploration, can produce linear forest clearings. Road networks can form extensive

networks through the forest landscape, which are often extended to allow greater

access for logging and extractive industries (Kuklina et al. 2021). Linear features can

also result from the creation of drainage ditches in forested wetlands (Hasselquist

et al. 2018). This practice is used within the forestry industry to improve forest

productivity and in some locations leads to highly fragmented landscapes (Lohmus

et al. 2015). Seismic lines are long linear clearings created as part of the oil and

gas exploration process (Lee & Boutin 2006, Van Rensen et al. 2015). They often

form dense gridded networks of clearings and can become pervasive features in many

boreal forests that overlay large hydrocarbon deposits (Machtans 2006, Pasher et al.
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2013).

The increasing fragmentation of forest landscapes has significantly expanded the

length of forest edges and the proportion of forested areas within close proximity

to an edge (Haddad et al. 2015). As such, understanding environmental responses to

forest edges and gaps is increasingly important; of particular interest in boreal forests

is the impact of this on snow accumulation and melting.

The overall impact of forests on snow cover can be variable: although canopies

intercept snow and emit longwave radiation, thus acting to reduce snow cover, forests

can simultaneously shelter snow from wind and solar radiation, which acts to preserve

snow cover (Chen et al. 1993, Pomeroy et al. 2002, Varhola et al. 2010). The

trade-o↵ between these processes is central to understanding how changes in forest

cover impact on the snow pack and how this is likely to vary with factors such as

size and orientation of forest gap (Golding & Swanson 1978, Ellis et al. 2011, 2013,

Lundquist et al. 2013). Snow in forest gaps exhibits a high degree of variability that

is related to gap-specific spatial patterns of interception, wind-driven redistribution

and compaction, and energy inputs, therefore it is important to capture this variation

in forest snow models (Golding & Swanson 1986, Murray & Buttle 2003, Essery et al.

2009, Lawler & Link 2011).

Snow within and adjacent to forest gaps can be more exposed to higher wind speeds

than within a closed canopy, and so may be redistributed and the the surface can

become more compacted (Liston et al. 2007, Stern et al. 2018, Currier & Lundquist

2018). The presence of a clearing within the forest opens up the underlying snow

to direct shortwave radiation, an e↵ect further modified by the size of gap and its

orientation relative to the position of the sun (Lawler & Link 2011, Seyednasrollah

& Kumar 2014, Musselman et al. 2015). The snow surface is also more exposed to

atmospheric longwave radiation within a gap than under closed canopy, and may still

receive thermal energy emitted by surrounding trees at the gap edge (Lawler & Link
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2011, Seyednasrollah & Kumar 2014, Webster et al. 2017). Which of these processes

dominate depends on multiple factors, including gap size and orientation.

This thesis aims to improve our understanding of the spatial and temporal patterns

of snow accumulation and melt across linear forest gaps and how the gap width and

orientation may further modify these dynamics. This will be achieved through the

use of observational meteorological, snow and canopy data collected at a field site

in northern Finland, combined with a wind flow model (BLASIUS (Wood & Mason

1993, Ross & Vosper 2005)) and a forest snow model (simplified version of FSM2

(Mazzotti et al. 2020a). First, BLASIUS is used to explore how wind flow through a

forest canopy may be modified by a linear clearing of varying width and surrounding

canopy structure. Observational wind speed data and canopy metrics are then used to

evaluate the ability of BLASIUS to capture the flow dynamics across a real forest edge

and to obtain a simple model of sub-canopy wind speed and surface friction velocity

based on measured above-canopy wind speeds. A simple model of sub-canopy snow

accumulation is calibrated using observational meteorological and snow data, and

then extended to include the snow surface energy balance. Finally, the wind and

snow modelling work is drawn together to simulate spatial and temporal patterns of

snow accumulation and melting in di↵erent hypothetical forest gap scenarios.

1.2 Thesis structure

The structure of the thesis is outlined as follows:

Chapter 1: Introduction

This current chapter introduces boreal forests, the importance of seasonal snow pro-

cesses within these environments, and how they may be modified by the presence of

canopy discontinuities.
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Chapter 2: Literature Review

This chapter provides context to the driving research questions of this thesis through

a summary of the current state of knowledge regarding linear disturbances in boreal

forests, canopy wind flow dynamics, and sub-canopy snow accumulation and melting

processes.

Chapter 3: Simulating wind dynamics across canopy gaps using the BLASIUS

wind flow model

This chapter investigates how wind flow through a simulated forest canopy may be

a↵ected by a linear clearing of varying width and surrounding canopy structure, using

the BLASIUS wind model. A combination of forest structure and clearing width

scenarios are presented that are hypothetical but representative of real-world canopy

discontinuities.

Chapter 4: Data collection and calibration of the BLASIUS wind flow

model

Observational wind speed and canopy structure data collected from a forest-edge

site in northern Finland are used to evaluate the ability of the BLASIUS model to

represent wind flow across a real forest edge. This chapter also presents a scaling

relationship between measured above-canopy wind speeds and modelled sub-canopy

wind speeds.

Chapter 5: Calibration of a simplified snow accumulation model using ob-

servational data from forest and open sites

This chapter focuses purely on snow accumulation processes. Seven years of obser-

vational meteorological and snow data from forest and open sites in northern Finland

are used to calibrate a simplified version of the forest snow model FSM2.

R.L. Milodowski Ph.D. 7
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Chapter 6: Modelling direct and di↵use radiation to sub-canopy snow

This chapter sets out the modelling methodology used in the subsequent chapter

to extend the simplified FSM2 model to include direct and di↵use radiation inputs

to the snowpack energy balance. Observational data along a forest gap transect in

northern Finland is used to evaluate the chosen models of direct and di↵use radiation

to sub-canopy snow.

Chapter 7: Simulating snow accumulation and melt across linear forest clear-

ings

Here the preceding research chapters are drawn together to produce a model of forest

gap snow dynamics, encompassing the accumulation, wind-driven redistribution and

compaction, and melting of snow. The model is calibrated using observational mete-

orological and snow data from northern Finland to evaluate simulations of snow melt.

Hypothetical scenarios with varying forest gap width and orientation are explored and

the impacts on snow accumulation and melting are discussed.

Chapter 8: Conclusion

This chapter synthesises the key findings from Chapters 3 – 7 and presents the main

thesis conclusions, its wider implications and scope for further work.

8 Ph.D. R.L. Milodowski



Chapter 2

Literature review

2.1 Introduction

This chapter provides an overview of the current knowledge in canopy wind flow

interactions, and forest snow accumulation and melt processes, with a particular

focus on the influence of forest canopy discontinuities. The chapter begins with

an overview of forest disturbance and edge creation within a more general context,

before narrowing to a discussion of linear edge creation in boreal forests. Next, an

evaluation of the current understanding of canopy modifications to wind and the

additional influence of canopy discontinuities on forest wind flow is presented. Snow

accumulation processes are then discussed, particularly considering wind-blown snow

transport and the environmental conditions necessary for this to take place. Finally

the snowpack energy balance is discussed, with a particular focus on the shortwave

and longwave radiation input to snowmelt energetics. The chapter concludes with an

overview of the thesis objectives and underlying research questions.
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2.2 Forest disturbance and linear clearings

2.2.1 Forest disturbance

Forest disturbance represents a key driver of spatial and temporal heterogeneity in

physical and ecological systems across landscapes (Dale et al. 2001, Johnson &

Miyanishi 2010, Turner 2010, Mitchell 2013). Forest ecosystems can be disturbed

in a number of ways and disturbances may be abiotic (e.g. hurricanes, volcanic erup-

tions, drought) or biotic (e.g. spread of pests or pathogens) in origin, or a combination

of both (e.g. fires) (Turner 2010). Disturbance may also be anthropogenically gener-

ated, for instance as a result of road-building, and spatial patterns of discontinuities

in forest landscapes resulting from human activity often have no historical analogue

in that ecosystem (Pickell et al. 2015). For instance, regimes of thinning, clearcutting

and planting in intensively managed forests have largely replaced irregular and unpre-

dictable forest disturbance regimes to which the ecosystem has adapted to (Schelhaas

et al. 2003).

Natural disturbances often interact with human-driven environmental change (Dale

et al. 2001). Changes in climate and human activity at local, regional and global

scales are altering the frequency and intensity of natural disturbances (Becknell et al.

2015). Furthermore, disturbances can interact and create “cascades of disturbance”

where one disturbance event enhances the likelihood of another occurring, potentially

stimulating domain shifts (Paine et al. 1998, Dale et al. 2001). Crucially, disturbance

to forest ecosystems can produce substantial socioeconomic costs and impact on the

wider provision of important ecological services, such as carbon storage and water

purification (Schelhaas et al. 2003, Gardiner et al. 2013, Seidl et al. 2014).

Landscape fragmentation has increased the length of forest edges and the proportion

of forest area that lies in close proximity to an edge. It is estimated that 70% of
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forests globally are located within 1 km of an edge (Haddad et al. 2015). Edges

can have both positive and negative impacts on the wider environment and are an

important influence on: ecosystem structure and processes (e.g. productivity and

decomposition); microclimatic conditions; understory species; and wildlife habitat,

composition and distribution (Chen et al. 1993, Cadenasso & Pickett 2000, Harper

et al. 2005, Latimer & Zuckerberg 2017). In landscape ecology, a patch represents a

basic analysis unit that is conceptualised as a homogeneous area that is distinct from

its surroundings (Forman 1995) and the “edge e↵ect” reduces with distance from the

boundary of a patch in a landscape towards its core (Baskent & Jordan 1995, Zeng

et al. 2009).

2.2.2 Linear forest clearings and seismic lines

This thesis focuses specifically on clearings in boreal forests. Boreal forests are Earth’s

second largest forest biome, with a spatial extent covering 12.0 – 14.7 million km2

(Baldocchi et al. 2000). Boreal forests play an important role in the global carbon

cycle and are estimated to contain 32% of global forest carbon stocks (272 ± 23 Pg

C), with 20% of this stored in biomass and 60% in soil (Pan et al. 2011). They are

located in the circumpolar region between 50 and 70 degrees north, predominantly in

Canada, Russia and Scandinavia. Winters are typically long, cold and dry, creating

ideal conditions for sustaining snowpacks throughout this period (Bonan & Shugart

1989, Brandt n.d.). Snow plays an important role in regional hydrology, storing

up to one-third of annual precipitation until melting in the spring (Bartlett et al.

2006). Furthermore, the distribution of snow cover and timing of melting (onset and

duration) have important influences on: biogeochemical cycling (Brooks & Williams

1999, Brooks et al. 2011); soil moisture; groundwater recharge; stream flow and

chemistry (Williams & Melack 1991, Pomeroy & Granger 1997); and plant phenology,

growth and reproduction (Black et al. 2000, Wipf et al. 2009, Trujillo et al. 2012).
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Human activity, such as road-building, forestry practices, and oil and gas exploration,

has produced linear clearings through boreal forests. Natural features such as rivers

may also produce near-linear clearings through forest areas.

The construction of road networks can create extensive linear clearings through forests

that are maintained as permanent features in the landscape (Laurance & Arrea 2017,

Wells et al. 2020). Furthermore, the extent of reported road networks can be inac-

curate as there may be roads that are not reported on maps and databases. As a

results, some regions of boreal forest that appear roadless can actually have extensive

networks of roads and access tracks that are unmapped. For example, using landscape

observations Kuklina et al. (2021) found that 88% of the total road length in their

study area in a Siberian boreal forest landscape consists of uncharted informal roads.

Road routes are often extended through the boreal forest to allow greater access for

logging and extractive industries.

The drainage of forested wetlands and peatlands can also create linear features within

the boreal landscape (Figure 2.1a.). Ditches lower the groundwater level to create

improved growing conditions for trees. This practice is used within the forestry indus-

try as a management technique to improve forest productivity and is employed across

boreal forests (Hasselquist et al. 2018). It requires intensive thinning of trees and

regular ditch maintenance (Kojola et al. 2012). The highest rates of drainage are in

countries such as Finland, the Baltic states and Sweden; in these places, 20-25% of

forested areas are drained, leading to highly fragmented forested wetlands (Lohmus

et al. 2015).

Seismic lines are long corridors cleared through forests as part of the oil and gas

exploration process (MacFarlane 2003, Lee & Boutin 2006, Van Rensen et al. 2015)

(Figure 2.1b.). These linear clearings are pervasive features in many forest landscapes

that overlay large hydrocarbon deposits (Machtans 2006, Pasher et al. 2013). In

north-eastern Alberta, Canada, the mean density of seismic lines can be as high as
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10 km per km2(Lee & Boutin 2006). Historically, seismic lines were created as 5–10 m

wide clearings using bulldozers (Latham et al. 2011). More recently, lines tend to be

3–5 m wide and can be < 2 m wide in ecologically sensitive areas, where methods

such as hand-cutting have been employed (Lankau et al. 2013, Dabros et al. 2017).

After use, seismic lines are typically left to regenerate naturally, although this may

not occur, especially where there are continued levels of high human activity or due

to poor growing conditions because of factors such as soil compaction, altered light

regimes, and changes in soil moisture (Revel et al. 1984, Lee & Boutin 2006, Caners

& Lie↵ers 2014, Van Rensen et al. 2015, Dabros et al. 2017).

Figure 2.1: Linear features in boreal forest landscapes: (a) Drainage channels used to
increase forest productivity in northern Finland; (b) Network of seismic lines for oil and gas
exploration in Alberta, Canada. Images are from Google Maps: https: // goo. gl/ maps/
qR9c4Rqj3usX9QvG7 and https: // goo. gl/ maps/ 9vLJEcHpsMEbmd8HA respectively.

There are concerns that the large amounts of forest edges created by linear clearings,

such as roads and seismic lines, are reducing core interior habitats (Lankau et al.

2013, Haddad et al. 2015). Edge e↵ects can have a wider area of influence than

the immediate boundary edge between forest and clearing (Matlack 1993, Cadenasso

et al. 1997); the impacts of linear clearings is not necessarily related to how visible

in the landscape they are. Hence, there has been a push towards developing further

indicators of their impact that incorporate an understanding of how di↵erent types

of linear clearings may influence the surrounding environment (Lankau et al. 2013,

Kuklina et al. 2021).
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Linear features in boreal forest landscapes have been shown to impact the behaviour

and population dynamics of a range of boreal wildlife, including wolves (James &

Stuart-Smith 2000, Latham et al. 2011, Whittington et al. 2011, Pattison et al.

2020), bears (Linke et al. 2005, Stewart et al. 2013, Tigner et al. 2014), woodland

caribou (James & Stuart-Smith 2000, Dyer et al. 2001, 2002, Sorensen et al. 2008,

Leblond et al. 2013), and ovenbirds (Bayne et al. 2005, Machtans 2006, Lankau et al.

2013). In addition, linear corridors through forests enhance access to people and

vehicles (Kuklina et al. 2021). This can promote the transfer of invasive and non-

native species, with important impacts on native biota and regeneration processes

(Cameron et al. 2007, Mortensen et al. 2009, Sanderson et al. 2012).

While the myriad ecological impacts of linear clearings in boreal forests have been

well investigated, there are far fewer studies on the impact of these disturbances

on the physical environment. It has been shown more generally that gaps in forest

canopies can produce spatial and temporal variations in sub-canopy wind flow pat-

terns, and snow accumulation and melting processes (see sections 2.3.4 and 2.5.3).

This would suggest that linear clearings in forests have the potential to alter local

snow hydrology, with important consequences for the wider environmental system.

How linear and near-linear clearings through forests, produced by human activity such

as seismic exploration and road building, or resulting from natural features in the

landscape such as rivers, modify wind and snow processes remains a topic for further

investigation.

The following sections present an overview of the current understanding of canopy

wind flow interactions (Section 2.3), forest snow accumulation (Section 2.4) and the

sub-canopy energy balance for snow melt (Section 2.5), particularly focused within

the context of discontinuous forest canopies.
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2.3 Forest canopy wind flow

Forests cover approximately one-third of earth’s terrestrial surface and can strongly

influence local and regional wind dynamics (Belcher et al. 2003, FAO 2016, Finnigan

2000). Forest landscapes often exhibit a large degree of spatial variability, for instance

due to the presence of clearings (Section 2.2) or natural diversity in canopy charac-

teristics such as height or density. Canopy elements (such as leaves and branches)

increase the drag forces on air as it flows through a forest and so spatial variations in

the canopy structure and properties can introduce corresponding variations in wind

flow patterns (Finnigan 2000). Understanding how canopy heterogeneities modify

wind flow through forest environments is of importance for a range of applications

such as: modelling snow transport and melt dynamics (Pomeroy et al. 1998, Essery

& Pomeroy 2004, Gelfan et al. 2004, Liston & Elder 2006, Essery et al. 2009); the

prediction of wind damage to trees (Gardiner et al. 2016, Panferov & Sogachev 2008,

Schwartz et al. 2017); optimising wind turbine siting (Lopes da Costa et al. 2006,

Rodrigo et al. 2007, Ayotte 2008, Dellwik et al. 2014, Arnqvist et al. 2015); calcu-

lating carbon fluxes (Belcher et al. 2012); modelling pollen dispersal (Dupont et al.

2006); understanding wildfire propagation and VOC emissions (Coen 2005, Sun et al.

2009, Conan et al. 2015).

This section introduces the principles of canopy-modified wind flow, discusses how

this may be altered by the presence of canopy discontinuities and outlines previous

approaches to studying canopy wind flow dynamics, with a particular focus on flow

across forest edges.
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2.3.1 Principles of canopy wind flow

Consider a simplified scenario where air is flowing over a flat homogeneous surface.

The atmospheric boundary layer may also be considered horizontally homogeneous

and its properties can then be described using Monin–Obukhov scaling laws (Kaimal

& Finnigan 1994). This means that the vertical profile of the streamwise wind velocity

may be described using the log-law wind profile (see also figure 2.2.a.):

ū(z) =
u⇤


ln

z

z0
(2.1)

where ū(z) is the streamwise velocity, u⇤ is the friction velocity,  is the von Karman

constant (0.4), z is the height above the surface and z0 is the aerodynamic rough-

ness length, which is a representative length-scale of the roughness of a particular

surface.

Surface Roughness length, z0 (m)
Snow 0.5–10.0 x 10�4

Soil 0.001 – 0.01
Grass 0.003 – 0.10
Agricultural crops 0.04 – 0.20
Forest 1.0 – 6.0

Table 2.1: Typical roughness lengths for di↵erent land surface types (from Oke (1978))

In reality, the Earth’s surface consists of a patchwork of land surface types with varying

roughness lengths (see Table 2.1 for examples). As the wind flows from one surface

to another, the streamwise velocity profile adjusts with the new roughness length and

a new internal boundary layer (IBL) develops from the surface upwards (Irvine et al.

1997). The properties of this internal boundary layer are influenced by the properties

of the underlying surface. Over a forest canopy, an internal boundary layer called

the roughness sub-layer develops and may extend upwards to three times the canopy

height (Belcher et al. 2012).
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Within the roughness sublayer, Monin-Obukhov scaling tends not to apply and canopy-

scale turbulent eddies dominate the flow. The mean wind profile above the canopy

may still be represented approximately by the log profile (Figure 2.2.b.), which is

displaced upwards (accounted for by the addition of a displacement height term,

d, to Equation 2.1). However, it is more complex within the canopy due to the

additional aerodynamic drag that slows the flow and variations in the distribution of

canopy elements. The modified log-law wind profile (which may be applied above the

canopy) is as follows:

ū(z) =
u⇤


ln
(z � d)

z0
(2.2)

Whereas an exponential function may be used to represent the sub-canopy velocity

profile (Figure 2.2.b.):

ū(z)

ūh
= e

��e(1� 2
h ) (2.3)

where ūh is the mean wind speed at the canopy top, �e is the extinction coe�cient

(which increases with leaf area index) and h is the canopy height (Kaimal & Finnigan

1994). Depending on the vertical distribution of foliage, the wind velocity may deviate

from this, for instance if the lower canopy is relatively open and a sub-canopy jet of

faster air is able to flow through at this level (Dupont et al. 2011).

The two canopy wind profiles blend together at the canopy top, producing an inflec-

tion point that creates instabilities in the flow (Kelvin-Helmholtz instabilities). This

generates mixing of the air and gives rise to a turbulent layer, which is dominated

by large coherent eddy structures that drive the transport of mass, momentum and

energy in the roughness sub-layer (Raupach et al. 1996, Finnigan 2000, Finnigan et al.

2009).
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Figure 2.2: Vertical profiles of streamwise velocity (u) over: (a) flat terrain, following the
log-law relationship (Eq. 2.1); and (b) forest canopy, where the streamwise velocity profile
may be approximated by a modified log-law relationship above the canopy (Eq. 2.2) and
an exponential relationship below (Eq. 2.3).

Wind flow over homogeneous canopies has been extensively studied, through a range

of methods including: wind tunnel experiments (Raupach et al. 1986, Ruck & Adams

1991); field experiments (Raupach 1979, Baldocchi & Meyers 1988, Amiro 1990);

numerical simulations (Dwyer et al. 1997, Ross & Vosper 2005, Dupont et al. 2008,

Finnigan et al. 2009, Ross & Harman 2015). More recently, attention has also been

applied to spatially varying canopies and the behaviour of wind as it flows across a

forest edge (Belcher et al. 2012).

2.3.2 Wind flow across edges

At the transition between un-forested and forested land cover, the wind flow adjusts

to the presence of the forest canopy (Belcher et al. 2012, Dellwik et al. 2014). As

the displacement height of a forest canopy is significantly larger than that of a short

grass canopy or rough ground (which has negligible displacement height), the wind

flow must enter or exit out of a canopy (Dupont & Brunet 2008a, Cassiani et al.

2008, Detto et al. 2008, Markfort et al. 2014). The impact of a forest edge on the

wind flow has been studied via a variety of methods, including: wind tunnel and flume

experiments (Rominger & Nepf 2011, Markfort et al. 2014); field experiments (Gash
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1986, Flesch & Wilson 1999, Mammarella et al. 2008, Dellwik et al. 2014, Grant et al.

2015); analytical models and numerical models (Belcher et al. 2003, Cassiani et al.

2008, Dupont & Brunet 2008a, Ross & Baker 2013, Boudreault et al. 2017).

The two main types of numerical models used are Reynolds-Averaged Navier-Stokes

(RANS) based models and models that run Large-Eddy Simulations (LES). LES can

simulate canopy turbulence in greater detail than RANS type models, which only

simulate the mean profiles of the flow (e.g. of wind speed or shear stress). However,

whilst LES provide more information than RANS type models, they are more compu-

tationally expensive to run and more di�cult to implement in heterogeneous canopies.

It has also been shown that simpler RANS models are still able to produce similar

results to those obtained by LES or wind tunnel experiments (Ross 2008).

2.3.2.1 The characteristic regions of canopy wind flow

Belcher et al. (2003) identified the main development regions as the wind flow enters

and adjusts to a canopy (Figure 2.3).

Figure 2.3: Schematic showing the adjustment zones as wind flows through a canopy from
left to right (as according to Belcher et al. (2003)): impact region (I); adjustment region
(A); roughness change region (R); canopy flow region (C); exit region (E); wake region
(W).

Impact region (I): Canopy drag creates a pressure gradient, which causes the flow

to decelerate ahead of the forest edge (Belcher et al. 2003).

Adjustment region (A): The main forces acting on an air parcel in this region are:
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(i) canopy drag; (ii) advective deceleration; (iii) pressure gradient (Belcher et al. 2003,

Yang et al. 2006, Rominger & Nepf 2011). Canopy drag decelerates the wind in the

streamwise direction, which leads to a vertical mass flux out of the top of the canopy

in order to conserve momentum. However, there may also be a jet of faster moving air

close to the ground in canopies that have a lower density trunk space, i.e. if the tree

foliage is concentrated in the upper canopy levels (Dupont et al. 2011). Turbulence in

the canopy decreases as canopy elements produce small wake eddies, which enhances

energy dissipation. Work against drag also acts to make canopy turbulence more

isotropic as energy is preferentially removed from the streamwise component of the

wind velocity and transferred to the crosswind components (Belcher et al. 2012).

The length of the adjustment region is typically ⇠ 8–10h or ⇠3Lc, where Lc is the

adjustment length scale for momentum and depends on the canopy properties such

that:

Lc =
1

Cda
(2.4)

where Cd is the canopy drag coe�cient and a is the leaf area density; denser canopies

can be expected to have shorter adjustment regions and vice versa (Dupont & Brunet

2008a).

Roughness change region (R): The wind flow above the canopy adjusts to the

greater roughness of the canopy and an internal boundary layer develops, growing

with distance downwind. The whole boundary layer may adjust to the presence of

the forest if the canopy is very long (fetch ⇡10 km) (Belcher et al. 2012). Further

downstream, a more turbulent layer develops within the internal boundary layer and

above the canopy.

Canopy flow region / Equilibrium region (C): The wind flow is fully adjusted to

the canopy and the form of the wind profile now matches that for a homogeneous
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canopy (Belcher et al. 2003). There is a well developed shear layer at the canopy

top that is characterised by coherent eddies, which are responsible for most of the

momentum, mass and heat exchange between the canopy and the atmosphere. New

eddies are constantly forming and their size is characterised by the shear scale at the

top of the canopy, which is approximately the canopy height (Finnigan 2000).

Exit region (E): An exit region occurs at the downwind edge of the canopy for a

distance on the order of h downwind. As the wind exits the canopy there is a sudden

increase in the mean wind speed and a concurrent downward motion of air to conserve

mass.

Wake region (W): The vertical profile of the wind flow exiting the canopy returns to

the log form. If the canopy is su�ciently dense, a recirculation region may be estab-

lished in the lee of the canopy, analogous to flow observed downwind of a backward

facing step (Cassiani et al. 2008, Detto et al. 2008).

The characteristic regions of wind flow across canopy edges, as described by Belcher

et al. (2003), applies to relatively uniform canopies. In reality, canopies are likely to

be spatially heterogeneous, with varying heights, densities and vertical distribution

of foliage Boudreault et al. (2017). There may also be clearings and gaps within

the canopy, which can occur naturally, due to varying environmental conditions and

natural disturbance patterns, or anthropogenically, such as for roads, oil and gas

exploration, or vineyards (Bergeron et al. 2014, Laurance et al. 2009, Pickell et al.

2015, Chahine et al. 2014).

2.3.3 Influence of canopy characteristics on flow dynamics

Several studies have investigated the influence of forest morphology on wind flow over

a forest edge. Cassiani et al. (2008) used LES to show that a greater plant area index
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(PAI, i.e. a denser canopy) encourages the formation of recirculating zones of airflow

at the leeside canopy edge and just into the canopy preceding it. Dupont & Brunet

(2008a) also used LES to model wind flow across a forest edge and found that flow

entering a canopy adjusts faster with a denser canopy.

2.3.4 Influence of canopy discontinuities on flow dynamics

Compared to wind flow through continuous canopies or across a single edge, wind flow

through canopies with a gap or clearing has been relatively less explored. Schlegel et al.

(2012) used a LES combined with high resolution plant area distribution (PAD) data

from terrestrial laser scanning (TLS) to investigate the impact of canopy structure

on the local flow structure. They found that plant-scale heterogeneities introduced

further complexities to the spatial pattern of wind velocities and turbulence, partic-

ularly within the forest stand. The modelled canopy included a 60 m clearing and

the flow contours across the clearing followed a similar pattern in both the case of a

homogeneous canopy (i.e. uniform vertical and horizontal distribution of PAD) and

the heterogeneous canopy based on the TLS (both with a 60 m gap). Analysis of the

flow streamlines showed a recirculation zone extending across most of the width of

the clearing and into the downwind canopy section. The presence of a recirculation

zone within the clearing is consistent with other studies investigating wind flow across

canopy gaps and clearings (Banerjee et al. 2013, Kiefer et al. 2016, Queck et al. 2014,

Schlegel et al. 2015). Vertical velocities were positive (directed upwards) at the first

canopy edge (i.e. as the flow enters the gap) and negative towards the second canopy

edge. There was also movement of faster flowing air from above the canopy down

into the gap and penetrating into the second canopy section.

Kiefer et al. (2016) modelled wind flow across a gap for the purpose of understanding

the influence of canopy discontinuities on forest fire dynamics. Similarly to Schlegel
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et al. (2012), they found that the presence of a gap led to updrafts at the first canopy

edge and downdrafts at the second canopy edge, producing a clockwise recirculation

pattern. They also found that the presence of a gap produced greater downstream

mean wind speeds compared to a homogeneous canopy with no gap.

Panferov & Sogachev (2008) used a wind flow model to perform a series of numerical

experiments with canopy gap sizes from 3–75 tree heights (h) in order to interpret

spatial patterns of wind damage to trees. As part of their study they considered the

impact of gaps on the streamwise wind velocity; similar to Schlegel et al. (2012) and

Kiefer et al. (2016), their results also showed the movement of faster flowing air from

above the canopy down into the gap. Furthermore, they found that within the gap

(and at z < h), the mean wind speed increased with gap size but that the rate of

increase was not linear. The mean wind speed increased most rapidly between gap

diameters of 3–15 h, after which the rate of increase remained almost constant.

Chahine et al. (2014) used LES and field measurements to investigate wind flow

dynamics over a vineyard, which comprises structured rows of vegetation. They

found that the wind-direction relative to the row orientation was important as they

observed channelling of wind down the rows when the streamwise wind direction was

parallel to the rows, whereas if the wind direction was cross-row or diagonal to the

rows, the mean flow over the vineyard was approximately similar to that observed in

uniform canopies. Canopy metrics such as displacement height and roughness length

varied with the aspect ratio (of rows to wind direction), for instance if the wind flow

is directed down the rows then the canopy appears more open than if the flow is

directed across rows.

In boreal forests, one way in which clearings may potentially impact on the surrounding

environment is through changes in the spatial distribution of snow on the forest floor

due to altered wind dynamics. Wind modelling studies have the potential to be

utilised to predict situations where we might expect blowing snow events to occur
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and, conversely, where we might expect to observe accumulation of wind-blown snow.

The following section presents an overview of snow accumulation processes, with a

particular focus on the redistribution of snow by wind.

2.4 Snow accumulation and redistribution in forest

environments

Snow dynamics are determined by a range of processes that contribute towards the

accumulation, redistribution and removal of snow from the landscape. Key processes

that contribute towards the spatial distribution of snow mass within a boreal forest

environment include canopy interception and un-loading of snow, and the wind driven

transport of snow.

2.4.1 Interception of snow

Interception processes are an important influence on the spatial distribution of snow

accumulation and the wider hydrology of forest environments (Wilm & Dunford 1948,

Troendle & King 1985, Varhola et al. 2010, Schelker et al. 2013, Moeser et al. 2016,

Lundberg et al. 2016). Forest canopies intercept up to 60% of cumulative snowfall,

which is then retained in the canopy before it is released through sublimation or

unloading processes (Hedstrom & Pomeroy 1998). In contrast to temperate forests,

snow may be held in boreal forest canopies for several days to a month (Pomeroy &

Schmidt 1993). The canopy structure (e.g. canopy density) is an important influence

on sub-canopy patterns of snow accumulation and melt timing (Golding & Swanson

1986, Boon 2012, Moeser et al. 2015, 2016, Varhola et al. 2013, Winkler & Moore

2006).

24 Ph.D. R.L. Milodowski



CHAPTER 2. LITERATURE REVIEW

2.4.1.1 Interception e�ciency

The amount of falling snow that is intercepted by a forest canopy ranges widely from

0-60% of the total annual snowfall in forested areas (Storck et al. 2002, Hedstrom &

Pomeroy 1998). The e�ciency with which a branch accumulates snow is equal to all

the individual e�ciencies of individual branches in the canopy within a particular time

period, less any unloading (Hedstrom & Pomeroy 1998). The interception e�ciency

of falling snow depends on:

(i) The branch collection area, which is the horizontal plan area of the branch and

depends on both the tree species and the temperature. As the temperature decreases

the branch becomes less elastic, which increases its plan area (Schmidt & Gluns 1991,

Schmidt & Pomeroy 1990).

(ii) The combined branch and snow collection area, which depends on how thick the

existing snow load is and the formation of any snow bridges across branches as the

load increases (which extend the collection area) (Schmidt & Gluns 1991).

Hedstrom & Pomeroy (1998) developed an interception model that uses an expo-

nential model as the underlying e�ciency distribution. It is based on the assumption

that interception e�ciency decreases with increasing snow load and increases with

increasing canopy density. This model was the first to directly include canopy param-

eterisations, which it does through the leaf area index (LAI) and canopy closure. Most

subsequent interception models use either or both of these parameters to describe the

canopy (Essery et al. 2009, Rutter et al. 2009).

Empirical methods of quantifying interception include:

(i) Taking direct measurements; a destructive method where a tree is cut and attached

to a scale that measures the snow load intercepted over time (Hedstrom & Pomeroy

1998, Nakai et al. 1994, Schmidt & Gluns 1991, Storck et al. 2002, Lundberg &
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Halldin 2001).

(ii) Optical (indirect) methods, such as time lapse photography, to gain a visual

measurement of the intercepted snow load, which can then be related to field mea-

surements (Bründl et al. 1999, Garvelmann et al. 2013, Parajka et al. 2012).

2.4.1.2 Sublimation and unloading of canopy snow

Snow is held in the canopy until it either sublimates or it is unloaded and falls to

the ground. The unloading of snow from the canopy is influenced by the following

counteracting e↵ects. If any of these factors fail, the canopy snow is released to the

ground:

(i) Snow cohesion from branches, due to micro-scale ice or liquid bonds that form

rapidly between snow crystals and tree needles and stems. As temperatures rise, the

snow wetness increases, which enhances the level of cohesion (Kobayashi 1987).

(ii) The strength of the snow mass, due to inter-crystal bonding. In general, bonds are

stronger at cold temperatures and become weaker as the melting point is approached

(Langham 1981).

(iii) Branch support; branches are elastic near melting temperatures and so are less

able to support snow (Schmidt & Pomeroy 1990).

Sublimation is the process by which snow crystal mass becomes water vapour; when

the vapour pressure at the snow particle‘s surface exceeds that in the air it loses

mass (Schmidt 1972). Intercepted snow has a relatively large surface area, as it is

spread out across the tree branches. As such, a large proportion of snowfall over

boreal forests never actually reaches the ground and instead sublimates directly from

the canopy (Schmidt & Troendle 1992, Pomeroy & Gray 1995, Lundberg & Halldin

2001).

26 Ph.D. R.L. Milodowski



CHAPTER 2. LITERATURE REVIEW

2.4.2 Wind-driven transport of snow

The wind-driven transport of snow introduces spatial variation in snow depth and

density (Liston et al. 2007, Mott et al. 2018). Snow in open and exposed sites

may be eroded and redistributed by the wind to sheltered areas, such as forests

(Essery & Pomeroy 2004). Furthermore, sublimation losses during blowing snow

events can be substantial and may remove up to 40% of annual snowfall depending on

climatic conditions (Pomeroy et al. 1993). The resultant variability in the amount and

distribution of accumulated snow can produce patchy cover during snow melt, thereby

a↵ecting the surface energy exchange, snowmelt dynamics and the local water balance

(Marsh & Pomeroy 1996, Mott et al. 2018, Pomeroy & Li 2000). Wind-driven snow

transport also has important ecological impacts, for instance through the transport of

nutrients across a landscape and the insulation of snow-covered vegetation and soil

(Sturm et al. 2001).

Figure 2.4: Schematic of blowing snow processes. Creep is the wind-driven movement of
large snow particles across the snow surface. Saltating snow particles bounce and skip across
the snow surface and eject further particles into the saltation layer. Above the saltation
layer, snow particles (originating from falling or saltating snow) may be held in suspension
and transported downwind.

There are three possible methods of snow transport (Figure 2.4): (i) Creep, where

the force of the wind rolls large particles across the snow surface; (ii) Saltation, where
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snow particles skip along the surface and eject further particles; (iii) Suspension, where

atmospheric turbulence supports snow particles in the air. Saltation and suspension

are the main modes of snow transport and suspension typically dominates, particularly

when wind speeds are high. Periods of blowing snow always start with saltation,

which can then act as a source of particles for turbulent di↵usion into the suspension

layer, although falling snow may also feed into the suspension layer (Pomeroy et al.

1997).

2.4.2.1 Saltation

The word ’saltation’ is derived from ’saltare’, which means ’to dance’; saltating snow

comprises blowing snow particles that skip and bounce over the snow surface with

curved trajectories (Figure 2.4). Saltation involves the erosion and entrainment of

the snow surface to form a two-phase flow layer that is several centimetres thick

(Kobayashi 1972, Schmidt 1986, Pomeroy & Gray 1990). As snow particles saltate

and collide with the surface, they shatter the surface snow crystals and eject further

particles into the saltation layer. Sublimation and abrasion processes change the

form of saltating particles so that they are broadly spherical, with a mean diameter of

200 µm, although sizes range widely from tens to hundreds of micrometres in diameter

(Schmidt 1981).

The threshold wind speed is a metric typically defined as the wind speed at the

cessation of particle movement. This is because fluid forces alone are not su�cient

to initiate particle movement, rather the impact of saltating particles is needed to

eject further particles from the surface (Schmidt 1980). These particle impacts may

be initiated by a turbulent sweep that produces flurries of saltating snow particles,

hence in terms of wind speed it is clearer to define the end of particle movement

than the start (Nickling 1988). Li & Pomeroy (1997) recorded threshold wind speeds

of 7–14 m s�1 for wet snow (average = 9.9 m s�1) and generally lower speeds of
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4–11 m s�1 for dry snow (average = 7.7 m s�1). The threshold wind speed may be

related to the threshold friction speed as follows:

u⇤c =
uck

ln(z/z0)
(2.5)

where u⇤c is the threshold friction speed (m s�1), uc is the threshold wind speed

(m s�1) at height z (m), k is von Karman’s constant (0.4) and z0 is the roughness

length (m).

However, rather than threshold wind speed, a threshold surface shear stress better en-

capsulates the force required for particle ejection and thus to initiate snow movement.

The threshold shear stress may also be expressed as a friction velocity:

u⇤c =

r
⌧c

⇢a
(2.6)

where ⇢a is the density of air (kg m�3) and ⌧c is the wind shear stress at the snow

surface (kg m�1 s�2 = Pa), which depends on the wind speed and the aerodynamic

roughness of the surface. For a given wind speed, a rougher surface will generate

more turbulence and shear stress. The presence of vegetation increases the roughness

of a surface and some of the force of the wind is expended on the vegetation rather

than towards snow transport (Pomeroy & Gray 1995, Raupach et al. 1993). Kind

(1981, as cited in Pomeroy & Gray (1990)) found threshold friction velocities in the

range 0.07–0.25 m s�1 for fresh, loose, dry snow, and during snowfall, whereas for

old, wind-hardened, dense and/or wet snow, thresholds were higher and ranged from

0.25–1.0 m s�1 .

Threshold conditions are dynamic and are strongly influenced by the degree of surface

cohesion and bonding (He & Ohara 2017, Schmidt 1980). In contrast to the saltation
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of sediment, saltating snow involves interactions with a surface comprised of bonded

crystals that form a cohesive matrix (vs. non-cohesive sediment grains). The inter-

crystal strength of this matrix is important in determining the force required to eject a

particle from the surface (Schmidt 1980). The strength of cohesive bonding depends

upon the snow surface history, specifically its: (i) age; (ii) temperature history; (iii)

friction properties; and (iv) elastic properties. These factors are described in more

detail as follows:

Age of snowpack The threshold wind speed increases with time since deposition

as the density of snow increases as it ages (due to metamorphism, see below)

(Schmidt 1980, Gray & Morland 1995). Snow that is more densely packed has

more contact points per unit mass from which to form bonds between particles.

Although the strength of bonds is not necessarily enhanced by this process, the

overall strength of the snow increases. Li & Pomeroy (1997) observed higher

typical threshold wind speeds for aged snow (from 8.0 m s�1) compared to fresh

snow (from 7.5 m s�1).

Temperature history of snowpack The structure of snow may undergo metamor-

phism and thereby change over time (Sommerfeld & LaChapelle 1970, Col-

beck 1987). There are two types of metamorphism that are of particular

importance to snow transport: (i) temperature gradient metamorphism; (ii)

equi-temperature metamorphism. Temperature gradient metamorphism occurs

when there are vertical gradients in temperature. Water vapour pressure de-

creases with decreasing temperature and so water vapour will move via di↵u-

sion from warmer to colder sections of the snowpack where it condenses and

promotes crystal growth. In contrast, equi-temperature metamorphism occurs

where there are very small or no variation in snowpack temperature with depth

and is instead driven by pressure di↵erences across snow crystals. The vapour

pressure is greatest at the convex parts of an ice crystal and lowest in the con-
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cave parts, stimulating di↵usion of vapour across the crystal and the growth

of ice bonds through sintering, which forms strong inter-crystal bonds. Snow-

pack cohesion may also be enhanced due to viscous forces between thin layers

of liquid that form on snow crystals under warm conditions and this e↵ect in-

creases exponentially with increasing temperature (Schmidt 1980, Conklin &

Bales 1993).

Frictional properties of snow The frictional properties of snow are related to tem-

perature. Plates of snow crystals can slide past each other, similar to graphite.

Langham (1981) found that the sliding friction force increased by 60 % when

temperatures fell from 0�C to -25�C.

Elastic properties of snow The greater the elasticity of snow, the greater the force

required to break inter-particle bonds and thus shatter and eject snow particles.

The Young’s modulus of elasticity for snow is a function of snow temperature.

Mellor (1975, cited in Li & Pomeroy (1997)) found that elasticity increased by

approximately 30 % when temperatures decreased from -1�C to -40�C.

While it is di�cult to directly measure the bond strength of the snow surface, the

main factors controlling snow bonding and cohesion (detailed above) are strongly

related to temperature. Li & Pomeroy (1997) related the threshold wind speed to the

snow temperature, which is assumed to be related to the air temperature in windy

and exposed locations (because the snow surface is well-mixed with the overlying

air). They found that for air temperatures above -25�C, the threshold wind speed

increases non-linearly with air temperature. However, this is unlikely to apply in forest

environments where the snow surface is sheltered from the wind and therefore less

mixing occurs.

The mean horizontal velocity of saltating particles is typically proportional to the

threshold friction velocity. The trajectories of saltating particles are less than a few
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centimetres in height and typically follow a non-uniform path, with a near vertical

ascent and a descent that is close to horizontal (Maeno et al. 1985). In the lower

saltation layer, most saltating particles are relatively una↵ected by turbulence how-

ever in the upper saltation layer there is more disturbance of particle trajectories by

turbulence. This “modified saltation” connects the saltation phase of wind-driven

snow transport with the suspension phase.

2.4.2.2 Suspension

Atmospheric turbulence supports snow crystals in the suspension layer, which extends

upwards from the top of the saltation layer and can reach several tens of metres above

the snow surface (Budd 1966, Schmidt 1982a, Pomeroy & Male 1992). Suspended

snow particles originate from falling snow or are entrained snow from the surface (via

saltation) and their radii range from 10–170 µm (Budd 1966, Schmidt 1982b). The

snow particles flow downwind as their mass is transported with the mean horizontal

component of the wind speed (Pomeroy & Male 1992). The mass concentration of

the suspended layer is lower than that in the saltation layer and decreases exponen-

tially with height but increases exponentially with the atmospheric friction velocity

(Pomeroy & Male 1992).

The suspension transport rate increases with the fourth power of wind speed and so in-

creases more rapidly with wind speed than saltation transport, which increases linearly

with wind speed (Pomeroy et al. 1997). Therefore, suspension typically dominates

blowing snow transport and especially so at high wind speeds; suspension constitutes

more than 90% of total snow transport when 10 m wind speeds are greater than

17 m s�1 (Pomeroy & Male 1992).
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2.4.2.3 Sublimation of blowing snow

In comparison to snow on the ground, wind blown snow particles have a high ratio

of surface area to mass and are well ventilated, which results in higher sublimation

losses. Furthermore, there is often a high atmospheric vapour deficit due to strong

atmospheric mixing during large blowing snow events and on clear-sky days there is an

additional solar energy input, both of which further promotes sublimation of blowing

snow (DeWalle & Rango 2008). When snow particles sublimate, they cool and the air

layer in contact with the particle reduces in temperature slightly (0.5–1.0�C), which

removes sensible heat from the surrounding air. As a result, the air vapour content

gradually increases and, consequently, this may inhibit sublimation rates downwind

unless further dry air is mixed in. The distance of heterogeneous terrain upwind is

termed the ‘fetch’ and, in addition to climatic conditions, also influences how much

blowing snow accumulates or is lost through sublimation. Sublimation is a vertical

flux and so snow mass loss increases with the horizontal distance travelled, whereas

snow transport (via saltation or suspension) is a horizontal flux and so mass does not

increase with fetch (Pomeroy et al. 1997). As a result, for longer fetches (>1000 m),

sublimation losses dominate (Pomeroy et al. 1993).

2.5 Sub-canopy energy balance and snow melting

In high latitude boreal environments, where there is a persistent snowpack for over

five months of the year, the annual snowmelt is a hydrologically significant event

(Gray & Male 1981). Boreal forests are dominated by coniferous tree species, such

pine, spruce and fir, that retain their needles during the winter and as such are an

important influence on the timing and magnitude of snow melt (Pomeroy & Dion

1996). Understanding the interactions between forests and snow is key to producing

accurate snow melt predictions, which are necessary for the e↵ective management of
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forested watersheds and improving land surface schemes for climate modelling (Wang

et al. 2010, Ellis et al. 2013).

In boreal forest landscapes, the main components of the forest snow energy balance

(Figure 2.5) are:

Qnet = Rnet + THF + PHF +GHF + PCH (2.7)

where Qnet is the total amount of energy to the snow, Rnet is the net radiation (com-

prised of shortwave (SWR) and longwave (LWR) radiation), THF are the turbulent

heat fluxes (sensible (Hs) and latent (Hl)), PHF is the heat flux from precipitation,

GHF is the heat exchange between the ground and snow subsurface, and PCH is

the energy from snowpack phase changes.

Figure 2.5: Schematic of the energy balance of sub-canopy snow (redrawn from Jonas
& Essery (2011)), including: shortwave solar radiation (SWR); atmospheric and canopy
longwave radiation (LWR); turbulent heat fluxes (THF); precipitation heat flux (PHF);
ground heat flux (GHF); energy from snowpack phase changes (PCH).

Forests shelter underlying snow from the wind, thereby reducing turbulent energy

fluxes to snow and elevating the importance of radiative fluxes for snowmelt (Harding

& Pomeroy 1996, Link & Marks 1999b). The balance between incoming and outgoing
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shortwave and longwave radiation determines the net radiation to the sub-canopy snow

(Rnet), which is calculated as:

Rnet = (# SWR� " SWR) + (# LWR� " LWR) (2.8)

Net radiation is the dominant influence on the sub-canopy snow cover energy balance

and accounts for 60-90% of snowmelt energy, (Hardy et al. 2004, Lawler & Link 2011,

Link & Marks 1999a, Male & Granger 1981). Incoming shortwave and longwave

radiation to the snow surface is strongly modified by the presence of a forest canopy,

which produces di↵erent spatial and temporal patterns of melt compared to those

observed in open environments (Musselman et al. 2015). For instance, shading by the

canopy reduces the shortwave radiation reaching the forest floor whilst solar heating

of the canopy enhances the longwave radiation to snow. (Sicart et al. 2004) (Figure

2.6). The combination of these e↵ects form a ’radiative paradox’, which means that

the presence of a forest canopy has the potential to both delay snowmelt through

the reduction of shortwave radiation and turbulent energy fluxes (common in dense

canopies) and to accelerate the onset of melting due to increased longwave radiation

emissions (particularly in discontinuous canopies where canopy elements (e.g. trunks)

are more exposed to solar heating) (Lawler & Link 2011).

2.5.1 Sub-canopy shortwave radiation

Shortwave radiation (0.2–2.8 µm) is the dominant component of sub-canopy net ra-

diation with regards to snowmelt. Shortwave radiation is at its maximum value at the

top of the atmosphere (1367 W m�2). It is attenuated and split into di↵use and di-

rect components through absorption and scattering processes as it passes through the

atmosphere and canopy (Hay 1976). The exact proportion of sub-canopy shortwave
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Figure 2.6: Schematic of the incoming shortwave and longwave radiation within forest
canopy clearings

radiation incident to the snow surface that is direct or di↵use depends on factors such

as the time of year, the solar angle, canopy properties and topography (Seyednasrollah

et al. 2013).

Shortwave radiation may be reflected, transmitted or absorbed by a forest canopy

and may further be reflected by the underlying snow. The reflectance of a surface is

indicated by its albedo (↵), which is the dimensionless ratio of reflected to incoming

shortwave radiation at the surface (Eq. 2.9). The energy di↵erence between incoming

and reflected shortwave radiation is considered to be absorbed by the surface.

↵ =
" SWR

# SWR
(2.9)

In the case of a boreal forest canopy in the winter, this absorbed energy can include

both shortwave radiation transmitted through the canopy but not reflected back from

the snow, and shortwave radiation that is reflected by the snow but that is not then

transmitted back out of the canopy. Coniferous canopies in boreal forests have low

albedos, even with an intercepted snow load in winter, due to the multiple scattering

of light between canopy and snow (Harding & Pomeroy 1996, Nijssen & Lettenmaier
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1999). Snow albedo tends to decrease as it ages, as over time snow grain size increases

and contaminants accumulate in the snow, both of which increase the absorption of

radiation (Jonas & Essery 2011). Typical albedo values for a boreal forest canopy

and the underlying snow surface are given in Table 2.2.

Surface Albedo
Boreal forest canopy 0.08 - 0.18 Pomeroy & Dion (1996); Betts &

Ball (1997)
Sub-canopy snow surface 0.8 - 0.9 Melloh et al. (2002)

Table 2.2: Typical boreal forest albedos

The transmission of shortwave radiation through a forest canopy is dependent on

the solar angle and canopy structure. The transmissivity ⌧SWR, is the ratio between

incoming shortwave radiation above and below the canopy, and is used as a measure of

the degree to which the canopy transmits shortwave radiation. The lower the density

of a forest canopy the greater the shortwave transmissivity, which can be > 50% in

sparse discontinuous canopies, whereas in very dense and continuous canopies, ⌧SWR

can be close to zero (Pomeroy et al. 2008, Reid et al. 2014).

The simplest and most common model for shortwave transmissivity applies Beer’s

Law, such that

⌧SWR = exp(� · LAI) (2.10)

where  is an extinction coe�cient, which is an empirically determined parameter that

describes the clumping and orientation of canopy elements, and LAI is the leaf area in-

dex, which is the total projected leaf area per unit ground area. Direct measurements

of LAI are destructive and time-consuming, and so e↵ective leaf area index (LAI’) is

often used instead as it can be estimated from measurements of canopy gap frac-

tion (which may be obtained through indirect optical methods such as hemispherical

photography) (Chen et al. 1997).

The Beer’s Law approach treats the canopy as horizontally homogeneous and predicts
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the average radiation. In the case of heterogeneous canopies and cloudy conditions, a

more detailed approach can be taken to determine the direct and di↵use components

of transmitted shortwave radiation. Using a probabilistic approach, the transmission

of direct shortwave radiation at the forest floor may be calculated as

⌧dir = cos(✓)P (2.11)

P = e
�G�Lpath (2.12)

where ✓ is the solar angle (the angle between the sun and normal to the surface), P

is the probability of a solar beam passing through the canopy unobstructed, G is a

projection function of leaf orientation (G = 0.5 if a random orientation is assumed),

� is the e↵ective foliage area volume density, and Lpath is the length of the path taken

by the solar beam through the canopy (Seyednasrollah et al. 2013).

The transmission of di↵use shortwave radiation may then be taken as equivalent to

the sky-view fraction (�f ):

⌧diff = �f (2.13)

where �f describes the fraction of the hemispherical sky that is unobscured by canopy

elements.

Pomeroy & Dion (1996) measured transmissivity through a boreal jack pine forest in

Saskatchewan, Canada, and found that the strong seasonality in solar angles at high

latitudes is matched in the seasonality of radiative fluxes to sub-canopy snow. The

typically horizontal orientation of pine tree branches result in relatively high shortwave

transmission at low solar angles. The transmissivity fell as the solar angle increased,

up to a solar angle of ⇡ 50�, after which it began to increase again.
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2.5.2 Sub-canopy longwave radiation

Forest snow receives di↵use longwave radiation (2.8–100 µm) from the surrounding

canopy and the atmosphere (via gaps in the canopy) (Figure 2.6). Compared to

open environments, incoming longwave radiation to the snow surface is enhanced

due to thermal emissions from heated canopy elements. The contribution that this

longwave enhancement makes to the net radiation balance is particularly significant

under dense canopies during sunny periods (which heats the canopy) and for snow

in close proximity to tree trunks (Lawler & Link 2011, Sicart et al. 2006, Webster

et al. 2016). Of particular significance to snow melt timing and rate, Lundquist et al.

(2013) found that the net longwave radiation flux is positive (i.e. directed towards

the snow surface) in dense forest environments, whereas in open environments the

flux is negative.

During clear-sky conditions, shortwave radiation is the dominant radiative flux to

snow. In contrast, during cloudy conditions, or in close proximity to trees receiving

high levels of shortwave radiation, or underneath a high density canopy, the contri-

bution to the net sub-canopy energy balance from the longwave radiation compo-

nent of the sub-canopy energy balance can exceed that from shortwave (Sicart et al.

2004).

The net sub-canopy longwave radiation balance is mainly influenced by: (i) the hemi-

spherical sky-view fraction (�f ); (ii) atmospheric and canopy temperatures; (iii) at-

mospheric and forest emissivities (Lawler & Link 2011, Sicart et al. 2006).

The incoming above-canopy longwave radiation can be calculated using the Stefan-

Boltzmann law as:

# LWRatm = ✏a�Ta
4 (2.14)
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Where ✏a is the dimensionless atmospheric emissivity (which depends on air tem-

perature, percentage cloud cover and relative humidity), � is the Stefan-Boltzmann

constant (5.67⇥ 10�8 W m�2 K�4) and Ta is air temperature (K).

The canopy contribution to the net sub-canopy longwave radiation can be calculated

similarly to the atmospheric longwave radiation, such that:

# LWRcan = ✏c� Tc
4 (2.15)

Where ✏c is the canopy emissivity and Tc is the canopy temperature (K).

Combining equations 2.14 and 2.15, sub-canopy longwave radiation may be calcu-

lated using a two-part model consisting of incoming longwave radiation received from

the sky (the sky view fraction, vs) and from the surrounding canopy (1 - vs), such

that:

# LWRcan = vs(✏a�Ta
4) + (1� vs)(✏c� Tc

4) (2.16)

When modelling the sub-canopy radiation balance, one option is to calculate the

# LWRatm using the formulation presented by Liston & Elder (2006). However, it

has been found that using a locally measured value of # LWRatm from above the

canopy or at an open site nearby produces more accurate estimates of sub-canopy

incoming longwave radiation compared to using a calculated values (Essery et al.

2008). Calculated values of # LWRatm fail to capture spatial and temporal variations,

particularly in discontinuous canopies.

Typical ✏c values used in previous studies range from 0.9 – 1 (Essery et al. 2008,

Pomeroy et al. 2009, Price & Petzold 1984, Seyednasrollah et al. 2013, Webster

et al. 2016), which implies that canopy emissions of longwave radiation are strongly
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dependent on Tc. Therefore, it is often assumed that the emitting temperature of

the canopy is equivalent to the local air temperature, which is more easily measured

(e.g. Essery et al. 2008, Lawler & Link 2011). While this assumption has been shown

to hold for dense canopies, under cloudy skies or with low solar angles, vertical varia-

tions in canopy temperatures have been observed (Sicart et al. 2004, Pomeroy et al.

2009). Furthermore, uneven solar heating of tree elements can lead to significantly

higher values of Tc at the edges of canopy discontinuities compared to the locally

measured air temperature and the surrounding canopy temperature; Webster et al.

(2016) observed tree trunk temperatures up to 25�C higher than the local air temper-

ature. To avoid equating Tc to Ta, some modelling studies have divided the canopy

into di↵erent emitting components (e.g. Seyednasrollah et al. 2013) or found statis-

tical relationships between canopy and air temperatures to find an e↵ective canopy

temperature based on site-specific measurements (e.g. Essery et al. 2008).

2.5.3 Spatial and temporal variations in sub-canopy net radi-

ation

A challenge with modelling the sub-canopy radiation balance is that shortwave and

longwave radiation fluxes vary over small temporal and spatial scales due to shading,

reflection, absorption and transmission processes that vary with canopy structure. The

presence of discontinuities, in the form of gaps and clearings, in forest canopies provide

further complexity to forest-snow interactions (Lawler & Link 2011, Musselman et al.

2015).

The influence of solar position on snowmelt energetics becomes particularly pro-

nounced when considering discontinuous canopies. Lawler & Link (2011) discuss

two paradoxes of incoming radiation that can occur in discontinuous forests with

small gaps:
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1. When solar elevation angles are low, the snow surface may be shaded by the

surrounding canopy throughout the day while longwave radiation enhancement

is minimal due to a relatively high sky view fraction (when compared to a

continuous canopy). This results in an all-wave radiative minima, a ‘cold hole’

(Bernier & Swanson 1993), compared to an open or continuous forest site.

2. When solar elevation angles are high, there are similar levels of shortwave radi-

ation in the gap as in an open site, and similar levels of longwave radiation as in

a continuous forest site (due to a relatively small sky view fraction). As such,

there are higher all-wave radiation levels in the gap compared to both an open

site and a continuous canopy site. This leads to a radiative ‘hotspot’ in the

gap that may be further enhanced by heated trunks, which increase longwave

radiation emissions to the snow surface.

Previous studies have typically considered broadly circular gaps in forest canopies.

Golding & Swanson (1978) observed greater variability in snow melt rates in forest

gaps compared to dense forest stands, furthermore they found melt rates to be a

function of gap size: melt rates were lowest in small gaps where D/h ⇡ 0.75–1 (D

= gap diameter; h= canopy height), and highest in large gaps of size D/h ⇡ 5–6.

Berry & Rothwell (1992) observed the smallest rates of ablation in small gaps (where

D ⇡ h), when compared to both dense forest and open areas. Bernier & Swanson

(1993) similarly found very low snowmelt rates in gaps of this size compared to a large

clearing (D/h ⇡ 40). Typically, in clear sky conditions, as gaps become larger the net

shortwave radiation increases and the net longwave radiation decreases, due to the

higher exposure to direct and di↵use shortwave radiation. However, Seyednasrollah

& Kumar (2014) noted that for gaps D/h < 0.5, as gap size increases, the net

longwave radiation reduces at a faster rate than the rate of increase in net shortwave

radiation. This results in decreasing net all-wave radiation to snow until gap sizes

reach D/h = 0.5, where the lowest seasonal average radiation was observed to occur.
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For gaps with D/h > 0.5, net all-wave radiation increases with size until D/h > 10,

when changes in shortwave and longwave net radiation become broadly similar and the

net all-wave radiation balance becomes less sensitive to the gap size. Seyednasrollah &

Kumar (2014) described gaps where D/h  4 as ‘dark’, as they receive less seasonal

net radiation than open areas. In contrast, the seasonal net radiation received in large

gaps (D/h > 10) exceeded that in open areas.

In the northern hemisphere, radiative minima occur at the south edges of gaps and

may persist into late spring. In contrast, radiative maxima are found at the northern

edge of gaps, and the smaller the gap, the later in the year this maxima occurs due

to the higher solar elevation angles necessary to penetrate in to smaller gaps (Lawler

& Link 2011).

The presence of complex topography within a landscape introduces further spatial

variability to the surface energy balance, producing di↵erences in snowmelt timing

and intensity according to the slope and aspect of the terrain (Essery & Marks 2007,

Ellis et al. 2011, Marsh et al. 2012). Field observations in pine and spruce forest in

the Rocky Mountains, Canada, showed that, in general, south-facing forest slopes

receive lower total radiation (compared to open areas) and so experience a delay

to snowmelt, whereas, total radiation to snow is higher on north-facing slopes and

so the onset of snowmelt is advanced (Ellis et al. 2011). Ellis et al. (2013) used

the Cold Regions Hydrological Modeling (CRHM) platform (Pomeroy et al. 2007),

a physically based snow model, to investigate the impact of thinning regimes in

forested slopes on snowmelt and found contrasting results where there were gaps

in the forest. They found that forest clear-cuts on north-facing slopes experienced

a delay in melt onset, primarily due to reductions in longwave radiation. Whereas

enhanced levels of shortwave radiation to gaps on south-facing slopes resulted in

earlier and faster snowmelt. Seyednasrollah & Kumar (2014) similarly observed that

net all-wave radiation was lowest in gaps on north-facing slopes and greatest on
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south-facing slopes. The terrain slope angle also influences the surface energy balance

through changes to the solar incidence angle, shading fraction and sky view fraction:

Seyednasrollah & Kumar (2014) found that all-wave net radiation increased with slope

angle for all gap sizes.

2.5.4 Turbulent heat fluxes

Turbulent fluxes of sensible and latent heat occur because of the turbulent mixing of

air which transports heat and moisture between the land surface and the atmosphere

(Bonan 2015). Turbulence creates eddies that mix the air, so that air from above

is moved downward and air from below is moved upward. Vertical motions of air by

turbulence can be generated mechanically due to drag at the surface that causes shear,

leading to instability and turbulent eddies, or due to surface heating that creates warm

buoyant air, which rises and carries heat and moisture away from the surface.

The turbulent fluxes of heat and water vapour to and from the snowpack play an

important role in the snow surface energy and mass balances. However, turbulent

fluxes to snow in forest environments has not been subject to much attention. They

are often considered to be of minor importance (relative to radiation) due to typically

low sub-canopy wind speeds that attenuate turbulent mixing (Conway et al. 2018,

Hardy et al. 1998, Link & Marks 1999a, Marks et al. 2008).

Turbulent fluxes can be measured directly using eddy covariance instrumentation,

although this is challenging under forest canopies due to factors such as low wind

speeds and heterogeneous canopy structure (Conway et al. 2018, Mahat et al. 2013,

Marks et al. 2008). There are also challenges in modelling and validating sub-canopy

turbulent exchange processes, for example due to the complex spatial patterns of

turbulence generated by canopy elements (Marks et al. 2008). The representation

of turbulent fluxes within a physically based snow model can be evaluated by using
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observational data to assess the models ability to simulate snowmelt and snow surface

temperatures accurately (Conway et al. 2018).

2.6 Summary and research questions

The above review highlights the myriad processes involved in the accumulation and

removal of snow. The accumulation of snow is influenced by processes such as inter-

ception and redistribution; factors impacting the subsequent removal of snow include

the net energy balance to the snowpack and sublimation. Wind plays a significant role

in snow dynamics, both directly – through the redistribution of snow, and as a driver

of turbulent fluxes – and indirectly, since the redistribution of snow determines spatial

patterns in snow accumulation, and therefore the e�cacy of processes driving snow

loss. Many of these processes are impacted by heterogeneities and discontinuities in

forest canopies, thus increasing the complexity of the snow mass and energy balances

in these environments.

This thesis aims to provide a better understanding of how patterns of sub-canopy

wind flow and radiative fluxes vary across linear clearings in forests, and the impact

of these dynamics on the spatial and temporal distribution of snow accumulation and

melt processes.

The research questions underlying this research project are as follows:

Chapter 3:

1. How are the dynamics of wind flow through forested canopies a↵ected by the

presence of a clearing?

2. How does clearing width modulate these changes in wind velocities?
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3. What is the impact of forest canopy structure on these wind velocities?

Chapter 4:

1. How reliably may field measurements of wind speed across boreal forest edges

be reproduced by the BLASIUS wind flow model?

2. How do sub-canopy wind speeds and friction velocities across discontinuous

forest landscapes scale with above-canopy wind speeds?

Chapter 5:

1. Can a simple snow model capture the temporal patterns of snow accumulation

over multiple winter periods?

Chapter 6:

1. How well can simple models of direct and di↵use radiation match observations

across a forest discontinuity?

Chapter 7:

1. How do spatial and temporal patterns of snow accumulation and melt vary

across gaps of di↵erent widths?

2. How sensitive is the modelled melt behaviour to the di↵erent energy fluxes to

the snowpack across the gap?

3. What is the impact of changing the canopy density on these snow dynamics?

4. How is the pattern of snowmelt across the gap altered by changing its orienta-

tion?

These questions will be addressed using a Met O�ce wind flow model (BLASIUS

(Wood & Mason 1993, Wood 1995)) and a forest snow model (a simplified version of
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FSM2 (Mazzotti et al. 2020a)) in conjunction with observational meteorological and

snow data from a boreal forest setting at the Arctic Research Centre of the Finnish

Meteorological Institute (FMI-ARC) research station in northern Finland.
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Simulating wind dynamics across

canopy gaps using the BLASIUS

wind flow model

3.1 Introduction

This chapter aims to investigate the modifying impact of forest discontinuities on

canopy wind flow and any compounding e↵ects of clearing width and canopy struc-

ture.

Forest canopies are well-known to modify local wind flow patterns through an in-

crease in aerodynamic drag due to canopy elements such as branches and leaves

(Belcher et al. 2003, Finnigan 2000). The presence of canopy discontinuities, for in-

stance clearings resulting from road-building, introduce further complexity to canopy-

wind interactions (Banerjee et al. 2013, Panferov & Sogachev 2008, Schlegel et al.

2012).
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For further information on canopy wind flow, please refer to the more detailed review

in section 2.3.

This chapter seeks to explore how canopy clearings of varying widths may alter the

wind flow and considers the potential consequences of this within the context of snow

accumulation, in particular wind-driven transport and compaction processes. To fulfil

this aim, the research questions driving this chapter were as follows:

1. How are the dynamics of wind flow through forested canopies a↵ected by the

presence of a clearing?

2. How does clearing width modulate these changes in wind velocities?

3. What is the impact of forest canopy structure on these wind velocities?

To answer these questions, a Reynolds-Averaged Navier Stokes model with a 1.5 order

closure scheme (BLASIUS) was used to simulate a combination of forest structure

and clearing width scenarios, which are hypothetical but representative of real-world

canopy fragmentation scenarios.

First, the BLASIUS model is presented (Section 3.2). Then wind flow is simulated

across hypothetical forest canopies with varying structures and gap sizes (Section

3.3). The results are then discussed (Section 3.4) and conclusions presented (Section

3.5).
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3.2 Methodology

3.2.1 Model description

Wind flow simulations were performed using the BLASIUS (Boundary Layer Above

Stationary, Inhomogeneous Uneven Surfaces) model from the UK Met O�ce (Wood &

Mason 1993, Wood 1995), which has been used for a number of canopy flow studies

previously (Ross & Vosper 2005, Ross 2008, Ross & Baker 2013, Ross & Harman

2015). For all simulations, BLASIUS was run as a Reynolds-Averaged Navier-Stokes

(RANS) model using a one-and-a-half order mixing length turbulence closure scheme,

which uses a prognostic equation for the turbulent kinetic energy (TKE). The model

is available to use from the Met O�ce under a research license and modifications

to the code to include canopy e↵ects (not included in the o�cial model) were made

available to me by Dr Andrew Ross (University of Leeds).

The model was run under neutral atmospheric conditions and periodic boundary con-

ditions were used for all simulations, which means that an infinite series of forest-

gap-forest patterns were simulated. The modelled terrain is flat (i.e. no hills) and

a surface roughness of z0 = 0.001 m was used for all simulations (the typical range

for snow covered surfaces is z0 = 0.5 – 10.0 ⇥10�4 (Oke 1978). A domain depth

of 100 m and length of 600 m is used for all simulations in this chapter. There are

40 grid-points in the vertical direction and stretching of the model grid by a factor

of 1.05 allows for relatively higher resolution within and just above the canopy (the

height of the lowest grid point is at z = 0.15 m). A 0.5 m horizontal resolution

resolves the flow at canopy edges su�ciently and at significantly lower computational

expense than higher resolutions. The horizontal wind velocity at the upper boundary

of the model domain is used to drive the model flow; a driving velocity of 20 m s�1

was used for the following simulations, unless otherwise stated, and the model is run

to equilibrium. To help the two-dimensional (2D) simulation of wind flow for a given
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canopy scenario converge more quickly, it is helpful to provide an approximate solution

as a starting point. This is achieved by first running a one-dimensional model of wind

flow through the canopy to provide an estimate of the velocity profile before then

running the 2D model. Parameter adjustments to simulate the presence of a forest

canopy are described below; all other model parameters not detailed here remained

as described in Ross & Vosper (2005).

3.2.2 Simulating forest clearings

3.2.2.1 Canopy parameters

A forest canopy is represented in the BLASIUS model through two modifications to the

original code (as described by Ross & Vosper (2005)). Firstly, the aerodynamic drag

exerted by leaves and branches on the air flowing through the canopy is modelled

through the inclusion of an additional drag term (⇢CdaU |U |) in the momentum

equation:

⇢
DU

Dt
= ��p+� ·⌧ �⇢CdaU |U | (3.1)

where ⇢ is the air density, U is the velocity, p is the pressure, ⌧ is the Reynolds stress

tensor Cd is the canopy drag coe�cient of individual canopy elements, a is the leaf

area per unit volume.

The mixing length (used in the turbulence closure scheme) is also modified by the

canopy. Within the canopy, the mixing length is taken as constant and scales with

height above the canopy. The dissipation term in the prognostic equation for TKE is

also modified to account for the enhanced dissipation of energy due to canopy drag,

which converts energy from large scales to smaller wake scales that dissipate more
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rapidly.

The forest canopy structure may be specified via adjustment of canopy parameters

within the BLASIUS model (see Table 3.1). These parameters are assumed to be

constant with height within the canopy but can be varied in the horizontal direction

on a grid-point by grid-point basis so that canopy heterogeneities, such as gaps, may

be simulated. The canopy values used for this investigation are similar to those used

in previous studies that have used BLASIUS to model canopy wind flow (e.g. Ross

& Vosper (2005), Ross & Baker (2013), Ross & Harman (2015)) and are within a

realistic range based on empirical boreal forest metrics (Mayhead 1973, Amiro 1990,

Finnigan 2000).

A fixed canopy drag of Cd = 0.2 was used for all simulations (Cd ⇡ 0.1–0.3 for

most vegetation (Katul et al. 2004)). A uniform canopy height (h) and displacement

height (d) were prescribed for a given canopy. The displacement height is the height

at which the mean surface drag appears to act on the canopy and so is always < h

(Jackson 1981). A displacement height of 0.76 h was chosen according to the value

given in Jarvis et al. (1976) for Scots pine, which is a common evergreen boreal

tree species and the dominant tree species at the Finnish field site described in later

chapters (e.g. see 4.2.1.1). Furthermore, Jarvis et al. (1976) give a mean of 0.78 h

based on data from eleven forests, including a variety of pine, fir and spruce species

(d/h ranged from 0.61 – 0.92). Therefore the value used in this study can also be

considered a reasonable approximation for a range of typical boreal evergreen species.

A leaf area density (a) of 0.1 or 0.4 was used. The leaf area density is the leaf area

per unit volume of tree and these values correspond to a leaf area index (LAI: a

commonly used index of leaf area, defined as one-half of the total foliage surface area

per unit area of ground (Chen & Black 1992)) of 0.8–0.9 and 3.2–3.6, respectively,

for a canopy of height 10 m for instance (LAI = (0.8–0.9) ⇤LAD ⇤ h, (Gower et al.

1999)).
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Forest 1 Forest 2 Forest 3
Canopy height, h (m) 10 20 10
Drag coe�cient, Cd (m) 0.2 0.2 0.2
Leaf-area density, a (m�1) 0.4 0.4 0.1
Displacement height, d (m) 7.6 15.2 7.6

Table 3.1: Canopy parameter settings for the BLASIUS model.

3.2.2.2 Linear clearing widths

Simulated clearing widths of 3 m, 10 m, 30 m and 100 m were chosen as realistic

clearing widths that could be observed in boreal forests, for example:

• A 3 m gap approximates narrow (modern) seismic lines (Dabros et al. (2018))

and forest tracks

• A 10 m gap corresponds to a wide (conventional) seismic line (Dabros et al.

(2018)) or a small road

• A 30 m gap could be created by wider roads and small rivers

• A 100 m clearing may result from a large river or area of felled forest

A clearing is simulated within the model by setting the canopy parameters to zero at

the appropriate grid points. As a result, simulated clearing edges are clearly defined

and abrupt, and so are a simplification of naturally occurring clearings and where

there may be regrowth following edge creation. However, for the purposes of this

investigation this may be considered a reasonable approximation.

3.3 Results

This section presents the results from the wind flow modelling using the BLASIUS

model outlined in section 3.2.1. The results show the changes in wind flow across
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gaps in forest canopies, highlighting the impact of gap width on these dynamics. Also

presented are the results of varying canopy characteristics such as height and leaf area

density.
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3.3.1 Impact of gap width on wind flow

First, considering the case of a 100 m gap (Figure 3.1a., e., & i., and Figure 3.2 for

vertical profiles at the edges): on exiting the canopy, there is a reversal of the flow at

the lower levels shown by the area of negative horizontal velocity. Outside of this area

of flow reversal and below the height of the canopy, u increases with x distance until

a distance of approximately 10 m from the windward canopy edge. The flow appears

to be reaching a new adjusted flow pattern within the gap after approximately 75 m,

indicated by the approach to parallel lines of velocity. On approaching the canopy

edge, the horizontal velocity starts to decrease at heights >1.9 m and increases below

this height. Figure 3.3 shows the flow in this canopy-gap scenario over a greater

horizontal distance. The horizontal velocity flow readjusts to the presence of the

canopy over a distance of approximately 100 m (Figure 3.3.a).

There is a distinct region of positive vertical velocity (maximum = 0.82 m s�1) located

at the exit point from the canopy into the 100 m gap. Above this and into the gap

is a region of negative vertical velocity as the air flow enters the space created by the

gap. The peak downward velocities of �0.69 m s�1 are located 20 m beyond the first

canopy edge. As the flow approaches the downwind canopy edge, the vertical velocity

is negative in the mid-lower canopy (z < 4.2 m) and positive in the mid-upper canopy

and above the canopy.

Figure 3.4 illustrates the e↵ect of changing the driving wind speed at the upper

boundary (z = 100 m) on the modelled horizontal and vertical velocities, with the

100 m gap case as an example. The wind flow features described above are spatially

consistent across the di↵erent driving speeds but decrease in intensity with decreasing

driving wind speed.

The zone of reversed flow seen with the 100 m gap is present in the case of the

narrower 30 m gap and occupies the full width of this gap. As such, the flow does
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Figure 3.2: Vertical wind profiles for horizontal and vertical velocities at the upwind and
downwind edges for four di↵erent gap sizes: 100 m, 30 m, 10 m and 3 m. The simulated
canopy has height of h = 10 m and a leaf area density of a = 0.4 m�1. The canopy top is
shown by the solid black line.

not have the space to adjust to the gap. Compared to the 100 m gap scenario,

there is a similar but less marked increase in horizontal velocity at the mid-upper

canopy (z > 5 m) and decrease at lower heights on entering the second canopy edge.

The horizontal velocity adjusts to the presence of the canopy more rapidly than when

entering from the 100 m gap, with an adjustment length of approximately 85 m.

The general spatial patterns of vertical velocity values seen with a 100 m gap are

repeated with a 30 m gap but with the peak downward velocities (w = �0.67 m s�1)

occurring at the second canopy edge in this case. The upward vertical velocities

observed at and above the canopy top as the flow entered the canopy following the

100 m gap are also seen here but displaced further along the length of the canopy and
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Figure 3.3: Horizontal and vertical wind velocities across a 100 m gap. The simulated
canopy has height of h = 10 m and a leaf area density of a = 0.4 m�1. The canopy
extent is shown by the solid black lines. The driving wind velocity at the upper boundary
= 20 m s�1 and flows from left to right. The dashed black lines are isolines of constant
velocity.

are smaller in magnitude (max w = 0.29 m s�1, compared to max w = 0.95 m s�1

following the 100 m gap).

The reversed horizontal flow feature persists in the 10 and 3 m gaps, although it

becomes less pronounced and starts to extend into the second canopy section as the

gap size decreases. In general, the canopy flow is less perturbed by the presence

of the narrower gaps and on entering the downwind canopy, the flow adjusts to

the canopy after approximately 77.5 m and 3.5 m following the 10 and 3 m gaps

respectively.

With the 10 m gap scenario, the upward vertical velocities as the flow exits the canopy

(max w = 0.94 m s�1) extend over a similar horizontal distance (approximately 10 m)

as in the cases of the wider gaps and so occupy a larger proportion of the gap itself.

As the flow enters the second canopy edge, a downward vertical velocity component

dominates (min w = �0.79 m s�1) and a reduced region of upward vertical velocity
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Figure 3.4: Horizontal and vertical wind velocities across a 100 m gap with four di↵erent
driving wind speeds at the upper boundary (flowing left to right): 5 m s�1 (a. & b.);
10 m s�1 (c. & d.); 15 m s�1 (e. & f.); 20 m s�1 (g. & h.). The canopy height = 10 m,
leaf area density = 0.4 m�1 and the canopy extent is shown by the solid black lines. The
dashed black lines are isolines of constant velocity.

occurs at a greater horizontal distance from the edge when compared to the 30 and

100 m gap scenarios.

In the case of the 3 m gap, the vertical velocity values are largely positive and located

within the gap (max w = 0.68 m s�1), with a region of negative velocities as the flow

enters the second canopy edge (min w = �0.24 m s�1). The magnitude of the vertical

velocity at a given height is generally smallest in this case and the perturbations to
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the vertical velocity are more spatially concentrated when compared to the wider gap

scenarios.

Across all gap width scenarios, the wind speed generally increases with height. How-

ever, in the 100, 30 and 10 m gap scenarios there is a region of relatively higher wind

speed concentrated at the forest floor (at heights  1.5 m) and corresponding to the

region of reversed horizontal flow.

3.3.2 Impact of canopy height on wind flow

Increasing the canopy height from 10 m to 20 m accentuated the region of reversed

flow described above. In the 100 m gap scenario, this region extends over most of

the horizontal distance of the gap (commencing 7 m before the first canopy edge

and finishing 1 m before the second canopy edge) and up to a maximum height of

4.2 m (Figure 3.5.a.). The region of positive vertical velocity on exiting the canopy

is still observed and begins within the canopy approximately 15 m before the edge.

The subsequent negative vertical velocity as the air flows through the gap is observed

with both canopy heights but there is a further distinctive region of negative vertical

velocity as the flow re-enters the taller (20 m) canopy, which is seen to a lesser degree

in the shorter (10 m) canopy case (maximum downward velocity of �0.67 m s�1

when h = 20 m, compared to �0.2 m s�1 when h = 10 m). In contrast, the

region of positive vertical velocity at and above the downwind canopy top is more

spatially concentrated in the vertical when h = 20 m and velocities are generally

lower (maximum vertical velocity of 0.62 m s�1, compared to 0.95 m s�1 when h =

10 m).

60 Ph.D. R.L. Milodowski



CHAPTER 3. SIMULATING WIND DYNAMICS ACROSS CANOPY GAPS USING
THE BLASIUS WIND FLOW MODEL

3.3.3 Impact of leaf area density on wind flow

Lowering the leaf area density (a) from 0.4 m�1 to 0.1 m�1 increases the horizontal

velocity at a given height within the canopy and gap but the general spatial patterns

of horizontal velocity change across the gap are similar (Figures 3.6 (a–d) and 3.7 (a

& c)). As with the case where a = 0.4 m�1, there is a region of reversed flow on

entering the 100 m gap when a = 0.1 m�1, although it begins 6.5 m into the gap

rather than directly at the canopy edge and is reduced in spatial extent. A similar

pattern of delayed onset and reduced extent of the reversed flow region is seen in the

30 m and 10 m gaps. On leaving the gap, the horizontal velocity takes longer to

readjust to the canopy when a = 0.1 m�1, with adjustment lengths of 160 m, 150 m,

120 m and 24 m for the 100 m, 30 m, 10 m and 3 m gap scenarios respectively

(compare to 100 m, 85 m, 77.5 m and 3.5 m when a = 0.4 m�1).

The lower leaf area density results in lower magnitudes of vertical velocity across all

gap sizes, although again the general spatial patterns of velocity change are similar

(Figures 3.6 (e–h) and 3.7 (b & d)). A notable di↵erence is that the region of

positive vertical velocity observed when the flow exits the canopy and enters the gap

is displaced further into the gap when a = 0.1 m�1 in all cases except the 3 m

gap.

These changes in the velocity components on lowering the leaf area density resulted

in higher overall wind speeds through the canopy and gaps (Figure 3.6 (i–l)).
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Figure 3.7: Vertical wind profiles for horizontal and vertical velocities at the upwind and
downwind edges for four di↵erent gap sizes: 100 m, 30 m, 10 m and 3 m. The simulated
canopy has height of h = 10 m and a leaf area density of a = 0.1 m�1. The canopy top is
shown by the solid black line.
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3.4 Discussion

Using the BLASIUS wind flow model, spatial patterns of wind velocities and speeds

were investigated across a range of canopy and clearing width scenarios. It was found

that the clearing width produced the most pronounced di↵erences in the observed

dynamics. Canopy characteristics such as height and leaf area density had a second-

order e↵ect on these dynamics, predominantly influencing the strength and extent of

velocity gradients and regions of reversed flow. The following section discusses the

implications and limitations of these results. It ends with a discussion on the potential

modifying e↵ect of gap width and canopy structure on the spatial distribution of snow

accumulation across a discontinuous boreal forest landscape.

In their modelling study of canopy flow, Belcher et al. (2003) described a series of

characteristic adjustment zones as wind flows through a forest canopy (see section

2.3.2.1 for further details). We see all of these exhibited in the case of the largest

clearing simulated (Figure 3.8).

As the flow exits the first canopy section the horizontal velocity increases and just

beyond the edge there is a downward movement of air, to conserve mass (Exit region

(E); see Figure 3.8). A region of flow recirculation on exiting the canopy was observed

with all four clearing sizes (shown by the directional streamlines in Figure 3.9), a

feature also observed by a number of other studies ((Bergen 1975, Cassiani et al.

2008, Detto et al. 2008, Banerjee et al. 2013)). The 100 m gap was su�ciently

long that the flow had adjusted to the new boundary condition before decelerating

ahead of the next canopy edge (Impact region (I); Figure 3.8). Within the canopy

adjustment zone (A) we see the e↵ect of the canopy drag decelerating the horizontal

flow and the associated upward movement of air to conserve momentum. There was

insu�cient distance within the narrower gaps (i.e. < 100 m) for the flow to readjust

to the new lower boundary condition. As a result, the perturbation to the canopy

R.L. Milodowski Ph.D. 65



CHAPTER 3. SIMULATING WIND DYNAMICS ACROSS CANOPY GAPS USING
THE BLASIUS WIND FLOW MODEL

Figure 3.8: Contour plots of the evolution of the (a) horizontal velocity, and (b) vertical
velocity across a 100 m forest clearing. The simulated canopy has height of h = 20 m and
a leaf area density of a = 0.4 m�1. The canopy extent is shown by the solid black lines.
The driving wind velocity at the upper boundary = 20 m s�1 and flows from left to right.
Overlain are yellow lines representing a schematic of the adjustment of the flow as it exits
and enters the canopy (adapted from Belcher et al. 2003), showing the: adjustment region
(A); canopy flow region (C); exit region (E); impact region (I); roughness change region
(R); wake region (W).

wind flow was smaller and we do not see all of the same well-defined zones described

above.

Dupont et al. (2011) observed a jet of faster moving air close to the ground in canopies

where the foliage is concentrated in the upper canopy levels (e.g. in pine forests).

This was not observed here as the BLASIUS model assumes constant leaf-area density

with height, which does not allow for such flow features to form (although a canopy

displacement height is specified and may be varied by the user). Boreal forests are

typically comprised of such tree species as spruce, pine, fir, birch and aspen. Some

of these species, such as spruce and fir, have a relatively low vertical variation in

leaf area density and so the way that the canopy is represented by the model as a

homogeneous column is fairly realistic. Broadleaf trees such as birch and aspen do

not maintain their foliage over winter but this is less problematic as it is a spatially
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complete loss of foliage so that a very low leaf area density could be applied uniformly

over the vertical canopy space. However, as mentioned, pine trees tend to have a

more variable vertical distribution of foliage, with greater leaf area density in the

upper levels of the canopy. Therefore the spatial patterns described in this study may

not be a complete description of wind flow in forest canopies with a high vertical

variation in foliage distribution. Significantly, the area of reversed flow observed here

in the canopy gaps could be expected to be weakened or absent in canopies with a

sparse trunk space where there is less aerodynamic drag on the wind flow (compared

to higher up in the canopy) and therefore a weaker contrast between canopy and gap

conditions at this height.

Canopy height and canopy density both impacted on the flow across the canopy gap,

however they did not change the first-order flow dynamics observed across the gaps

in the first experiments. Increasing the canopy height serves to accentuate the region

of reversed flow, so that it now extends over most of the 100 m gap (Figure 3.10).

There is also a more pronounced region of downward air flow at the entrance to the

second canopy section. Finally, the faster above-canopy wind speeds are not drawn

as deeply down into the gap with a taller canopy.

The spatial patterns are broadly similar across the canopies with di↵ering leaf area

density but the spatial gradients in vertical velocity are more pronounced with higher

a and the overall wind speeds are slightly greater across the domain when a is lower

(Figure 3.11).

The canopies modelled here are uniform homogeneous canopies either side of the

gap. This is a simplification and does not reflect natural variations in canopy metrics

such as height and leaf area density that are likely to occur in real-life forests, and

particularly so in mixed-species forests. It is possible with the model used here to vary

the canopy metrics horizontally to represent a more heterogeneous canopy. However,

as seen in the modelling results, the 3 m gap, which is of a similar horizontal length
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scale to variations we may expect in a natural canopy, has very little influence on

the wind flow pattern. As such, it is reasonable to suggest that variations at the

individual tree level are unlikely to significantly alter spatial patterns in the modelled

wind velocities seen here. A potential avenue for future work would be to consider

how larger patches of canopy with varying structures would influence the wind flow

patterns observed from the model runs described here.

This study only considered scenarios with a single canopy gap; it would be interesting

to explore how multiple gaps, with varying distances between them, would alter the

flow and potentially modify the e↵ect of further downwind gaps. It would be expected

that a minimum distance between gaps would be needed in order to see any additional

e↵ects on the flow behaviour, as it has been shown in this study that the e↵ect of

the gap reduces with decreasing gap size and so the converse may be expected that

a case where there is a narrow section (e.g. < 10 m) of canopy between two gaps

may not look significantly di↵erent to a case where there is a single gap of a size

equivalent to the two smaller gaps. This is relatively unexplored in the literature

and previous studies into this predominantly focus on investigating wind flow through

vineyards, which are of a smaller scale in terms of canopy height, in addition to gap

width and spacing, compared to typical canopy and linear disturbance structures in

boreal forests (Weiss & Allen Jr 1976, Chahine et al. 2014).

The scenarios modelled in this chapter are simplified versions of real-life forest clear-

ings. One simplification is that the horizontal wind flow direction is perpendicular to

the line of the canopy-clearing edge. In reality, the likelihood is that the horizontal

wind direction at any given time will be oblique to the line of the canopy-clearing

edge. Consequently, the distance the wind flows through the clearing rather than the

canopy would be lengthened, by a factor equal to 1
cos ✓ (Figure 3.12), where ✓ is the

angle between the wind direction and a line perpendicular to the canopy edge. For

instance, the e↵ective path length of a parcel of air travelling through a 10 m gap is
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10 m when the wind direction is at an angle of 0� to the line perpendicular to the

canopy edge, whereas it becomes 29.24 m when the wind direction is at an angle of

70�.
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Figure 3.9: Streamplots indicating wind flow direction (arrows) and speed (colour) across
forest clearings for four di↵erent gap sizes: (a) 100 m; (b); 30 m; (c) 10 m; and (d) 3 m.
The simulated canopy has height of h = 10 m and a leaf area density of a = 0.4 m�1.
The canopy extent is shown by the solid black lines. The driving wind velocity at the upper
boundary = 20 m s�1 and flows from left to right.
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Figure 3.12: Log path lengths travelled by the wind across four di↵erent clearing widths
(100 m, 30 m, 10 m and 3 m) depending on the wind direction relative to the line of the
canopy edge. A relative wind direction of 0� corresponds to flow perpendicular to the edge;
a relative wind direction of 90� flows parallel to the edge and travels through the clearing
only
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3.4.1 Implications for snow transport across canopy clearings

In boreal forests, one way in which clearings may potentially impact on the surrounding

environment is through changes in the spatial distribution of snow on the forest floor

due to altered wind flow dynamics. Of particular interest for this research project

was to further our understanding of the forest clearing scenarios in which we can

expect wind-driven movement of snow. The wind modelling described in this chapter

can be used to indicate the situations where we might expect snow redistribution to

occur and, conversely, where we might expect to observe deposition of wind-blown

snow.

Surface friction velocity may be calculated from simulated surface stresses as

u? =

r
⌧

⇢
(3.2)

where ⇢ is the air density (kg m�3) and ⌧ is the magnitude of the wind shear stress

at the surface (kg m�1 s�2 = Pa).

Figure 3.13 shows modelled friction velocities for all the gap and canopy structure

scenarios presented in the results section of this chapter (Section 3.3). Also shown

are example threshold friction velocities for snow transport (green lines in Figure 3.13)

calculated using formulations in Liston et al. (2007). The thresholds are dependent

on the snow density, such that surface snow with the lowest density (e.g. fresh, un-

compacted snow) requires the least applied stress for movement to occur (see Table

3.2 for common snow densities). For snow densities between 50 – 300 kg m�3

u?t = 0.10 exp(0.003⇢s), if 50 < ⇢s  300 (3.3)

where u?t is the threshold friction velocity and ⇢s is the snow density. For higher snow
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densities:

u?t = 0.005 exp(0.013⇢s), if 300 < ⇢s  450 (3.4)

Snow type Density (kg m�3)
New snow 50–70
Damp new snow 100–200
Settled snow 200–300
Wind packed snow 350–400

Table 3.2: Common densities of snow (values from Paterson (1994))

In the 100 m gap scenario (Figure 3.13.a.) with h = 10 m and a = 0.4 m�1 (case

1) there is the potential for transport of fresh snow just after the first canopy edge

and into the gap, although this spike in the friction velocity is followed by a very low

trough suggesting that any snow movement would cease soon after it was initiated.

The friction velocity rises again towards the downwind side of the gap and just crosses

the threshold for 100 kg m�3 density snow. Into the second canopy section the friction

velocity increases further and exceeds the threshold for 200 kg m�3 snow, suggesting

movement of snow further into the canopy interior where the modelled friction velocity

decreases and falls below the 100 kg m�3 density threshold after approximately 40 m

from the canopy edge.

A similar pattern is seen with a lower leaf area density (case 2: h= 10 m, a= 0.1 m�1)

although in this instance the friction velocity following the first (upwind) canopy edge

is too low to suggest any snow movement. However, at the downwind side of the

gap and into the second canopy section the modelled friction velocities exceed those

observed in case 1 with a higher leaf area density. This implies that movement of

older, wet or compacted snow may occur just into the canopy on the downwind side

and that this e↵ect extends at least 100 m into the canopy interior.

With a taller canopy (case 3: h = 20 m, a = 0.4 m�1), movement of snow is most

likely in the gap just after the first canopy edge and across the first half of the gap.

Movement of low density snow may be expected just into the downwind canopy,

R.L. Milodowski Ph.D. 75



CHAPTER 3. SIMULATING WIND DYNAMICS ACROSS CANOPY GAPS USING
THE BLASIUS WIND FLOW MODEL

further in than with the 10 m canopies and for a shorter distance.

As observed with the modelled wind velocities, the influence of a canopy gap on snow

movement reduces as it’s width narrows. With a 30 m gap, snow transport may be

expected within the gap for the canopies with a leaf area density of 0.4 m�1 (case 1

& 3) and in the downwind canopy section approximately 45 m after the edge for the

canopy with a lower leaf area density (case 2). Only the modelled friction velocities

with the case 1 canopy are high enough to suggest some movement of low density

snow when the gap is 10 m across and no movement of snow would be expected in

the case of a 3 m gap for all canopy types modelled here.
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Figure 3.13: Modelled friction velocities for all gap and canopy structure scenarios. The
green lines refer to snow density dependent threshold friction velocities for snow transport
as proposed by Liston et al. (2007). The wind is flowing from left to right and the solid
black vertical lines indicate the canopy edge.
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3.5 Conclusion

In this chapter I used a wind flow model (BLASIUS) to simulate patterns of wind flow

across forest discontinuities and showed that the clearing width is a key influence on

these dynamics.

Sub-canopy wind flow is modified by the presence of a forest gap and su�cient

distance (approx. 100 m) is required for the wind flowing across the gap to adjust

to the change in the boundary conditions. A region of reversed flow as the wind

enters the gap was found for all gap widths. Within the 100 m gap, the wind speed

then increases with distance across the gap until it is slowed by the presence of the

downwind canopy edge. Narrow gaps (<30 m wide) have less impact on sub-canopy

wind speeds as there is insu�cient distance for the flow to fully adjust. The influence

of a forest gap on sub-canopy wind dynamics becomes negligible for very narrow gaps

(approx. 3 m wide).

Canopy characteristics have a second-order e↵ect on the wind flow dynamics across

the gap. Taller trees accentuate the region of reversed wind flow and faster flowing

air above the canopy is not drawn down as deeply down into the gap. A denser forest

canopy results in greater vertical velocities at the canopy edges. Reducing the canopy

density results in higher overall wind speeds across the domain.

These wind flow scenarios can also be used to explore the potential for wind-driven

transport of snow within forest discontinuities. The results presented here suggest

that canopy and clearing structures could play a role in the spatial distribution of

snow accumulation through modified wind flow dynamics.
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Chapter 4

Data collection and calibration of

the BLASIUS wind flow model

4.1 Introduction

The previous chapter considered how wind flow through a simulated forest canopy may

be a↵ected by a linear clearing of varying width and surrounding canopy structure,

using the BLASIUS wind model. Following on from this, this chapter aims to evaluate

the ability of the BLASIUS model to represent flow across a real forest edge and

to obtain a scaling relationship between measured above-canopy wind speeds and

modelled sub-canopy wind speeds and surface friction velocity.

It is important to understand wind flow in boreal forest ecosystems for a number of

reasons: firstly, wind blown transport of snow creates areas of relatively deeper and

shallower snow, which impacts the timing of snow melt (onset and rate) (Pomeroy

et al. 1998, Essery & Pomeroy 2004, Gelfan et al. 2004, Liston & Elder 2006, Essery

et al. 2009). When and how quickly snow melts influences hydrological processes,

such as river flows and permafrost thaw (Pomeroy & Granger 1997, Williams et al.
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2013), and ecological processes, such as photosynthesis (through the availability of

soil moisture) (Black et al. 2000, Wipf et al. 2009, Trujillo et al. 2012). Wind flow

dynamics also have the ability to determine the spatial and temporal spread of forest

fires and airborne particles, including seed dispersal (Coen 2005, Dupont et al. 2006,

Sun et al. 2009, Conan et al. 2015). Finally, trees proximal to forest edges may

be subject to wind-driven damage, depending on the magnitude of wind speeds and

gusts (Dupont & Brunet 2006, 2008b, Dupont et al. 2015, Panferov & Sogachev

2008, Schwartz et al. 2017). It is therefore of interest to be able to predict wind

speeds in boreal forest settings for a wide number of applications.

To understand how changes in wind flow influence local snow dynamics across forest

edges it is necessary to couple a model of wind dynamics with a model that describes

the important processes of snow redistribution and melting (e.g. FSM2 (Mazzotti et

al. 2020a)). The wind flow model used in this thesis (BLASIUS) is computationally

expensive (run-time ⇡ 1-2 days+ depending on domain size and resolution), which

presents a challenge to coupling it with other models. One solution to this general

problem is to develop emulators of complex models that capture key relationships in

a way that is more readily transferable.

The research questions driving this chapter are as follows:

1. How reliably may field measurements of wind speed across boreal forest edges

be reproduced by the BLASIUS wind flow model?

2. How do sub-canopy wind speeds and surface friction velocity across hetero-

geneous forest landscapes scale with above-canopy wind speeds, as would be

measured at a meteorological tower? Can we emulate sub-canopy wind speeds

from BLASIUS with a simpler model that captures the fundamental character-

istics of the airflow?

To this purpose, the BLASIUS wind flow model is calibrated and evaluated using
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observational wind speed and canopy structure data collected from a forest-edge site

in northern Finland.

First, the field sites and data collection methods are presented (Section 4.2). Then

the model is calibrated and evaluated against field measurements (Section 4.3). The

results are then discussed, including the scaling of modelled sub-canopy wind speeds

and surface friction velocity to measured above-canopy wind speeds (Section 4.4) and

conclusions presented (Section 4.5).

4.2 Methodology

4.2.1 Data collection

4.2.1.1 Field site description

Field measurements were made during April 2016 at the Arctic Research Centre of

the Finnish Meteorological Institute (FMI-ARC), which is located in northern Finland

at 67.368� N, 26.633� E (approx. 180 m a.s.l.). FMI-ARC is adjacent to the Kitinen

River and is situated approximately 7 km south of the nearest town of Sodankylä and

90 km north of the arctic circle (Fig. 4.1.a). The topography is relatively flat and the

predominant land cover types comprise boreal forest (dominated by Scots pine (Pinus

sylvestris) and open peat bog to the east of the site. Continuous meteorological

measurements have been made at FMI-ARC since 1908 and instrumentation includes

an automatic weather station and radiometer tower (Kivi et al. 1999). Typically,

there is snow cover on the ground between October and May, with mean monthly

air temperatures < 0�C between November and April, although temperatures can fall

< �40�C during the winter (Leppänen et al. 2016). Mean annual precipitation is

527 mm and between 1951–2000 the annual maximum snow depth varied between
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62–119 cm, with a median of 83 cm (Essery et al. 2016). Wind speeds are gener-

ally low, particularly in forested areas; the monthly mean above-canopy wind speeds

range between 2.5–2.9 m s�1 and a mean wind speed of 1.17 m s�1 was measured

over two years during the snow season (mid-September – mid-May) (Leppänen et al.

2016).

Four sites at FMI-ARC were identified as suitable for taking measurements of wind

speeds and directions with the purpose of investigating wind behaviour across forest

edges: (i) Bog site (67.367� N, 26.647� E); (ii) Road site (67.366� N, 26.635� E);

(iii) Forest track site (67.370� N, 26.629� E); (iv) Clearing site (67.362� N, 26.633�

E). The measurement sites and their locations are shown in Fig. 4.1 and a brief

description of each follows:

4.2.1.2 Bog site

The bog site is within an area of open wetland that is located approximately 1 km

east from the main station at FMI-ARC (Fig. 4.1). The water level varies according

to precipitation levels and time of year, and snow tends to accumulate on top of a

smooth ice layer (Leppänen et al. 2016). As this site is relatively open, redistribution

and levelling of snow by the wind often occurs (Leppänen et al. 2016). At the time of

measurements, snow depths at this site ranged between 37 – 72 cm, with a mean of

51 cm. A transect was established running approximately north-west from the open

bog into a patch of Scots pine and birch (Betula spp.) trees (mean canopy height =

5.82 m), with four measurement points along this line (as shown in Fig. 4.2).

The canopy was considered as two sections to reflect the di↵erence in canopy density;

the canopy was noticeably sparser in the first 62 m (looking left to right) and so

needed to be treated di↵erently to the rest of the canopy patch within the model

(through a lower leaf area density and canopy drag coe�cient). Figure 4.3 provides a
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Figure 4.1: Top: Aerial photograph of FMI-ARC indicating the locations of the study sites
and the meteorological mast (yellow dots); inset map showing the location of FMI-ARC
(red dot) in Finland. Middle and bottom: Photographs of the four study sites.

more detailed look at the bog site and illustrates the di↵erences between the canopies.

Panel (a) shows the canopy as if standing on the left hand side of the schematic in

Figure 4.2 and looking towards the canopy patch; (b) shows measurement position

K2, which is at the edge of the sparser Canopy 1 section; and (c) shows position K3,
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Figure 4.2: Bog site instrumentation setup. Wind measurement points are indicated by the
yellow circles and labelled K1–4. The canopy was considered as two distinct sections to
account for di↵erences in the canopy density (Canopy 1 was sparser than Canopy 2).

which is located at the transition point between the two canopy sections and looks

into the denser Canopy 2 section.

Figure 4.3: Photographic illustration of the di↵erence between the two canopy sections at
the bog site. The bog site is shown in (a), looking towards the canopy patch (as if standing
on the left hand side of the schematic in Figure 4.2). Measurement position K2 is shown
in (b), which is at the edge of the sparser Canopy 1 section, and (c) shows position K3,
which is located at the transition point between the two canopy sections and looks into the
denser Canopy 2 section.
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4.2.1.3 Road site

The measurement transect at this site spanned the main entrance road to the FMI-

ARC station, which runs broadly NE-SW and joins onto the main road to the nearest

town of Sodankylä. Working with the limitation of a set number of instruments

(four anemometers) it was determined that the optimal set up was as follows: two

measurement points located on the transect within the planted Scots pine forest

(mean canopy height = 11.34 m) on either side of the road and the remaining two

instruments located at each edge of the canopy, where the trees meet the road (Fig.

4.4). The distance between the two edge measurement points (i.e. traversing the

road) is approximately 19 m.

Figure 4.4: Road site instrumentation setup. Wind measurement points are indicated by
the yellow circles.

4.2.1.4 Forest track site

Here a measurement transect was established across a narrow track and through a

section of planted Scots pine forest (mean canopy height = 12.24 m) with similar

canopy characteristics to that at the road site but more extensive in ground area. As

at the road site, measurement points were positioned at the canopy edge and 15 m

into the canopy on either side (Fig. 4.5). There is a distance of 7.35 m between the

two edge measurement points (i.e. traversing the track).
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Figure 4.5: Forest track site instrumentation setup. Wind measurement points are indicated
by the yellow circles

4.2.1.5 Clearing site

The clearing site is co-located with the FMI-ARC Intensive Observation Area (IOA), a

⇠40 m diameter forest clearing that was established in 2006 for conducting snow and

meteorological measurements and experiments (Leppänen et al. 2016). The IOA is

surrounded by sparse pine forest and is relatively sheltered, so very little wind-driven

redistribution of snow occurs. However, this site was chosen as an example of wind

flow across a larger size gap in contrast to the narrower openings in the road and

forest track sites. The transect at this site was positioned on the northern side of the

clearing and so measurements were predominantly of wind entering the canopy, as

the prevailing wind direction is from the south. The measurement transect began at

the approximate edge of the sparse canopy (mean canopy height ⇡ 7.9 m), with the

remaining three measurement points located every 15 m along a line perpendicular

to the edge and progressing into the trees (see Fig. 4.6).

4.2.1.6 Wind measurements

Wind speed and direction was measured using four commercially available anemome-

ters: three Kestrel 4500 Weather Meters and one Kestrel 5000 Weather Meter
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Figure 4.6: Clearing site instrumentation setup. Wind measurement points are indicated
by the yellow circles.

(Nielsen-Kellerman, Boothwyn, PA, USA) (Fig. 4.7). The di↵erence in models used

was due to stock availability at the time. Each anemometer was mounted on a tripod

at a height of 1.5 m (the maximum tripod height) and positioned along the transects

described above. Wind speeds were measured by a lightweight impeller, which can

operate at low speeds (> 0.6 m s�1 (4500 model) or > 0.4 m s�1 (5000 model)) and

with an accuracy of ± 0.1 m s�1. The anemometers were fitted with a vane mount

and contain an internal compass, comprising a two-axis solid-state magnetoresistive

sensor mounted perpendicular to the unit plane with a ± 5� resolution (NK n.d.).

The measured wind direction indicates the direction in which the back of the unit

is pointing (when held vertically upright), i.e. the direction from which the wind is

blowing. It should be noted that one of the Kestrel 4500 models was unable to record

wind direction readings for the duration of this field work. This was taken account of

when deciding where to place the instruments along the transects, so that the wind

direction was always measured at the canopy edges.

Wind speed and direction measurements were taken automatically every minute. The

instruments were checked and data manually downloaded every 24 – 48 hours. Very

occasionally the impellers froze overnight but as wind speeds are very low at this time

of day, the impact of this on the data collection may be considered negligible. Table

4.1 shows the data collection periods for each of the four measurement sites.
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Figure 4.7: A Kestrel 4500 Weather Meter in the field, showing the impeller and weather
vane components that are used to measure wind speed and direction, respectively.

4.2.1.7 Canopy measurements

Information about the canopy structure was obtained via measurements of:

• Canopy height (all sites)

• Crown base height (road and forest track sites)

• Crown diameter (road and forest track sites)

• Diameter at breast height (road and forest track sites)

• Tree stocking density (road and forest track sites)

Heights were measured using a Haglöf Vertex III Hypsometer and Transponder T3

(Fig. 4.8), which obtains distances using ultrasonic signals and calculates heights

trigonometrically (Haglöf Sweden, L̊angsele, Sweden). To measure the height of a

tree, the transponder (an ultrasonic transmitter/receiver) is first positioned on the

trunk at breast height (1.3 m) and the vertex hypsometer sighted to the transponder

to measure this distance, then the vertex hypsometer is sighted to the canopy top to

obtain the height. The heights of all trees within 2.5 m either side of the transect lines

were measured and six height measurements were taken per tree in order to calculate
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the mean height for each tree, to which the snow depth at the tree was added to

account for the additional height below the surface. The height of the base of each

individual tree crown was also measured following this method, taking the crown

base to be the height on the tree trunk of the lowest live branch whorl that forms

part of the canopy (Forestry Commission 2014b). As the air-temperature a↵ects the

range of the ultrasonic signals used to determine distances, the vertex hypsometer

was allowed at least 10 minutes after removal from a bag or pocket to reach the

ambient air temperature before taking measurements, as per the instruction manual

advice (Haglöf Sweden n.d.). Furthermore, the instrument was calibrated before

each measurement session by manually measuring out a 10 m distance between the

vertex hypsometer and the transponder with a tape measure and ensuring that this

distance was measured correctly by the vertex hypsometer. The crown diameter of

each tree within 2.5 m either side of the transect line was calculated from visual

measurements of its extent along a north-south bearing and an east-west bearing

(Forestry Commission 2014b). The trunk circumference of these trees were measured

using a tape measure around the trunk at breast height (1.3 m) (Forestry Commission

2014a). To give a measure of tree stocking density, the number of trees were counted

within a 15 x 15 m area straddling the transect line on either side of the clearing at

the road and forest track sites.

Figure 4.8: The Vertex III Hypsometer and Transponder T3, which were used for measuring
tree heights (Haglöf Sweden n.d.)
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4.2.2 Model calibration and validation

The BLASIUS wind model is as described in detail in Chapter 3.2.1, and was run with

a model domain of length 750 m and a height of 100 m. As with the model runs in

Chapter 3, the horizontal resolution is 0.5 m and the model grid is stretched in the

vertical by a factor of 1.05 to give higher resolutions closer to the surface (the lowest

grid point is at z = 0.15 m). The model parameters focused on for calibrating the

model are shown in Table 4.2. The calibration and validation of the BLASIUS model

was performed using two sets of wind speed data:

1. 10-minute wind speeds, measured at the meteorological mast at FMI-ARC (see

figure 4.1 for location). These measurements were taken automatically by

a Vaisala WA25 sensor at a height of 48 m (data available here: http://

litdb.fmi.fi/met0002_data.php) . For the purposes of model calibration

and validation, the wind speeds were averaged over a 30-minute period. The

average wind speed for a given 30-minute interval was then used to calculate

the driving wind speed in the model (described in further detail below).

2. Wind speeds measured every minute by the anemometers described in section

4.2.1.6. These wind speeds were also averaged over a 30-minute period and

then compared against modelled wind speeds at the same height of z = 1.5 m.

The driving wind speed in the model is prescribed by the parameter utop, which is the

horizontal velocity component at the top of the model domain (which is at a height

of z = 100 m in this case). The log wind profile (Eq. 4.1) was used to calculate the

expected wind speed at z = 100 m based on the wind speed measured at z = 48 m

on the meteorological mast (Eq. 4.2).

ū(z) =
u⇤


ln
(z � d)

z0
(4.1)
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Where ū(z) is the wind speed at height z, u⇤ is the friction velocity,  is the von

Karmen constant (0.4), d is the zero plane displacement and z0 is the roughness

length. The zero plane displacement may be calculated as d = 0.76h, where h is the

canopy height (Jarvis et al. 1976). Values of h = 15 m and z0 = 0.55 m were used,

based on values used by Essery et al. (2016) as representative of the pine forest at

FMI-ARC. Equation 4.1 was written to find the 100 m wind speed as the product of

the 48 m wind speed and a ratio of logarithms, such that:

ū100 = ū48 ·
ln( (100�d)

z0
)

ln( (48�d)
z0

)
(4.2)

where ū100 is the wind speed at 100 m and ū48 is the wind speed at 48 m.

It was found that when the model was run with the expected speed at z = 100 m it

did not reproduce the observed wind speed at z = 48 m, i.e. the modelled wind profile

was not quite a log relationship (see Appendix A.1 Figure A.1 for an example). A

further step was therefore necessary, which involved adjusting the driving wind speed

in 1D model runs through trial and error until the correct wind speed at z = 48 m

was reached. This additional step allowed the model runs to be grounded in the

meteorological mast observational data.

When selecting suitable 30-minute time periods from the anemometer data it was

decided that the following requirements needed to be satisfied:

1. Periods of highest wind speeds for that site: the higher the measured wind

speeds the clearer any canopy e↵ects will be and the relative impact of mea-

surement error is reduced

2. Periods where the wind is flowing in or out of the canopy: the wind flow in

the Blasius model is directed perpendicular to the line of the canopy edge,

therefore periods when the observed wind direction most closely resembled this
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were preferable. A threshold condition was applied so that only time periods

where the wind direction was within 45� of flowing perpendicular to the canopy

edge were considered for use in the calibration and validation process (see Figure

4.9 for a diagrammatic explanation).

Figure 4.9: Measured wind flow was taken as entering or exiting the canopy if the wind
direction was within 45� of flowing perpendicular to the canopy edge, i.e. angles of direction
within the blue shaded areas in the figure.

Figures 4.10, 4.11, 4.13 and 4.12 show wind measurements taken at the four field sites

(Bog, Road, Clearing and Forest track respectively). They display a subsection of the

total data recorded at these sites for clarity of presentation; periods of time where

wind speeds were at their highest for each site were chosen, as these were the most

likely candidates for modelling. However, aside from at the Bog site (Figure 4.10),

wind speeds were still typically low: wind speeds were < 2 m s�1 at the Road and

Clearing sites (Figures 4.11 and 4.12 respectively) and < 1 m s�1 at the Forest track

site (Figure 4.13). At the three sites with low wind speeds, it is challenging to discern

clear patterns in the wind speeds along the measurement transect. Wind speeds at

the Forest track, for example, were typically a little higher at the edges (Figure 4.13;

Kestrel 2 & 3) than at the measurement points within the forest canopy (Figure 4.13;

Kestrel 1 & 4), but the di↵erences are small. For instance, during the period 11:00 –

16:30 on 21/04/16 at the Forest Track site (Figure 4.13), the mean wind speeds at the
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track edges were 0.12 m s�1 at Kestrel 2 (� = 0.14 m s�1) and 0.17 m s�1 at Kestrel

3 (� = 0.20 m s�1), whilst within the forest the mean wind speeds were 0.06 m s�1

(� = 0.11 m s�1) and 0.04 m s�1 (� = 0.10 m s�1), at measurement points 1 and

4 respectively. However, these wind speeds were predominantly <0.6 m s�1, which is

the threshold operational speed for the Kestrel 4500 models and the di↵erences seen

between the measurement points were of a similar scale to the measurement error

(0.1 m s�1 (NK n.d.)).

Through this exploratory analysis of the data, it was determined that the Road, Forest

track and Clearing sites were not suitable for producing a meaningful calibration of

the model due to wind speeds that were very low and with a relatively high level of

variation (see also Figure 4.14 for wind speed distributions at each field site). Wind

speeds were higher and less variable at the Bog site, so measurements taken at this

site were selected for the calibration process. One 30 minute period (16:50–17:20 on

07/04/2016) was selected as a calibration data set for fitting the Blasius model to the

observational data and two further 30 minute periods (18:30–19:00 and 19:30–20:00

on 07/04/2016) were used as validation data sets once the calibrated parameter set

was reached. These three time periods are highlighted by the pale yellow bands in

Figure 4.10.
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Parameter Description Source

Z0 Aerodynamic roughness height (m)
Selected within the range for snow
recorded by Oke (1978)

UTOP
Horizontal velocity component at the
domain top (the driving wind velocity)
(m s�1)

See Section 4.2.2 (above)

CNPYHT Canopy height (m)
Mean observed height: see Sec-
tion 4.2.1.2, and Appendix A.2 for
canopy height measurements

DISPHT Canopy displacement height (m) 0.76h (Jarvis et al. 1976)

CNPYCD Canopy drag coe�cient Calibration

CNPYDN Leaf area density (m�1) Calibration

Table 4.2: Key parameters used in the calibration of the Blasius model.
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Figure 4.14: Wind speed distributions for the four measurement points (Kestrels 1 – 4) at
each of the field sites.
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4.3 Results

The final calibrated parameter values are shown in Table 4.3, with the driving wind

speed (utop) set manually depending on the mean wind speed measured at 48 m

by the meteorological mast during the half hour period selected. The values for

canopy drag and leaf area density were reached through a process of trial and error;

the model was first run with reasonable first approximations of both parameters,

based on field observations and typically used values (see Chapter 3.2.2), before an

iterative approach was taken until a good model fit was obtained. Figure 4.15 shows

both modelled and observed wind speeds for the calibration data set (16:50–17:20

07/04/16). The model produces a good visual fit to the data, which is confirmed by

the high R
2 value of 0.98 (see Table 4.4). The RMSE of the model fit is 0.33 m s�1

with a bias of -0.31 m s�1; while the model fit the overall pattern of wind speeds,

it tended to under-fit the observed data. However, it was not possible to produce

higher modelled wind speeds whilst keeping the model parameters within a realistic

range or grounded in the meteorological data (specifically the roughness length and

driving wind speed parameters).

Parameter Calibrated value

Roughness length (Z0) 0.001

Canopy height (CNPYHT) 5.82

Canopy displacement height (DISPHT) 4.42

Canopy 1 drag (CNPYCD1) 0.05

Canopy 1 density (CNPYDN1) 0.05

Canopy 2 drag (CNPYCD2) 0.15

Canopy 2 density (CNPYDN2) 0.25

Table 4.3: Final calibrated parameter set. Canopy 1 is the first patch of canopy that the
wind flows through, and Canopy 2 is the second patch it flows through. The canopy height
and canopy displacement height is constant across both canopy patches.
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Figure 4.15: Calibrated model run against the calibration data set, which covers the period
16:50–17:20 07/04/16. A driving wind speed of 8 m s�1 was prescribed at the upper
boundary of the model (z = 100 m), flowing left to right, and is informed by the wind
speed measured at the local meteorological mast (5.77 m s�1 at z = 48‘m). The blue
dots represent the mean wind speed measured over the half-hour period at each of the four
measurement points and the error bars represent one standard deviation about this mean.
Simulated wind speeds are shown by the solid orange line. The canopy extent is shown by
the dotted green lines and green shaded areas. Canopy 1 is the first canopy section that
the wind flows through and is the sparser of the two canopies.

Following calibration of the Blasius model, its performance was then validated us-

ing two further data sets from the bog site: (i) 18:30–19:00 07/04/16; and (ii)

19:30–20:00 07/04/16. The results from these validation runs are presented in Fig-

ures 4.16 and 4.17, and again show a good visual fit to the observed wind speeds.

In both cases, the R
2 value is high (0.97 and 0.99 respectively) with a relatively low

RMSE (0.21 m s�1 and 0.32 m s�1 respectively) compared to the standard deviation

of observed values about their mean (see Table 4.4). The calibrated model performs

similarly well with the validation data sets as with the calibration data set.
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Figure 4.16: Model performance tested against the first validation data set, which covers
the period (18:30–19:00 07/04/16). A driving wind speed of 6.71 m s�1 was prescribed
at the upper boundary of the model (z = 100 m), flowing left to right, and is informed
by the wind speed measured at the local meteorological mast (4.93 m s�1 at z = 48 m).
The blue dots represent the mean wind speed measured over the half-hour period at each
of the four measurement points and the error bars represent one standard deviation about
this mean. Simulated wind speeds are shown by the solid orange line. The canopy extent
is shown by the dotted green lines and green shaded areas. Canopy 1 is the first canopy
section that the wind flows through and is the sparser of the two canopies.
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Figure 4.17: Model performance tested against the second validation data set, which covers
the period (19:30–20:00 07/04/16). A driving wind speed of 5.86 m s�1 was prescribed
at the upper boundary of the model (z = 100 m), flowing left to right, and is informed
by the wind speed measured at the local meteorological mast (4.30 m s�1 at z = 48 m).
The blue dots represent the mean wind speed measured over the half-hour period at each
of the four measurement points and the error bars represent one standard deviation about
this mean. Simulated wind speeds are shown by the solid orange line. The canopy extent
is shown by the dotted green lines and green shaded areas. Canopy 1 is the first canopy
section that the wind flows through and is the sparser of the two canopies.
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4.4 Discussion

4.4.1 Model calibration

Using observational wind speed data collected across a canopy edge in northern Fin-

land a calibrated parameter set was reached for the BLASIUS wind flow model. The

calibrated model was able to successfully capture patterns in wind speed (R2
> 0.97)

across the environment that consisted of open bog and a relatively sparse birch/pine

canopy.

Whilst producing very good fits to the data collected at the Bog site, this particular

calibrated parameter set is most likely to be specific to this environment. Certain

values, such as canopy height and LAD, would need to be updated to reflect the

canopy characteristics of other forest edge environments. However, it provides a first

instance validation that the model is able to reproduce observed patterns in wind

speed across a discontinuous canopy. Furthermore, the selected parameter values fall

within the ranges used in previous modelling studies (e.g. Ross & Vosper (2005),

Ross & Baker (2013), Ross & Harman (2015)) and including the hypothetical canopy

scenarios described in Chapter 3. This provides a grounding in real-life data for further

wind flow modelling that uses this parameter set as a reference guide to parameter

setting.

An important limitation of the BLASIUS model is that it uses a simplified represen-

tation of a forest canopy and does not model individual trees, rather a point in the

model space is either ‘canopy’ or ‘no canopy’. Therefore, the canopy characteristics

are applied uniformly across a vertical column. For instance, the LAD is vertically

homogeneous in the canopy patch whereas in real-life it will vary (discussed in further

detail in Chapter 3.4). To account for some horizontal variation the modelled canopy

was divided into two components (Canopy 1 and Canopy 2) to reflect the sparser
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section of canopy on the windward side of the canopy patch with a lower LAD and

canopy drag coe�cient. A more detailed representation of the canopy that allows for

vertical variation would potentially improve the realism of the calibrated model, but in

general the simplified scenario considered here seems not to have been an issue with

being able to reproduce observed patterns. The measurement points were spaced

apart (distances ranged from 28 – 74 m apart) significantly further than the model

resolution (0.5 m), so it is challenging to assess the degree to which smaller scale

wind flow patterns are able to be reproduced by the calibrated model, but it provides

a good first instance reality check on the model capability. In future, closer spacing

of measurement points and concentrating measurements on the canopy edge would

provide a better constraint on the model calibration, and an interesting insight into

the model’s ability to pick out finer scale flow patterns. However, this would require

significantly more instruments than were available for field data collection here so was

not possible for this project.

As demonstrated by the field observations described in this chapter, wind speeds are

typically very low at Sodankylä. Furthermore, the field work was conducted over a

period of just three weeks in total, which only allowed for a few days of measurements

at each site. These factors limited the amount of usable data that was able to be

collected for the purpose of calibrating the BLASIUS model. In future, a longer

field campaign or multiple field campaigns across a winter season would increase the

probability of recording a range of wind conditions, including periods of higher wind

speeds and blowing snow events. On reflection, a study site with greater typical

wind speeds would also be a more preferable choice for collecting data. For this

project, FMI-ARC was chosen on the basis of its long-running monitoring across a

range of meteorological and hydrological measurements (which provided a wealth of

data particularly for later chapters) and it’s accessibility for field work. Forestry and

Land Scotland land with coniferous species in Scotland could be an alternative field

site option for future work. Although it is not technically boreal forest there are large
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areas of land forested with typical boreal species such as Scots pine, much like at FMI-

ARC, and with the additional benefit of a greater likelihood of capturing higher wind

speeds that those observed at FMI-ARC. The more varied topography of the Scottish

landscape would pose a new challenge to the modelling work carried out here though,

as this would likely have a significant influence on the wind flow patterns observed

(e.g. see Ross & Vosper (2005) and Ross & Baker (2013) for modelling studies of

wind flow over forested hills with BLASIUS) and was able to be assumed flat when

modelling a site such as those at FMI-ARC.

4.4.2 A simple model relating above-canopy wind speeds to

sub-canopy wind speeds and surface friction velocity

The calibrated model can be used to predict expected sub-canopy wind speeds based

on above-canopy wind speed measurements. The relationship between these two

speeds was applied in further modelling work that is described in Chapters 5 and

7, in which above-canopy meteorological data was used to drive a snow model (a

simplified version of FSM2 (Mazzotti et al. 2020a)). The ability to calculate ex-

pected sub-canopy wind speeds using a simple mathematical relationship is far more

e�cient than re-running the BLASIUS model each time the above-canopy wind speed

changes.

The calibrated model (presented in Section 4.3) was run with a range of driving wind

speeds based on hypothetical wind speeds (every 1 m s�1 between 3 – 20 m s�1)

at a height of 48 m, which is the height of the wind speed sensor at the FMI-

ARC meteorological mast (see Figure 4.1 for mast location). The same method of

calculating the driving wind speed (utop) as described in Section 4.2.2 was followed

here. As an example, Figure 4.18 shows the corresponding wind speeds expected at

z = 1.5 m. The ratio of each of the modelled wind speeds to the 48 m wind speed
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is shown in Figure 4.19. The general convergence of the lines indicates a consistent

ratio across the above-canopy wind speeds, which may be used to predict the sub-

canopy wind speed given the measured wind speed at z = 48 m. As an example, a

simple linear regression applied between the 48 m wind speed and the modelled 1.5 m

wind speed at x = 0 m produced the following predictive model: y = 0.46x � 0.02

(R2
> 0.99) (see Appendix A.4 Figure A.2).

Figure 4.18: Subcanopy wind speeds (z = 1.5 m) across the bog site, based on 48 m height
wind speeds

Extending this analysis to the full simulation, it is evident that a simple linear emulator

can be applied across the full domain. The relationship between the 48 m wind speed

and the modelled wind speeds varies spatially across the model domain as the wind

flow enters, adjusts to and then exits the canopy (Figure 4.20). The high values of R2

and relatively low RMSE values across the majority of the domain indicates that the

regression model fits the data well. This result is important because it implies that

a simple linear model of wind speed can adequately capture the essence of the flow

dynamics at a particular point in the model domain. Therefore, a collection of linear

models across simulated discontinuities in forest canopies may be used to e↵ectively

downscale wind speeds measured at a meteorological mast to sub-canopy levels at a
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Figure 4.19: Ratio of subcanopy wind speeds (z = 1.5m) to 48 m height speeds, across
the bog site

given site of interest. Coupling this with a snow model is considerably more e�cient

than running the full BLASIUS model for every change in the above-canopy wind

speed. The above-canopy wind speed may also be scaled to give the modelled surface

friction velocity following the same method .
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Figure 4.20: Regression coe�cients and statistics for modelled wind speeds at the bog site
based on a linear relationship with wind speeds measured at 48 m, using the site-calibrated
BLASIUS model. The canopy extent is shown by the solid black lines.

4.5 Conclusion

In conclusion, calibration and evaluation of the BLASIUS wind flow model using

observational data collected at FMI-ARC in northern Finland demonstrated its ability

to reproduce observed patterns of wind speed across a canopy edge. Furthermore,

modelled sub-canopy wind speeds and surface friction velocities may be emulated

using simple scaling relationships with above-canopy wind speed data. This extends

the potential for coupling wind flow results from BLASIUS, which has a relatively long

run-time (⇡ 1-2 days), with a simplified snow model that runs on a much shorter

time frame (⇡ seconds).
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Chapter 5

Calibration of a simplified snow

accumulation model using

observational data from forest and

open sites

5.1 Introduction

The seasonal accumulation of snowpack is a key process in the hydrology and ecology

of boreal forest environments (Bartlett et al. 2006). The depth and mass of the

snowpack has an important influence on soil temperature and moisture (Lawrence &

Slater 2010, Hardy et al. 2001); biogeochemical cycling (Brooks et al. 2011); timing

of melt onset and melt volume (Pomeroy & Granger 1997). Snow accumulation

under forest canopies can be spatially heterogeneous, particularly where there are

discontinuities arising from clearings in the forest (Golding & Swanson 1986, Pomeroy

& Granger 1997, Varhola et al. 2010, Mazzotti et al. 2019). Snowpack within and
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adjacent to forest gaps can be more exposed to higher wind speeds than within a

closed canopy, and so snow may be redistributed and the snow surface can become

more compacted (Stern et al. 2018, Liston et al. 2007). The interface between forest

and gap (forest edge) is a transition point between di↵erent wind and light conditions

and so may be expected to be a point of snow removal or accumulation depending

on the relative orientation of the gap.

This chapter focuses on the accumulation of snow on the ground over the winter

period, up until the point of maximum snow depth. A simplified model of snow accu-

mulation is calibrated and evaluated using observational data collected between 2007

– 2014 from three di↵erent sites in northern Finland: within a large forest clearing;

under a closed forest canopy; and on an open bog. These sites are analogues to

di↵erent situations along a forest-gap transect (below canopy, sheltered and exposed

open conditions) and so together can be used to calibrate the model su�ciently to

simulate accumulation across forest canopy gaps.

Melting of the snowpack later in the season requires the inclusion of an energy balance

sub-model; calibration of this aspect is described in Chapter 7. In Chapter 7, the full

calibrated model (capable of modelling both accumulation and melting of snow),

will be brought together with the emulated wind model developed in Chapter 4 to

investigate hypothetical forest-gap simulations and explore the e↵ects of gap size and

orientation on snow accumulation and melt dynamics within a discontinuous boreal

forest environment.
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5.2 Methodology

5.2.1 Field site and data description

Observational data came from measurements made at the Arctic Research Centre

of the Finnish Meteorological Institute (FMI-ARC; see Chapter 4.2.1.1 for a detailed

site description). Figure 5.1 provides the geographical context of FMI-ARC within

Finland and shows the locations of the measurement sites of interest for this chapter.

Driving meteorological data are measured at the Automatic Weather Station (AWS)

and snow data for model calibration and evaluation cover three di↵erent environments

at FMI-ARC: a forest clearing; under forest canopy; and an open bog. The data used

in this chapter are described in detail in the following subsections.

Figure 5.1: Overview map of the snow course (yellow and blue circles) and inset map
showing the location of the FMI-ARC research station in northern Finland. The blue circles
indicate depth, density and snow water equivalent (SWE) measurement points, and yellow
circles indicate depth only measurement points. The measurement points are numbered
from 1 – 80, for ease of reference. The locations of the automatic weather station (AWS)
and the Intensive Observation Area (IOA) are shown by the white circles and labels.
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5.2.1.1 Meteorological data

The snow model used in this chapter requires the following meteorological input data

(summarised in Table 5.1): snowfall and rainfall rates, air temperature, relative humid-

ity, wind speed and surface air pressure. This information was provided by a dataset

of continuous hourly meteorological measurements from the automatic weather sta-

tion (AWS; Figure 5.1) at FMI-ARC, which spans a 7-year period from 01/10/2007

– 30/09/2014. The meteorological data are described by Essery et al. (2016) and

are available to download alongside the IOA ground-based snow observations (Sec-

tion 5.2.1.2) at: https://litdb.fmi.fi/ESMSnowMIP.php. When temperatures

are below 2 �C, precipitation is classed as snow. Winters at FMI-ARC are cold, reach-

ing a minimum of -39.85 �C, and little snow melts before the spring, therefore it

is expected that cumulative snowfall during the winter should match the maximum

measured snow mass on the ground. The snowfall was scaled by Essery et al. (2016)

to ensure consistency with snow accumulation on the ground. Given the sheltered

location of the Intensive Observation Area (IOA, see section 5.2.1.2 for further site

details), it was treated as a natural snow gauge for this purpose and the snowfall was

scaled to match the maximum recorded snow water equivalent (SWE) each winter at

this site (see Table 2. in Essery et al. (2016) for the scaling factor applied to each

year of snowfall data).

Figure 5.2 shows weekly snowfall and rainfall rates (at 2 m height, snowfall scaled as

above), mean weekly air temperature (at 2 m height) and mean weekly wind speed

(at 22 m height) as measured at the AWS. Air temperature ranges from a minimum

of -39.85 �C in the winter to a maximum of 30.25 �C in the summer. Wind speeds are

low and predominantly directed from the south (see Figure 5.3 for the 2011–12 winter

period as an example). The mean wind speed over the study period was 2.37 m s�1,

although recorded wind speeds reached a maximum of 9.9 m s�1.
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Variable Description Units Measurement height
Sf Snowfall rate kg m�2s�1 2 m
Rf Rainfall rate kg m�2s�1 2 m
Ta Air temperature K 2 m
RH Relative humidity % 2 m
Ua Wind speed m s�1 22 m
ps Surface pressure Pa 1 m

Table 5.1: Input meteorological data

Figure 5.2: Observational precipitation, air temperature and wind speed measurements
recorded at the FMI-ARC Automatic Weather Station during the period October 2007 –
September 2014 inclusive. For clarity of presentation, the top panel shows weekly snowfall
and rainfall rates, the middle panel shows the mean weekly air temperature and the bottom
panel shows the mean weekly wind speed. Precipitation and air temperature were measured
at a height of 2 m and wind speeds were measured at a height of 22 m.
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Figure 5.3: Wind rose showing wind directions and speeds measured at the meteorological
mast (z=48 m) for the period 01/09/2011 – 31/03/2012

5.2.1.2 Intensive Observation Area point snow measurements

The Intensive Observation Area (IOA) is a ⇠40 m diameter forest clearing located

590 m south of the AWS (Figure 5.1) that was established in 2006 for conducting

continuous snow and meteorological measurements and experiments (Leppänen et al.

2016, Essery et al. 2016). Snow measurements recorded at the IOA over a period

of seven years (01/10/2007 – 30/09/2014 inclusive) were used here to calibrate

and evaluate the snow model at a sheltered forest clearing site. The data consists

of manual measurements of snow depth, snow density and SWE. As the focus is on

snow accumulation only, measurements up to the maximum snow mass recorded each

winter were used in this chapter. As the winter climate is typically cold at FMI-ARC,

it is a reasonable assumption to separate accumulation and melt processes to simplify
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the calibration process.

The IOA was chosen for an initial calibration of the model, as it is surrounded by pine

forest and so is relatively sheltered. Essery et al. (2016) measured 2 m height wind

speeds at the IOA over the course of a week and found that the average wind speed

scaled at 35% of the 22 m height wind speed measured at the AWS. Therefore, it

was assumed that very little wind-driven redistribution of snow occurs at the IOA and

may be ignored in this instance.

Subsequently, observational transect data covering both enclosed forest areas and

exposed open areas (see subsection 5.2.1.3 below) were used to calibrate and evaluate

the model in situations where canopy interception and wind processes, respectively,

are more important.

5.2.1.3 Snow course data

Snow depth and density data from a snow course located at FMI-ARC (Figure 5.1)

were used to calibrate the model and evaluate its performance in both exposed open

sites and sheltered canopy sites. The snow course is one of 150 snow measurement

courses maintained by the Finnish Environment Institute (SYKE). The snow course

data was supplied by Heidi Sjöblom at FMI-ARC. and consists of 80 snow depth

and 9 snow density and SWE measurement points co-located along a 4 km circuit

that includes forest and open bog environments (Leppänen et al. 2016). Occasionally

snow density measurements were recorded at a nearby measurement point to the one

indicated on the snow course map.

Manually collected measurements were recorded monthly (approximately in the mid-

dle of the month) and this study used data collected over six winter periods (1st

September–31st March 2008–09 to 2013–14). Across the six winters used in this

study, the annual maximum snow depth varied between 76–86 cm, with a median of 80

118 Ph.D. R.L. Milodowski



CHAPTER 5. CALIBRATION OF A SIMPLIFIED SNOW ACCUMULATION
MODEL USING OBSERVATIONAL DATA FROM FOREST AND OPEN SITES

cm (Figure 5.4). The annual maximum snow density varied between 229–400 kg m�3,

with a median of 287 kg m�3, and the annual minimum snow density varied between

100–171 kg m�3, with a median of 136 kg m�3.

Figure 5.4: Snow depth measurements from the Sodankylä snow course for the six winter
study periods (2008–09 to 2013–14). The solid black horizontal line is a broad division
of the data into measurement points located in forest or in the open and was determined
through visual examination of an aerial photograph of the site and the metadata included
with the measurements.

Two subsets of the snow course data were created, representing forest and open sites.

Whether a measurement point was located in an open or forest site was determined

through visual examination of an aerial photograph of the site and inspection of the

metadata included with the snow course measurements (Figure 5.1). To be classed as

a forest location, the measurement point had to be located under forest cover and be

at least 50 m from the nearest edge in order to minimise potential influence from an

adjacent open area. Through this approach, points 19 – 46 were classed as ‘open’ and

points 59 – 69 as ‘forest’ (see Figure 5.1 for measurement point numbering). Figure

5.5 shows the snow depth, SWE and density data for these two groupings over six

years. All measurement points had an associated snow depth observation, and so the
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mean of these depths was calculated for each measurement date. At the open sites,

1–2 measurement points had an associated SWE and density observation recorded,

and so either a single point measurement or the mean of two point measurements

were used for these variables. At the forest site, there was just one SWE and density

measurement made each month. Snow under forest is typically deeper than in the

open bog. Previous studies have tended to find lower snow depths under forest canopy

than in adjacent open areas (e.g. Golding & Swanson (1986)). In this case, the bog

site is very exposed and so the lower snow depths are likely due to wind-driven snow

transport of snow o↵ the bog and wind-driven compaction of the snowpack. At the

forest sites the annual maximum mean snow depth varied between 55–67 cm, with

a median of 63 cm, whereas at the open sites the annual maximum mean snow

depth varied between 40–56 cm, with a median of 55 cm. The mean snow depths

at the forest and open sites are significantly di↵erent (p < 0.05) for all but a few

measurement dates (such as the start of the 2011–12 winter period). The annual

maximum snow density at the forest sites varied between 175–223 kg m�3 (median

= 211 kg m�3), compared to a range of 198–400 kg m�3 (median = 246 kg m�3)

at the open sites. The annual maximum SWE at the forest sites varied between

104–146 kg m�2 (median = 127.5 kg m�2), whereas at the open sites there was a

slightly wider range of 92–152.5 kg m�2 (median = 119.75 kg m�2).
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Figure 5.5: SWE (top panel), snow depth (middle panel), and snow density (bottom panel)
for open and forest measurement points on the Sodankylä snow course. The snow depths
are the mean of all the measurement points classified as either forest or open for a particular
measurement date. The forest swe and density values are from a single measurement point.
The open swe and density values are the mean of two measurements. The standard error
of the mean is shown by the shaded area for both locations, where applicable.
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5.2.2 Snow model description

The model used in this thesis is a simplified version of the Flexible Snow Model

(FSM2), an open source energy balance snow model that is described in detail by

Mazzotti et al. (2020a). The model was written in Fortran, compiled with gfortran

and ran on the University of Edinburgh School of GeoSciences linux server. A three-

year model run takes less than a second on a single CPU.

As the focus in this chapter is on the accumulation of snow and melting is ignored, only

the snow mass balance component is considered. At the IOA site, the simulated snow

accumulates with the driving snowfall and the density of the snowpack increases at a

rate determined by the density of the freshly fallen snow and the rate of compaction.

At the IOA and forest sites, the rate of compaction is influenced by changes in

air and snow temperatures. At the bog, which is an open and exposed site, the

model additionally includes wind-modified compaction and sublimation rates. At

the forest site, it is necessary to also consider the role of the canopy in the mass

balance. A fraction of the falling snow is intercepted by the canopy, and removed via

sublimation.

For the purposes of calibration, the model was run at a single point for each of

the three distinct sites to facilitate calibration of the model parameters with the

available data, before considering transects across forest gaps (see Chapter 7), which

encompass both forest and open environments and the transition between the two,

leading to potentially more complex patterns of snow accumulation.

5.2.2.1 Snow mass balance

The mass balance equations governing overall snow accumulation in the model com-

partmentalise the snow mass into either snow on the ground or snow in the canopy.
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The ground snow mass balance at all three calibration sites is calculated as

Sn = Sn�1 + Sf�t��I (5.1)

where Sn is the new snow mass on the ground (kg m�2), Sn�1 is the existing ground

snow mass (kg m�2), Sf is the snowfall rate (kg m�2 s�1), �t is the time step (s),

and, relevant at the forest site, �I is the change in canopy snow load with time (kg

m�2) (Eq. 5.3) .

At the forest site, the canopy mass balance is calculated as

In = In�1 +�I � Es�t (5.2)

where In is the new canopy snow load (kg m�2), In�1 is the existing snow load on

the canopy (kg m�2) and Es is the sublimation rate of canopy snow (kg m�2) (Eq.

5.4).

5.2.2.2 Interception

The incremental change in canopy snow load with time (�I) is from Hedstrom &

Pomeroy (1998) as implemented in Essery et al. (2003)

�I = 0.7(Imax � I0)
�
1� e

�Sf/Imax
�

(5.3)

where I0 is the initial snow load on the canopy (kg m�2), Sf is the snowfall rate (kg

m�2 s�1), and Imax is the maximum intercepted load (kg m�2). Following Essery

et al. (2003), the snow interception capacity is estimated as Imax = 4.4LAI, where

LAI is the leaf area index.

The unloading rate of snow from the canopy was set equal to zero, i.e. all intercepted
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snow is either held in the canopy or is lost through sublimation (Eq. 5.4).

5.2.2.3 Sublimation of canopy snow

The sublimation of canopy snow is calculated as in Essery et al. (2003). Assuming

that the air near the canopy snow surface is saturated at the air temperature, the

sublimation rate of snow held in the canopy is

Es =
⇢a

ra + rc

✓
I

Imax

◆ 2
3

(Qsat �Qa) (5.4)

where ⇢a is the air density (kg m�3), ra is the aerodynamic resistance between the

canopy air space and the atmosphere (s m�1) (Eq. 5.5), rc is the aerodynamic

resistance between vegetation and the canopy air space (s m�1) (Eq. 5.6), I
Imax

is

the fraction of the canopy with snow cover. The 2
3 exponent relates to the rate of

evaporation of dew on canopies, as given by Deardor↵ (1978). Qsat is the specific

humidity at saturation (Eq. 5.8) and Qa is the specific humidity of the air (Eq.

5.10).

The aerodynamic resistance between canopy air space and the atmosphere is calcu-

lated as

ra =
1

ku⇤
ln

✓
zref � dh

z0

◆
(5.5)

where k is the von Karman constant (0.4), u⇤ is the friction velocity (Eq. 5.7), zref

is the meteorological measurement height (= 22 m), dh is the canopy displacement

height (= 0.76h, where h is the canopy height and = 15 m) and z0 is the roughness

length (= 0.1h).

The aerodynamic resistance between the canopy vegetation and air space is calculated

as

rc =
20

LAIu
1/2
⇤

(5.6)
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The friction velocity is calculated as

u⇤ =
kUa

ln( zref�dh
z0

)
(5.7)

Both the aerodynamic resistance equations and the friction velocity equation assume

neutral atmospheric stability.

The specific humidity at saturation is calculated as

Qsat = 0.622
es

ps
(5.8)

where ps is the surface pressure (Pa) and es is the saturation vapour pressure (Pa)

es = 611 exp(
22.4422(Ta � 273.15)

Ta � 0.964
) (5.9)

The specific humidity of air is

Qa = Qsat

✓
RH

100

◆
(5.10)

5.2.2.4 Snow compaction

Following Liston et al. (2007), changes in the density of the soft upper snow layer

occur through two mechanisms:

1. addition of new snow from falling snow, which has a prescribed ‘fresh snow’

density

2. the compaction of snow, which is influenced by the air and snow temperatures

and the wind speed

The higher wind speeds experienced at the bog site can lead to drifting snow, enhanced
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sublimation and snow compaction. Here, the friction velocity (u?) is compared to the

threshold friction velocity (u?t) to determine the onset of snow movement (in contrast

to Liston et al. (2007), who use a threshold wind speed of 5 m s�1 for the initiation

of snow movement). The threshold friction velocity is defined using the following

equations.

Snow density can be related to snow strength using the following equation for the

variation of hardness (�), as in Liston et al. (2007) (based on measurements by Abele

& Gow (1975))

� = 1.36 exp(0.013⇢s) (5.11)

where � is in kPa and ⇢s is the snow density (kg m�3).

Snow hardness can be related to the threshold friction velocity following the equation

provided by Liston et al. (2007) (based on data from Kotlyakov (1961))

� = 267u?t (5.12)

Bringing Equations 5.11 and 5.12 together, gives

u?t = 0.005 exp(0.013⇢s), if 300 < ⇢s  450 (5.13)

A similar equation is used for snow densities between 50 – 300 kg m�3

u?t = 0.10 exp(0.003⇢s), if 50 < ⇢s  300 (5.14)

These equations allow for a dynamic threshold friction velocity that changes over

time as a function of snow density over time. During periods of snowfall and when

u? < u?t, the snow density (⇢s) is set to equal the fresh-snow density (⇢f ). During
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periods when u? � u?t, a density o↵set (⇢w) is applied, such that

⇢s = ⇢f + ⇢w (5.15)

with

⇢w = D1 +D2{1.0� exp[�D3(Usub � 5.0)]} (5.16)

where D1, D2 and D3 are constants. D1 is the density o↵set and is set equal to

25.0 kg m�3. D2 determines the maximum increase in the density due to the wind

and equals 250.0 kg m�3. The transition from low to high wind speeds is controlled

by D3, which is set to equal 0.2 m s�1. Usub is the wind speed at a height of 2 m.

The change in snow density with time is given by

�⇢s

�t
= CA1Upac⇢s exp[�B(Tf � Ts)] exp(�A2⇢s) (5.17)

where C = 0.10 and is a non-dimensional constant that determines the rate of change

in snow density, A1 and A2 are constants equal to 0.0013 m�1 and 0.021 m3 kg�1,

respectively, B is a constant set equal to 0.08 K�1, Tf is the freezing temperature

(273.15 K) and Ts is the soft snow temperature (assumed to be equal to the air tem-

perature (Ta)). Upac characterises the wind-speed based contribution to the evolution

of the snow density and is given by:

Upac =

8
>><

>>:

E1 + E2{1.0� exp[�E3(Wt � 5.0)]}, if u? � u?t

1.0ms
�1
, if u? < u?t

(5.18)

where E1 defines the Upac o↵set when u? � u?t and is set equal to 5.0 m s�1, E2

defines the maximum increase in Upac due to the wind and is set equal to 15.0 m s�1,

and E3 controls the transition from low to high wind speeds and is set equal to

0.2 m s�1. When the friction velocity is lower than the threshold value, Upac is set

equal to 1.0 m s�1. The discontinuity at the threshold point was used by Liston
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et al. (2007) to limit any wind-compaction e↵ects to winds most likely to give rise to

blowing snow.

5.2.2.5 Snow transport

Initially just saltation — the ‘skipping’ movement of snow particles across the snow

surface — is considered, given the relatively low wind speeds at Sodankylä.

The saltation transport rate is as follows (Pomeroy et al. 1993)

Qs =
Csalt⇢u?t

u?g
(u2

? � u
2
?t) (5.19)

where Qs is the saltation transport rate (kg m�1 s�1), Csalt is an empirically derived

constant that is equal to 0.68 m s�1, ⇢ is the atmospheric density (kg m�1), g is the

acceleration due to gravity (m s�2), u? is the friction velocity (m s�1), and u?t is the

friction velocity (shear stress) that is applied to the snow surface at the threshold for

transport.

The snow is redistributed following Essery et al. (1999), which gives the developing

flux over changing surface conditions as the solution of

qs = Qs �
F

3

dqs

dx
(5.20)

where F is the fetch length required for the development of blowing snow and has the

value F = 1000 m, which was fitted to measurements by Takeuchi (1980). Equation

5.20 can be discretised as

qs,i ⇡ Qs,i �
F

3�x
(qs,i � qs,i�1) (5.21)
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which can be rearranged as

qs,i = fQs,i + (1� f)qs,i�1 (5.22)

with f = (1 + F
3�x)

�1.

The rate of change in the snow mass due to redistribution is then

dS

dt
= �dqs

dx
(5.23)

which is discretised as

Sn = Sn�1 + (qs,i+1 � qs,i)
�t

�x
(5.24)

5.2.3 Model calibration

Key model parameters were selected and calibrated using data from three sites rep-

resenting a range of open and forest environments. Table 5.2 shows the model

parameters that were identified, through initial exploratory work, as being the most

influential for calibrating the model.

Di↵erences in the environmental conditions and data availability meant that di↵er-

ent combinations of parameters were appropriate for calibrating the model at each

site.

Parameters A1, A2, B and ⇢ns all relate to the evolution of the snowpack density

over time. An exploratory analysis of the model sensitivity to these parameters showed

that A1 and B had a low influence on the simulated snow depth root mean square

error (RMSE) and so they were fixed with the default values used by Liston et al.

(2007) (0.0013 and 0.08 K�1, respectively) for the calibration at all three sites. The
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Parameter Description Default value
A1 Determines rate of change in snow

density (Eq. 5.17)
0.0013 m�1 ⇤

A2 Determines rate of change in snow
density (Eq. 5.17)

0.021 m3 kg�1 ⇤

B Determines rate of change in snow
density (Eq. 5.17)

0.08 K�1 ⇤

⇢ns Fresh snow density 100 kg m�3 ⇤

E1 Wind packing o↵set (Eq. 5.18) 5.0 m s�1 ⇤

LAI Leaf area index –
z0 Roughness length 0.1h m

Table 5.2: Model parameters selected for calibration. Asterisks denote parameters from the
snow compaction equations in Liston et al. (2007). Canopy height, h, is 15 m.

remaining parameters were calibrated as described below.

There are many di↵erent automatic methods for minimising the snow depth RMSE

(e.g. in python: https://docs.scipy.org/doc/scipy/reference/generated/

scipy.optimize.minimize.html). For the calibration process described here, the

selected model parameters were calibrated using either a random parameter search if

more than one parameter required calibrating at once (e.g. A2 and ⇢ns at the IOA

site), or a simple adjustment within a set range for a single parameter (e.g. LAI at

the forest site).

The random parameter search works by generating di↵erent parameter combinations

within a set ranges; the model is then run with each parameter set and the simulations

are compared with observations. The random parameter search approach was chosen

as it is more time-e�cient than manually searching through all possible parameter val-

ues and also accounts for potential interactions between parameter e↵ects.The model

goodness-of-fit is assessed by calculating the simulated snow depth RMSE. When the

model has cycled through the specified number of random parameter combinations,

the optimal parameter set is selected based on minimising the snow depth RMSE.

Parameter values giving a RMSE < 0.1 were classed as ‘good’ and used as an ensem-

ble of possible parameter combinations that represent the uncertainty encompassed
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by the calibration, given the available data constraints.

5.2.3.1 IOA

The observed snow data from the IOA was subdivided into four years for calibra-

tion (covering the period: 01/10/2007 – 05/04/2011) and three years for validation

(covering the period: 01/10/2011 – 01/04/2014). A random parameter search was

performed with A2 (0 – 0.063 m�3 kg�1) and ⇢ns (0 – 300 kg m�3). The upper limits

represent three times the Liston et al. (2007) values.

5.2.3.2 Forest

The snow course data cover six years and so were subdivided into a three-year cal-

ibration dataset (2008 – 2011) and a three-year evaluation dataset (2011 – 2014).

To ensure greater consistency between the snow course measurements, a local snow

depth was calculated from the single point measurements of snow density and SWE

(using the relationship: snow depth = SWE / snow density).

A two-step process was then taken to calibrate the model at the forest site. First,

the value of LAI was adjusted within a realistic range (0 – 4) to minimise the SWE

RMSE, as LAI controls the interception of falling snow and therefore also the snow

mass accumulating on the ground below.

The A2 and ⇢ns parameters were then calibrated based on minimising the snow depth

RMSE following a similar approach to the IOA site. As there was insu�cient data at

the forest site to constrain both the A2 and ⇢ns parameters, it was assumed that the

di↵erences between the snow density in open and forest areas develops as the snow is

falling through the canopy rather than when it is on the ground, and that therefore

the range of ‘good’ A2 values calibrated at the IOA site (relating to compaction of the
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ground snowpack) could be used to constrain the parameter space searched during the

forest calibration. A random parameter search was performed with A2 varying within

the ‘good’ range found to give a snow depth RMSE < 0.1 m at the IOA (0.0192 –

0.0629 m�3 kg�1) and a range of 0 – 300 kg m�3 for ⇢ns.

5.2.3.3 Bog

The model was then calibrated to an exposed open site using observational snow

data from the bog section of the snow course. The bog survey locations have an

upwind fetch of hundreds of metres over which blowing snow can develop (Figure

5.1). Wind therefore has a much more significant role in the snow mass balance than

the previous two sites. As with the forest calibration, the snow depth was calculated

from the observed SWE and density to ensure consistency between these three related

variables. There are two density and SWE measurement points along the snow course

classed as ‘open bog’ environment and the mean value from these two points for each

measurement date was used for the calibration. A two-step approach was taken for the

calibration process, concentrating first on minimising the RMS error in the simulated

SWE and then minimising the RMS error in the simulated snow depth.

Before calibrating the mass balance model at the bog site, it was necessary to modify

the snow mass to account for the periodic boundary conditions of the model. This

periodicity has the e↵ect that blowing snow is recycled through the model domain, in

e↵ect maintaining the amount of snow in the modelled snowpack, whereas in reality

the in- and out- fluxes may not be balanced. Excess snow therefore needed to be

removed by enhancing sublimation, which was achieved by increasing the roughness

length (z0).

Given the exposed nature of the snow surface at this site, it was assumed that the

key parameter to consider for further calibration of the modelled snow depth would
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be one that influences the wind-driven compaction of the snow (i.e. D1, D2, D3, E1,

E2 or E3 in Equations 5.16 and 5.17). Due to the constraints imposed by limited

calibration data (one measurement per month), it was decided to concentrate on just

one of these parameters. An initial sensitivity analysis on these parameters showed

that the simulated snow depth RMSE is most sensitive to the value of E1 and so this

parameter was chosen for the calibration. The ensemble of ‘good’ parameter values

obtained for A2 and ⇢ns at the IOA calibration site were assumed to be applicable to

the open bog site, and the model was run with a sequence of values for E1 between

0 and 10 m s�1 (twice the default Liston et al. (2007) value) for each member of this

ensemble.

5.3 Results

5.3.1 Calibration and validation of the IOA site

At the IOA site, the random parameter search found that values ofA2 = 0.0289m�3 kg�1

and ⇢ns = 119.95 kg m�3 produced the lowest RMS error in the snow depth (RMSE

= 0.07 m; Figure 5.6). The calibration plots (Figure 5.6) display broad minima,

indicating a range of possible parameter values with very similar quality of fit to the

available snow depth observations (a ‘good’ value range of 0.0192 – 0.0629 m�3

kg�1 for A2 and 31.36 – 252.01 kg m�3 for ⇢ns, as shown by the dark blue points

in Figure 5.6). Figure 5.7 highlights the equifinality in the parameterisation of A2

and ⇢ns, governed by the trade-o↵ between the density of fresh snow and the rate of

compaction within the snowpack.

The model fits the observed snow depths well (RMSE = 0.07 m), but with some

tendency to underestimate the depth in the first half of the winter (Figure 5.8, middle

panel). There is a tendency in the calibration dataset for the density of the snow to
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Figure 5.6: IOA calibration results from a random parameter search to find the optimal val-
ues for parameters A2 and ⇢ns. Parameter values resulting in a snow depth RMSE > 0.1 m
are shown with pale blue points, dark blue points indicate where the depth RMSE is < 0.1 m,
and the orange point in each subplot shows the parameter value with the lowest associated
error in the modelled snow depth.

Figure 5.7: IOA calibration: equifinality in the snow density parameters A2 and ⇢ns.

be overestimated by the model, particularly early in the snow season, although the

quality of the fit varies between years (overall RMSE = 38.25 kg m�3; Figure 5.8,

bottom panel).

When run with the evaluation data sets, the mean ensemble snow depth RMSE is sim-
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ilar to the calibration runs (RMSE = 0.08 m) and fits the observations well, although

with some notable overestimation between Feb – May 2012 and underestimation be-

tween Dec – Feb 2014 (Figure 5.9, middle panel). The snow density RMSE for the

mean ensemble is 49.88 kg m�3 and the simulations tend to overestimate the ob-

served densities across all three years, an e↵ect that again is particularly noticeable

early in the snow accumulation period (Figure 5.9, bottom panel).
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5.3.2 Calibration and validation of the forest site

The forest site required a two step calibration process: first calibrating the modelled

SWE (via adjustment of the LAI) to account for snow intercepted by the canopy

and then calibrating the modelled snow depth (via parameterisation of A2 and ⇢ns).

In the first stage, there was a clear minimum in the modelled SWE RMSE with an

LAI of 2.20 (RMSE = 12.85 kg m�2), which is a reasonable estimate for the LAI at

Sodankylä (Figure 5.10).

Figure 5.10: Relationship between the RMS error in the simulated SWE at the forest site
and the LAI. The orange dot indicates the minimum SWE RMSE, which is 12.85 kg m�2

at LAI = 2.20.

The RMS error in the snow depth is most strongly controlled by the value of ⇢ns

(Figure 5.11), with an optimal value for ⇢ns = 48.88 kg m�3 (depth RMSE = 0.08 m).

Comparing the time series of snow depths in the calibration period, the RMSE for

the mean model ensemble is 0.07 m, with the observed snow depths almost all falling

within the uncertainty range of the ensemble depths (Figure 5.12). The RMSE of the

ensemble mean snow density is 20.80 kg m�3 and matches the observations well but

tends to overestimate (Figure 5.12, bottom panel).

The evaluation of the model shows that it continues to perform well under validation
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Figure 5.11: Forest calibration results from a random parameter search to find the optimal
values for parameters A2 and ⇢ns (value range of A2 informed by the IOA calibration
results). Parameter values resulting in a snow depth RMSE > 0.1 m are shown with pale
blue points, dark blue points indicate where the depth RMSE is < 0.1 m, and the orange
point in each subplot shows the parameter value with the lowest associated error in the
modelled snow depth.

with a new data set. The RMSE in modelled SWE is higher (RMSE = 19.37 kg m�2)

and most notably the model overestimates the SWE towards the end of the 2011/12

period and across the middle of the 2012/13 period, while underestimating the SWE

for the 2013/14 period (Figure 5.13, top panel). The snow depth RMSE is 0.09 m

and the model both matches and overestimates the observed depths in the first

two years before tending to underestimate the depths in the final year (Figure 5.13,

middle panel). The errors in the simulated snow depth correspond with the model

misfit to the observed SWE. The snow density RMSE for the mean model ensemble

is 17.37 kg m�3, which is lower than the calibration error (Figure 5.13, bottom

panel).
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5.3.3 Calibration and validation of the bog site

At the bog site, a similar two step calibration process was also required: first cali-

brating the modelled SWE (via adjustment of z0) and then calibrating the modelled

snow depth (via parameterisation of E1). In the initial calibration step, the error in

the SWE indicated a good constraint for the optimum value of z0 = 0.272 m (Figure

5.14).

Figure 5.14: Adjustment of the roughness length (z0) to calibrate the modelled SWE at the
bog site. The orange dot indicates the minimum SWE RMSE, which is at z0 = 0.272 m.

Across the tested parameter range for E1 (0 m s�1 – 10 m s�1), the RMSE for the

modelled snow depth varied by < 0.5 cm. As the sensitivity of E1 to the available

calibration data was so low, E1 was set to the default Liston et al. (2007) value of

5 m s�1 (the same approach taken with parameters A1 and B).

Looking first at the calibration period, snow depth RMSE for the mean model ensem-

ble is 0.08 m (Figure 5.15, middle panel). The model underestimates the snow depth

in the first period (2008-09) and this mismatch is also seen in the modelled SWE for

this period (Figure 5.15, top panel). The model generally fits the observed depths

well for the next two snow periods, with some under- and over-estimation outside
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of the ensemble uncertainty during the 2010-11 period. The RMSE of the ensemble

mean snow density is 70.11 kg m�3. The model matches the measured densities well

for the first period (2008 – 09) and overestimates the densities in the subsequent

two periods. There is a very high observed density value at the start of the 2009

–10.

Overall the model performs reasonably well with the evaluation data set (Figure 5.16).

The snow depth RMSE for the mean model ensemble is 0.10 m and the model matches

the observational data particularly well in the first snow period (2011–12), with some

over- and under-estimation in the later years. The model continues to tend towards

over-estimating the density and the RMSE for the mean ensemble is 46.36 kg m�3.

The RMS error in the SWE is 31.31 kg m�2 and the model was unable to match the

measured values in the 2012–13 and 2013–14 periods in particular.
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5.4 Discussion

Using observational snow data collected at three di↵erent sites at FMI-ARC in north-

ern Finland, site-specific calibrated parameter sets were reached for a simple snow

accumulation model.

A stepwise procedure was used, making use of the varied characteristics of the three

sites to calibrate the di↵erent components of the mass balance. However, with the

available calibration data it was not possible to provide robust constraints on several of

the parameters. Where parameters were insensitive to the available calibration data,

it was necessary to refer to published literature values (Liston et al. 2007). At the

IOA site, from which there was most available data, it was possible to provide some

constraints on the A2 parameter, which contributes to determining the compaction

rate, and the fresh snow density parameter (⇢ns). However, the acceptable parameter

ranges were broad, with multiple potential combinations of values that give a snow

depth RMSE < 0.1 m. This reflects a trade-o↵ within the parameter space that was

not resolvable with the existing survey data. As the measurements are spaced apart

by a few days, it is challenging to determine whether the observed snow density is

the result of low density snowfall (low ⇢ns) and fast compaction (high A2), or vice

versa.

This phenomenon of multiple equally good parameter combinations defines ‘equifi-

nality’ (e.g. Beven 1993b), which rejects the idea of an optimal (singular) parameter

set. Instead, there are many di↵erent parameter sets (and model structures) that

may produce the observed behaviour of the modelled system to an acceptable degree,

and should therefore be included within an assessment of model uncertainty. In this

instance, the uncertainty in the model calibration was propagated using an ensemble

of ‘good’ parameter combinations (those which result in misfits to the observed snow

depths of < 0.1 m). In many cases this was su�cient to fit the observations within

146 Ph.D. R.L. Milodowski



CHAPTER 5. CALIBRATION OF A SIMPLIFIED SNOW ACCUMULATION
MODEL USING OBSERVATIONAL DATA FROM FOREST AND OPEN SITES

uncertainty, although the uncertainty ranges were typically large. Large uncertainties

in the calibrated models are perhaps inevitable given the limitations imposed by the

data available to drive the model and constrain the simulated snow depth and density

measurements.

The driving met data for the model was measured at the AWS, which is situated

nearby but not exactly co-located with the three snow measurement sites used here.

The snowfall data was pre-processed to scale with the IOA (Essery et al. 2016), and

required further calibration to account for interception of snow by the canopy at the

forest site and loss of snow mass via wind-blown snow at the exposed open bog sites.

Errors from the SWE time series propagate through to a↵ect the simulated depths

and density (which is calculated from the SWE and depth in the model), which is clear

from the temporal correlation in errors across these components in the simulations

(Figures 5.9, 5.13 & 5.16). Therefore, as these simulated depths and densities may

not be fully representative of the site-specific snowpack at the measurement points,

this introduces noise into the calibration that propagates into greater uncertainty in

the calibrated parameters.

The availability of observational snow data is a significant limitation of the calibration

performed in this chapter. Some of the ranges for ‘good’ values of the parameters

(those value that give a depth RMSE < 0.1 m) were broad and may encompass less

realistic values (e.g. as seen by the very flat density simulations on the outer edges

of the model ensemble at forest site). These reflect quite high uncertainty in the

parameter value ranges resulting from just having a small amount of data to work

with. This was a particular issue at the forest and bog sites where the spatial and

temporal frequency of measurements was very low (1–2 measurements, approximately

once a month). This produces high uncertainty because the measurements may not

be very representative of these environments and it is di�cult to capture temporal

variations in the snow properties when the observations are made so infrequently.
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Ideally, daily or sub-daily measurements at all sites would allow for a more detailed

examination of the change in snow density over time following a snowfall event and

would help reduce the predictive uncertainty of the calibrated model (to an extent,

given equifinality).

Furthermore, as the observational snow data used here comes from point measure-

ments at individual sites they are taken to represent specific environmental conditions,

e.g. under canopy at the forest site, or with no canopy at the bog site. The purpose

of the calibration was to calibrate and validate a model of snow accumulation with the

aim to use this model to simulate snow accumulation across a series of hypothetical

forest gap scenarios. While the model was shown to perform well at the individual

sites, its performance has not been evaluated with transect data across a forest gap.

Therefore it has to be assumed that it will bridge the data gap between forest and

open environments in later forest gap simulations (Chapter 7). In future, collecting

observational snow data from a forest gap transect(s) would be valuable for validating

the model.

5.5 Conclusions

Using 6–7 years of observational data from FMI-ARC in northern Finland a simple

snow accumulation model was calibrated at three di↵erent sites (the IOA (forest

clearing), forest site and bog site).

Low availability of observational snow data presented a challenge to constraining the

parameters within the calibration process, particularly in cases of low model error

sensitivity to a certain parameter. This was particularly an issue at the forest and bog

sites, where measurements where made most infrequently (once a month). Together

with the e↵ects of equifinality this uncertainty resulted in wide ranges of potential
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parameter values for the calibrated model and so an ensemble of all ‘good’ values were

used (those resulting in snow depth errors < 0.10 m). The calibrated ensemble model

was shown to perform well across the range of sites, with RMS errors in the simulated

snow depth ranging from 0.08 – 0.10 m during the model evaluation stage.

Increasing the spatial and temporal frequency of snow measurements would better

capture changes in the observed snow properties over time (particularly during/after

snowfall events) and provide further constraints on the calibration of the model param-

eters. Situating measurement points along a forest gap transect would also provide

valuable information about the relationship between the evolution of snow properties

over time and the position of the observed snowpack relative to the gap.

The following chapter (Chapter 6) details the approach taken to modelling the direct

and di↵use radiation to sub-canopy snow across a forest gap transect.
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Chapter 6

Modelling longwave and shortwave

radiation to sub-canopy snow

6.1 Introduction

The annual melting of the seasonal snowpack in the spring is a significant hydro-

logical event, with far-reaching influence on water resources in forested watersheds

via streamflow timing and amount (Lundquist & Dettinger 2005, Sun et al. 2018),

surface albedo and therefore accurate land-surface and climate modelling, biophysical

processes such as biogeochemical cycling (Brooks & Williams 1999, Brooks et al.

2011), and vegetation dynamics (Rasmus et al. 2011, Trujillo et al. 2012, Wipf et al.

2009). Net radiation to the snow surface can account for up to 80% of available

energy for snowmelt (Link & Marks 1999a, Marks & Dozier 1992) and is influenced

by a host of factors, including solar angles, canopy characteristics, air temperature,

and cloud cover (Musselman et al. 2015, Seyednasrollah et al. 2013).

The presence of a forest canopy modifies the radiative fluxes to the snow surface,

producing spatial and temporal variations in the sub-canopy surface energy balance
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when compared to adjacent open areas (Seyednasrollah et al. 2013). The canopy casts

shadows and so reduces the amount of direct radiation reaching the underlying snow,

whereas solar heating of the canopy enhances the longwave radiation to the snow

(Sicart et al. 2004). Gaps in the canopy introduce further variability to the patterns

of sub-canopy radiation: for example, snow in forest gaps is more exposed to solar

radiation than under full canopy but can still receive the enhanced longwave radiation

from the surrounding canopy (Bernier & Swanson 1993, Golding & Swanson 1978,

Lawler & Link 2011, Musselman et al. 2015, Seyednasrollah & Kumar 2014).

This chapter outlines the approach taken to model the longwave radiation and the

direct and di↵use components of the shortwave radiation incident to the sub-canopy

snow surface. This work informs the energy-balance sub-model described in the next

chapter (Chapter 7), in which the simplified FSM2 snow model described in Chapter

5 is expanded to include simulations of both snow accumulation and melt.

The structure of this chapter is as follows. First, the methods used to calculate the

transmission of direct-beam shortwave radiation through the canopy are described and

example gap scenarios presented. Next the di↵use shortwave and longwave compo-

nents of the net radiation to sub-canopy snow are considered, both of which may be

related to the sky view fraction (vs). This section compares three di↵erent methods

to estimate vs, including analysis of both hemispherical photographs (from a forest

road transect in northern Finland) and synthetic hemispherical images generated using

real canopy metrics. Finally, the models of direct and di↵use radiation are evaluated

using observational data from a forest clearing transect in northern Finland.
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6.2 Modelling direct shortwave radiation

In this sub-section, I outline the methods used to estimate the amount of direct-beam

shortwave radiation that is transmitted to the snow surface in a forest-gap environ-

ment. This includes a description of how the solar position is calculated (depending

on location and time), ray-tracing to determine intersection points between a ray of

light and the canopy and the calculation of transmission through the canopy. A se-

lection of gap scenarios are presented as examples of the likely transmission of direct

shortwave radiation in linear canopy gaps of di↵erent widths and orientations.

6.2.1 Calculating solar positions

This section details the calculation methods used to determine the solar position

(which is represented by the angles of solar azimuth, ↵, and elevation, �, for a

specific location at a given time and day in the year, as described in Oke (1978)

unless otherwise stated. The azimuth describes the horizontal direction of the sun

and the elevation angle is the angle between the sun and a level surface (Figure

6.1).

The solar elevation angle may be calculated as

� = arcsin(sin� sin � + cos� cos � cos!) (6.1)

where � is the latitude of the location of interest, � is the solar declination and !

is the hour angle. The solar declination is the angle between the sun’s rays and the

equatorial plane and depends only upon the day of the year; it may be approximated

from Iqbal (1983)

� = �23.4 cos(360(tj + 10)/365) (6.2)
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Figure 6.1: Schematic of the solar azimuth and elevation angles

where tj the number of the day in the year. The hour angle is a function of the

time of day and is the angle through which the earth would need to turn in order to

bring the meridian (line of longitude) of the location of interest directly under the

sun; 1 hour ⇡ 15� of rotation, and so the hour angle may be given by

! = 15(12� t) (6.3)

where t is the local apparent solar time (24 hr), which is found by:

(i) calculating the local mean solar time; for each degree of longitude the location

is east or west of the standard meridian, add or subtract four minutes from local

standard time

(ii) adding an equation of time correction (Et; Equation 6.4 (Iqbal 1983)) to the
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local mean solar time (as calculated in (i))

Et = (0.000075 + 0.001868 cos(D)� 0.032077 sin(D)

� 0.014615 cos(2D)� 0.040849 sin(2D))(12/⇡)
(6.4)

where D is the day angle such that: D = 360(tj � 1)/365.

The solar azimuth may be calculated as follows

↵ = arccos((sin � cos�� cos � sin� cos!)/ sinZ), if t < 12 (6.5a)

↵ = 360� arccos((sin � cos�� cos � sin� cos!)/ sinZ), if t > 12 (6.5b)

where Z is the solar zenith angle, the complementary angle to the solar elevation

angle; Z = 90� �.

As an example, Fig. 6.2 illustrates how the solar azimuth and elevation angles change

through the year in Sodankylä (67.368� N, 26.633� E), the location of the FMI-ARC

research station, highlighting the summer and winter solstices, and the vernal and

autumnal equinoxes. As can be seen, during the summer solstice the sun remains

above the horizon throughout the day and night, whereas during the winter solstice

the sun remains below the horizon.

6.2.2 Ray trace model to calculate the path length of direct-

beam shortwave radiation

The ray trace model presented here is used to calculate the path length, l, of a beam

as it travels through a forest canopy, excluding any distance travelled through an

idealised rectangular cuboid gap in the canopy, and is informed by the modelling study

described by Musselman et al. (2015). For the purposes of the following calculations,

the ray is taken to originate at the forest floor and travels in the direction of the sun.
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Figure 6.2: Solar azimuth and elevation angles for solstice and equinox days at Sodankylä
in 2018

Intersection points between a ray and the gap are determined through an evaluation

of the ray’s origin, (x0, y0, z0), relative to the gap edges, and the position of the sun

in the sky (angles of azimuth, ↵, and elevation, �). Intersection points refer to points

where the ray intersects a gap or canopy edge and are numbered according to their

occurrence, for example the first intersection point is at (x1, y1, z1), the second is at

(x2, y2, z2) and so on.

Five potential intersection cases between the ray and gap were identified as:

Case 1: The ray originates in a section of canopy and does not intersect the gap

edge (Fig. 6.3), i.e. the ray travels through the canopy only.

Case 2: The ray originates in the gap (Fig. 6.4), it intersects with one gap edge (at

x1, y1, z1) and exits out the top of the canopy (at x2, y2, z2).
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Case 3: The ray originates in the gap and does not intersect the edge (Fig. 6.5), so

that l = 0 and the beam is fully transmitted.

Case 4: The ray originates in one of the canopy sections, it intersects the gap edge,

travels through the gap, intersects the second gap edge, travels through the canopy

and then exits out the top of the canopy (see Figure 6.6). The canopy path length is

equal to the total path length minus the distance travelled through the gap.

Case 5: The ray originates in one of the canopy sections, it intersects one gap edge

and exits out of the top of the gap without travelling through any further canopy (see

Figure 6.7). The path length is equal to the distance travelled from the ray’s origin

on the forest floor to the first intersection point.

Figure 6.3: Case 1 where the ray travels through the canopy only. h is the canopy height
and w is the gap width.
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Figure 6.4: Case 2: the ray originates in the gap but travels partially through canopy.

Figure 6.5: Case 3: the ray travels through the gap only.
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Figure 6.6: Case 4 where the ray travels through the canopy, intersects the gap at two
points and then travels through further canopy.

Figure 6.7: Case 5: the ray travels partly through the canopy and exits out the gap.
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These five cases can be divided into two subsets:

i The ray originates in the forest (Cases 1, 4 & 5)

ii The ray originates in the gap (Cases 2 & 3)

The path length taken by the ray through forest canopy is then given by the following

set of equations, depending on the relevant intersection case.

Take y0 = z0 = 0 without loss of generality, and take x0 to be at distance d from the

edge of the gap (of width w) that is away from the sun.

If the ray originates from a point in the forest

l =

8
>>>>>><

>>>>>>:

h

sin �
case 1

h

sin �
� w

cos↵ cos �
case 4

d

cos↵ cos �
case 5

(6.6)

where h/ sin � is the total path length between the ground and the height of the

canopy, w/cos↵ cos � is the distance the ray travels through the gap in case 4 and

d/cos↵ cos � is the distance the ray travels through the canopy before entering the

gap in case 5.

If the ray originates from a point in the gap

l =

8
>><

>>:

h

sin �
� (w � d)

cos↵ cos �
case 2

0 case 3

(6.7)

where (w � d)/cos↵ cos � is the distance the ray travels through the gap before

entering the canopy in case 2.
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The transmissivity of direct shortwave radiation through the canopy, ⌧dir, can then

be calculated as in Essery et al. (2007)

⌧dir = e
(�G�l) (6.8)

where G is a projection function of the leaf orientation (assuming a random orienta-

tion, G = 0.5) and � is the leaf area density (LAD = LAI/h).

6.2.3 Transmission of direct-beam solar radiation to gap and

forest floor

The following section provides some example scenarios of the amount of direct solar

radiation in gaps of di↵erent widths and orientations, using the ray tracing method

described above. A surrounding forest canopy with height h = 15 m and LAI = 2

is assumed and is representative of the existing canopy at Sodankylä (Essery et al.

2016). A tree of height h casts a shadow of length h/ tan � (Figure 6.8).

Figure 6.8: A tree of height h casts a shadow of length h/ tan�.

Figure 6.9 shows how the direct-beam transmissivity changes across forest gaps of

widths 20 m and 40 m at noon on the spring equinox (21 March), which is approxi-

mately when snow starts to melt at Sodankylä. The solar elevation at this time and

location is 22.5� and so the trees cast shadows that are 36 m long. In both gap
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scenarios, transmissivity is constant in the forest south of the gap (ray trace case

3). Within the gap, transmissivity starts increasing (case 2) until it either reaches

1 (case 1) or the north edge of the gap. In the forest north of the gap, it either

remains constant for a distance equal to the gap width (case 5) before decreasing, or

immediately starts decreasing from 1 (case 4). After it decreases to the continuous

forest value in distance h/ tan �, it remains constant (case 3).

Figure 6.9: Direct-beam transmissivity in a 20 m gap (left) and a 40 m gap (right) with a
15 m high forest canopy on either side of the gap (shown by shaded green areas).

Forest gaps have a multitude of di↵erent potential orientations and this has an impact

on the amount of direct solar radiation received in the gap and the surrounding canopy.

Figure 6.10 provides a diagram of a forest gap of width w, as if looking down from

above. The compass direction of the gap is given by the angle �, ↵ is the solar

azimuth and � is the angle of the sun across the gap, which may be calculated from

the first two angles as: � = ↵+�� ⇡
2 . The horizontal distance travelled by a ray of

light across the gap is equal to w/ cos�.

Figure 6.11 shows 5-minute measurements of total and di↵use radiation on a sunny

day in Sodankylä on the 21st March 2012. The dashed lines indicate functional

fits to the data. The following standard function fits global radiation well without

adjustment
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Figure 6.10: Diagram of a gap of width w and compass direction �. ↵ is the solar azimuth
and � is the angle of the sun across the gap.

SW# = (0.6 + 0.2 sin �)I0 sin � (6.9)

where I0 is the solar constant (= 1365 W m�2). Beer’s law is used to fit the

transmission of direct-beam solar radiation through the atmosphere

Sdir = exp(
�m

sin �
)I0 sin � (6.10)

The RMSE is minimised with a value of m = 0.229. The combination of a good

functional fit to direct-beam solar radiation and knowledge of the solar position allows

for calculation of the direct-beam transmission for every minute of the day and,

therefore, the ability to calculate the fraction of potential radiation that is received

within a gap over the entire day.

Figure 6.12 shows the fraction of the total direct solar radiation received by 20 m

and 40 m gaps in three di↵erent orientations: E-W (top panel); N-S (middle panel);

SW-NE (bottom panel). For an E-W gap, the daily transmission values follow a very

similar pattern to the noon transmissivity (Figure 6.9). This is because the length

of the shadows cast across an E-W gap is almost constant at the equinox. The

transmission peaks in the centre of the N-S gaps and on the west side of the SW-NE
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Figure 6.11: 5-minute measurements of total and di↵use radiation on a sunny day in
Sodankylä on the 21st March 2012. The dashed lines indicate functional fits to the data.
Beer’s law is used for the transmission of direct-beam solar radiation.

gaps. The transmission patterns across a NE-SW gap of a given width would mirror

that seen with the SW-NE gap of the same width. However, the e↵ect of this on snow

melt will di↵er between the two orientations as the SW-NE gap receives more direct

radiation in the afternoon, which is when air temperatures are likely to be higher and

so the snow more ready to melt (Figures 6.13 and 6.14). Gaps running N-S receive the

most direct solar radiation and E-W gaps the least, with the di↵erence between them

being greatest when the gap width is approximately twice the surrounding canopy

height (Figure 6.15).
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Figure 6.12: The fraction of total direct-beam solar radiation received in gaps of di↵erent
widths (20 m and 40 m) and orientations(E-W, N-S and SW-NE) on 21st March 2012.
There is a 15 m high forest canopy on either side of the gap (shown by the shaded green
areas).
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Figure 6.13: Variation with time in direct-beam shortwave radiation averaged across a 20 m
gap with di↵erent orientations on 21st March 2012

Figure 6.14: Variation with time in direct-beam shortwave radiation averaged across a 40 m
gap with di↵erent orientations on 21st March 2012
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Figure 6.15: Variation in daily transmission of direct-beam shortwave radiation to gaps with
di↵erent widths and orientations on 21st March 2012
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6.3 Modelling di↵use radiation

The amount of di↵use radiation reaching the sub-canopy snow surface depends upon

the amount of sky visible from a point on the forest floor. The transmission of di↵use

shortwave radiation may be estimated simply as

⌧diff = vs (6.11)

and sub-canopy longwave radiation (LWc) can be calculated as a two-part model that

uses the sky view to account for incoming longwave radiation from both the sky and

the surrounding canopy

LWc = vsLWa + (1� vs)�T
4
c (6.12)

where LWa is the incoming longwave radiation from the sky, � is the Stefan-Boltzmann

constant (5.67 x 10�8 W m�2 K�4) and Tc is the canopy temperature (canopy emis-

sivity is assumed to equal 1).

This section outlines the estimation of sky view fraction for the transmission of dif-

fuse shortwave and longwave radiation across a forest-gap-forest transect. Three

di↵erent methods of estimation, using either hemispherical photographs or synthetic

hemispherical images from canopy models, are compared and contrasted.

First, the data collection methods are presented for the hemispherical photographs

and canopy structure metrics (Subsection 6.3.1). Then the hemispherical photog-

raphy processing and analysis steps are described (Subsection 6.3.2). In Subsection

6.3.3 the canopy models are introduced, and the creation of an artificial forest and

synthetic hemispherical images explained. Finally, the three methods of estimating vs

R.L. Milodowski Ph.D. 167



CHAPTER 6. MODELLING DIRECT AND DIFFUSE RADIATION TO
SUB-CANOPY SNOW

are compared and discussed.

6.3.1 Data collection

6.3.1.1 Hemispherical photographs

Upward-looking hemispherical photographs (hereafter referred to as hemiphotos) were

taken during two field campaigns at FMI-ARC (see Chapter 4.2.1 for a detailed site

description). The first set of hemiphotos were taken in April 2016, at the Road

site (Figure 6.16 and see Chapter 4.2.1.3 for site description) when canopy structure

measurements were also made (see section 6.3.1.2 for canopy metrics). Hemiphotos

were taken of the overlying tree canopy at every wind measurement point along the

transect at the Road site (Figure 6.17), using a Nikon Coolpix 4300 camera fitted

with a fish eye lens (Nikon FC-E8 0.21x). The camera was mounted on a tripod at

breast height (1.3 m), positioned with the lens facing up and with the top of the

camera (i.e. where the control buttons are located) orientated to north. Correct

and level positioning of the camera was ensured through the use of a spirit level and

compass. Photographs were taken on overcast days to avoid glare from the sun,

which can reduce the contrast between canopy elements and the sky. A second set of

hemiphotos was taken by Richard Essery in April 2019, also at the Road site (Figure

6.18).

6.3.1.2 Forest canopy measurements

Canopy structure metrics of canopy height (h), crown base height (hc), crown width

(CW ), diameter at breast height (DBH) and tree stocking density were used to

inform the generation of an artificial forest. The following two sets of field measure-

ments were used for this purpose
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Figure 6.16: Photographs of the Road site at FMI-ARC showing the view along the road
(left) and looking towards the road from within the trees to the north of the road (right).

Figure 6.17: Map of hemiphoto locations at the Road site (April 2016).

1. Measurements made during the April 2016 field campaign (methods are de-

scribed in detail in Chapter 4.2.1.7). Specifically, the data used here were

collected at the Road site at FMI-ARC.

2. Measurements made by the Finnish Environment Institute (SYKE) in May 2011.
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Figure 6.18: Map of hemiphoto locations at the Road site (April 2019).

6.3.2 Processing and analysis of hemispherical photographs

The hemiphotos were processed in python and values of sky view fraction vs were

calculated following Essery et al. (2008) (the code and data used for this are available

at: https://github.com/rmilodowski/thesis_hemiphotos). First, the pixels in

the hemiphoto are classified into two categories: vegetation and sky. This process is

called binarization, or thresholding. A brightness threshold based on the grey intensity

value is used to produce a binary image which masks the canopy; all pixels above the

threshold value are classified as sky, and the remaining pixels are therefore classified

as vegetation (e.g. see Figure 6.19.b.). A higher contrast between vegetation and

sky filled pixels facilitates their classification. Therefore, the blue colour plane of the

photograph is used for this type of analysis as there is low scattering of blue light by
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leaves, which increases the contrast between the vegetation and sky.

Figure 6.19: (a) Hemiphoto taken at the Road site, in the forest to the north of the road
(N20 in Figure 6.18); (b) Corresponding masked image, which separates the sky and canopy
according to the brightness threshold

When the threshold is applied to an image, any pixels containing snow will be classified

as sky due to its light colour, which would result in overestimates of sky view fraction.

To resolve this issue, all ground-level snow was edited out of the image using the

open source image editor GIMP (GNU Image Manipulation Program, available to

download here: https://www.gimp.org) as a pre-processing step prior to analysis.

Specifically, the burn tool in GIMP was used to darken any pixels containing ground-

level snow (Figure 6.20).

The threshold value used for categorising image pixels can be manually or automati-

cally determined. To reduce subjective error that may be introduced through manual

threshold selection, a binarization algorithm was used to automatically select an ap-

propriate threshold value and is described as follows. A histogram of the grey level

intensity of the blue colour plane was iteratively smoothed by a moving average func-

tion applied over three neighbouring values. This smoothing process was repeated

until there was just a single minimum between two modes in the histogram. The bin of

this minimum was then used as the threshold value. Glatthorn & Beckschäfer (2014)

showed that this is an appropriate approach for the binarization of hemiphotos; in

their accuracy assessment of a range of binarization algorithms this “histogram min-
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Figure 6.20: Example hemiphotos taken at the Road site: (a) at the road centre; (b) in the
forest to the north of the road (N20 in Figure 6.18); (c) and (d) show the same images (a)
and (b) (respectively) but with the snow edited out of the image

imum” method was found to be among the most accurate and produced the lowest

number of pixel misclassifications.

As an example, figure 6.21 shows the grey level intensity histogram (“Original im-

age”) for the blue colour plane of a hemiphoto taken at the Road site (see figure

6.19.a.), in the forest to the north of the road (see Chapter 4.2.1.1 for further site

details). The darker blue line is produced following application of the smoothing pro-

cess (“Smoothed image”). In this case, it took 31 iterations of smoothing until there

was a single minimum, which is located at a grey level intensity of 111. This thresh-

old value was then used with the hemispherical analysis software described above to

binarize the blue plane image of the photograph. The resulting canopy mask is shown

172 Ph.D. R.L. Milodowski



CHAPTER 6. MODELLING DIRECT AND DIFFUSE RADIATION TO
SUB-CANOPY SNOW

in Figure 6.19.b. and was used to calculate a value of vs for this site location. The

steps described here were applied to all hemiphotos used in the analysis.

Figure 6.21: Grey value histogram of the blue colour plane of a hemiphoto taken at the
Road site (N20 in Figure 6.18), and the smoothed image (using a moving average with
window size = 3). The threshold value is located at the single minimum point (at a grey
level intensity of 111) found after 31 smoothing iterations.

The sky view fraction vs was calculated following Essery et al. (2008):

vs =
1

⇡

Z ⇡/2

0

d�

Z 2⇡

0

d↵ sin � cos �⌧(↵, �) (6.13)

where ↵ is the azimuth and � is the elevation angle. If the sky is obscured by the

canopy or the ground at (�, ↵) then ⌧ = 0, else ⌧ = 1.

With an equiangular hemispherical lens projection, the direction (�, ↵) can be mapped

onto a point (x, y) on the hemispherical image (measured from the centre), so

that:

� =
⇡

2


1� (x2 + y

2)1/2

r

�
(6.14)
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and:

↵ = tan�1
⇣
y

x

⌘
(6.15)

where r is the radius of the horizon circle on the image. The sky view fraction can

then be calculated by dividing the hemispherical view into n� elevation bands and n↵

azimuth bands, and discretising Equation 6.13 as

vs =
⇡

n�n↵

n�X

i=1

n↵X

j=1

sin�icos�ic(�i,↵j). (6.16)

6.3.3 Generation of synthetic hemispherical images

Taking hemispherical photographs is a manual process that is time consuming for cov-

erage of large areas. Synthetic hemispherical images can be generated from airborne

LiDAR ( e.g. Webster et al. (2020)) or hypothetical forest gap scenarios.

Here an artificial forest was created as the first step in calculating sky view fraction.

The physical characteristics of the artificial forest (such as tree height and stocking

density) are based on observational data collected at the Road site at FMI-ARC in

April 2016 (Section 6.3.1.2). The artificial forest structure includes a linear gap, rep-

resenting a road, through its centre. Synthetic hemispherical images were generated

from the artificial forest using two di↵erent methods – the PRICE model (Essery et al.

2007) and an LiDAR-enhanced methodology (Webster et al. 2020) – and used to cal-

culate vs across the linear gap. Di↵erences between the two methods of vs calculation

were evaluated and compared against values obtained from the hemiphotos taken at

the Road site.

The artificial forest covers a 200 m x 200 m plot (Figure 6.22). vs values were
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Figure 6.22: Artificial 200 m2 forest plot with a central 20 m wide road. The location of
tree trunks are shown by the brown points and the green box marks a 100 m2 area centred
on the plot, within which vs values are calculated.

calculated for an inner 100 m2 area centred on the forest plot centre, to ensure that

there were enough surrounding trees to populate the hemispherical image fully. A

20 m wide linear clearing was included to approximate the road at the Road site at

FMI-ARC. Trees were assigned randomly generated coordinate locations within the

plot. Tree measurements made at the Road site (Appendix A.3) and by the Finnish

Environment Institute (SYKE) at Sodankylä were used to approximate relationships

between tree height (h) information and other characteristics including diameter at

breast height (DBH), crown width (CW ), and height to crown base (hc).

The PRICE model uses simplified tree structures comprising a cylindrical trunk and
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ellipsoid crown to populate the artificial forest (Figure 6.23). A binary synthetic

hemispherical image is produced by dividing the hemispherical sky into azimuth and

elevation cells that are then blanked out where the model indicates that the sky view

is blocked by the canopy. The method described in section 6.3.2 (equations 6.13 –

6.16) was used to calculate sky view fraction.

The second approach used an LiDAR–enhanced methodology (similar to that de-

scribed in Webster et al. (2020)). This method works by identifying local maxima

in a LiDAR–derived canopy height model and assigning these as points from tree

crowns. Extra points to represent the tree trunk and branches are then added below

the tree crown (the ‘enhancement’). The trunk is represented by a cylinder between

the ground and up to breast height (1.5 m) and then by a linear conical shape up to

the height of each individual tree. Branches within the crown are randomly assigned

an angle of growth direction based on ranges for Norway spruce trees (a common

species in the Swiss Alps, the study area for this methodology development, and

in Finland). For the purposes of this research project, LiDAR data from the Swiss

Alps was just used as the starting point for constructing an artificial tree from point

clouds, meaning that individual trees had a more realistic crown morphology com-

pared to the ellipsoid shape used within the PRICE model. The LiDAR data available

for Sodankylä was not su�ciently dense to undertake the full method described by

Webster et al. (2020) with in–situ data. As with the PRICE model, the trees were

then randomly distributed in space across the 200 m x 200 m forest plot. Synthetic

hemispherical images were then created from this artificial forest; the points were

converted into a spherical coordinate system in order to replicate the perspective of

real-life hemiphotos and vs calculated following the method described in section 6.3.2

(equations 6.13 – 6.16). The work for this specific method was carried out by Clare

Webster.

Figure 6.24 shows the relationships found from data collected at Sodankylä by two
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Figure 6.23: Schematic illustration of the simplified tree structure used by the PRICE model
to populate an artificial forest. The trunk is conceptualised as a cylinder and the crown
as an ellipsoid. Key canopy metrics are labelled as: DBH, the trunk diameter at breast
height; h, the canopy height; hc, the crown base height; CW , the crown width at its widest
point.

field campaigns. The 95% confidence intervals (shown by the shaded areas) overlap

in many instances, suggesting that these two data sets could be combined and con-

sidered as one larger dataset, providing more data points to fit a relationship to. The

combined datasets are shown in Figure 6.25.

Figure 6.24: Relationships between key canopy metrics for two sets of data, both collected
at Sodankylä: Sod2016, collected in 2016 by myself; SYKE2011 collected by the Finnish
Environment Institute. Subplots show a) Tree height and DBH; b) Tree height and Crown
base height; c) DBH and crown width. Shaded areas indicate 95% confidence intervals

Regression against tree height gives
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Figure 6.25: Relationships between key canopy metrics for combined sets of data, as de-
scribed in figure 6.24. Subplots show a) Tree height and DBH; b) Tree height and Crown
base height; c) DBH and crown width. Shaded areas indicate 95% confidence intervals

DBH = �0.05 + 0.02h (6.17)

hc = 0.55 + 0.41h (6.18)

and regression against DBH gives

CW = �0.23 + 22.38DBH (6.19)

Foliage area was not measured in either field campaign and so a di↵erent method of

relating this variable to a measured characteristic, such as tree height, was required.

The foliage area was calculated as

FA = h (6.20)

This relationship was arrived at following trial and error running tree plots with foliage
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area (FA) on di↵erent proportions of tree height (h) with the PRICE model (as it

is considerably faster to run than the other method) and comparing the sky view

fractions at a point in the artificial forest that corresponded with the location a

real hemiphoto was taken in the field in 2016 (see section 6.3.1.1 for hemi photo

description) until a good match was reached between the two.

To further assess the suitability of this relationship for approximating foliage area,

the mean vs based on a series of 22 synthetic hemispherical images were compared

against the mean vs obtained from a series of 22 hemiphotos taken at Sodankylä by

Reid et al. (2014). The hemiphotos were taken during a field campaign in 2012 at

various sites in the vicinity of the FMI-ARC research station. These sites were chosen

as representative of the canopy cover in the area and comprise high density pine

stands of medium-tall height, comparable to those measured by myself in 2016. For

further details regarding the collection methods of the hemiphotos please see Reid

et al. (2014). The hemiphotos were received pre-processed as binary images: i.e.

manual thresholding was already applied to the photograph, which separates the sky

and canopy into two distinct components of the image. The synthetic hemispherical

images were generated as binary images at 22 di↵erent points that were randomly

selected within the inner 100 m2 central area of the artificial forest (as in Figure 6.22

but without the gap).

The average hemispheric view was calculated for both the synthetic forest and the

Sodankylä sites, using the synthetic hemi images and the hemiphotos respectively

(Figure 6.26). Figure 6.26 shows the mean measured gap fraction as a function of

zenith angle.
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Figure 6.26: Mean sky view fraction as a function of zenith angle from the averaged
hemispherical images generated at random points in the synthetic forest using PRICE (upper
panel) and from averaged hemiphotos taken by Reid et al. (2014) (lower panel).

6.3.4 Sky view fraction estimates

Three di↵erent approaches to estimating vs were investigated: hemispherical photog-

raphy, using the PRICE model and using an enhanced LiDAR model of a synthetic

forest canopy. They were all used to calculate vs across the main road running through

FMI-ARC (the ‘Road site’) and the results of these are shown in Figure 6.27. Across

the gap there is a high degree of agreement between the three vs values and less so

into the forest. The PRICE model provides a reasonable match to the hemi photo

based vs in the forest to the south of the gap and underestimates it in the northern-

most section of forest. In both forest sections the enhanced LiDAR method gives

consistently lower values of vs than those derived from the hemi photos. With this in

mind, and given that the PRICE model is a significantly faster method of obtaining

vs estimates, the PRICE model was chosen as the method of calculating vs in later

modelling work.
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Figure 6.27: (a) Values of sky view fraction across a forest gap estimated from: hemiphotos
taken at the Road site and synthetic hemispherical images via the PRICE model and an
enhanced LiDAR method. Error bars represent the average change in the sky view fraction
when the threshold is varied by ± 10 units on the grey level intensity scale (0–255). (b)
Residual sky view fraction values between the hemiphotos and the two synthetic hemispher-
ical image approaches. The northern-most section of forest is to the left of the gap.

6.4 Evaluation of the direct and di↵use radiation

models

The combined direct and di↵use radiation models described above were evaluated

using observational shortwave and longwave data from a discontinuous Scots pine

stand just to the north of the main road at FMI-ARC (described in detail by Mazzotti

et al. (2020b)). The data was collected by Mazzotti et al. (2020b) and comprise a

line of measurements running 53� west of north across a roughly circular forest gap

(diameter = 40 m) and can be seen as the fifth line from the north in Figure 4 of
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Mazzotti et al. (2020b). Measurements were made using a gimbal-stabilized handheld

setup and data points are approximately 2 m apart along the 80 m transect. There

are two sets of observations providing temporal snapshots of the incoming radiation

to the sub-canopy snow surface on both a clear-sky day (26/04/2019 between 10:52

and 12:20) and an overcast day (27/04/2019). The data sets also include values of

vs along the transect (Figure 6.28), obtained from hemiphotos that were captured

using an upward-pointing camera mounted on the gimbal and then analysed using

the radiative transfer model HPEval (Jonas et al. 2020). Observed air temperature

was used to approximate the canopy temperature.

Figure 6.28: LiDAR canopy height and sky view fraction at FMI-ARC, Finland

The combined radiation models approximate the gap as a circular hole in an otherwise

homogeneous forest. The ray tracing of tree shadows in a cylindrical gap was informed

by the calculations used by Essery et al. (2007) for ray tracing the shadow of a

cylindrical trunk and is calculated as follows.

The vector of length l defining a ray from point (xs, ys) on the surface towards the
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sun at elevation angle � and azimuth angle ↵ is

r = (xs + l cos � sin↵, ys � l cos � cos↵, l sin �). (6.21)

The edge of a canopy gap of radius rc centred on (0,0) is

x
2 + y

2 = r
2
c , 0  z  hc (6.22)

where hc is the height of the surrounding canopy. Substituting Equation 6.21 in

Equation 6.23 gives a quadratic equation for intersections with the gap edge

al
2 + bl + c = 0, (6.23)

where

a =
cos2 �

r2c

, (6.24)

b =
2 cos �(xs sin↵� ys cos↵)

r2c

, (6.25)

c =
x
2 + y

2

r2c

� 1. (6.26)

If b2� 4ac < 0 the ray does not cross the canopy edge. The path length through the

canopy is then equal to lh = hc/ sin �. Real solutions for l only exist if b2 � 4ac � 0,

in which case there are two solutions
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l± =
�b±

p
b2 � 4ac

2a
(6.27)

and the ray intersects the canopy edge at heights h± = l± sin �. Intersections at

heights less than zero or greater than hc are neglected. The possible solutions for lc

are then

h� < 0 0  h�  hc h� > hc

h+ < 0 lc = lh – –

0  h+  hc lc = lh � l+
lc =

l� + lh � l+
–

h+ > hc lc = 0 lc = l� lc = lh

From equation 6.8, the transmissivity of direct-beam radiation through the canopy

is

⌧dir = exp

✓
� lcLAI

2hc

◆
. (6.28)

From equations 6.9 and 6.10, the direct-beam fraction of the incoming above-canopy

shortwave radiation, SWa, is

fdir =
exp(�m/ sin ✓)

0.6 + 0.2 sin ✓
(6.29)

for clear skies and zero for overcast. The model for sub-canopy shortwave radiation

is

SWc = [(1� fdir)vs + fdir⌧ ]SWa (6.30)

On the overcast day, when direct shortwave radiation is at a minimum, the observed

shortwave transmission (SWc/SWa) can be approximated by the sky view fraction
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Figure 6.29: Measured shortwave transmissivity and sky view fraction across a circular forest
clearing on an overcast day.

(Figure 6.29). The model simulates the observed shortwave radiation observed on

the clear-sky day well overall but there are spikes observed in the forest that are

not captured by the model (Figure 6.30, left). These are likely caused by sun flecks

where the shortwave radiation is able to pass directly through gaps in the overlying

canopy. During overcast conditions this is not an issue and the model fits the observed

shortwave radiation very well (Figure 6.30, right). The clearly defined spikes seen in

the measurements on the cloudy day are also seen in the simulated shortwave radiation

as they are due to variations in the above-canopy radiation during the measurement

period, rather than being due to variations in transmission through the canopy.

The model of sub-canopy longwave radiation described by Equation 6.12 provides

a reasonable fit to the observations, particularly during overcast conditions (Figure

6.31). The clear-sky day shows greater spatial variation in both modelled and observed

longwave radiation, with lowest values in the gap and increasing into the forest.

The model tends to overestimate the longwave radiation in the gap on the clear-sky

day.
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Figure 6.30: Modelled and observed sub-canopy shortwave radiation across a forest clearing
on a clear-sky day (left panel) and an overcast day (right panel).

Figure 6.31: Sub-canopy longwave radiation across a forest clearing on a clear-sky day
(blue) and on an overcast day (purple). Measurements are shown by dots and simulations
by solid lines.
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6.5 Discussion and conclusion

This chapter presented methods for modelling shortwave and longwave radiation to

the sub-canopy snow surface. A ray-tracing approach to calculating the path length

of direct shortwave radiation through the canopy was used to model its transmission

and some example scenarios with varying gap widths and orientations were presented.

Di↵erent methods of obtaining sky view fraction estimates for modelling di↵use radi-

ation were presented and compared. The PRICE model was chosen for calculating vs

as it produced estimates reasonably close to those from hemispherical photographs

taken at the Road site and is the fastest method of vs estimation investigated. The

chosen models for shortwave and longwave radiation were then combined and evalu-

ated against observational data from a measurement transect across a forest gap at

FMI-ARC collected by Mazzotti et al. (2020b).

The sky view fraction is often used to approximate the transmissivity of di↵use short-

wave radiation (e.g. Essery et al. (2007), Link & Marks (1999a), Musselman et al.

(2015), Pomeroy et al. (2008)). A comparison of vs values calculated by Mazzotti

et al. (2020b) from hemiphotos taken along the measurement transect and the ob-

served transmissivity of shortwave radiation on an overcast day confirmed the suit-

ability of this simple model. Furthermore, under cloudy conditions the modelled

shortwave radiation was found to follow the trend of observations across the transect

closely. Using measurements obtained on a clear day, when direct shortwave radia-

tion dominates, the model was not able to capture the observed spatial pattern of

shortwave radiation as well. It performs well in the gap and matches the observed rise

and fall of the shortwave radiation from its peak in the centre of gap. However, the

model is unable to match the higher spatial variability seen towards the margins of

the gap and into the forest. These variations are likely caused by localised sun flecks

(patches of greater direct shortwave radiation, which the model under-predicts) and

shadows (patches of lower direct shortwave radiation, which the model over-predicts).
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These e↵ects result from the variable and dynamic nature of the transmission of di-

rect shortwave radiation through a forest canopy (Hardy et al. 2004, Pearcy 1990).

In this study a simplified representation of the canopy was used where the canopy

is represented as homogenous whole, whereas in reality it has a complex and varied

structure. For example, the distribution of branches and leaves are not uniform but

concentrated in clumps leading to both small gaps and denser sections. Furthermore,

movement of the canopy produces variation in the distribution of shortwave radiation

on the forest floor, especially so during windy conditions (Reifsnyder et al. 1971).

Studies that have captured these fine-scale spatial and temporal variations in direct

shortwave radiation have used more complex models of the overlying canopy, for in-

stance using LiDAR data to produce detailed representations of the canopy at the

individual tree level (Webster et al. 2020).

The model of longwave radiation, based on the sky view fraction and air temperature

(Equation 6.12), also performs best when predicting measurements on an overcast

day when there is a low degree of spatial variation. On clear sunny days there are lower

levels of downwelling longwave radiation compared to cloudy days, as observed in the

gap. There is also greater solar heating of the canopy which enhances longwave fluxes

to the forest floor and the gap margins, as seen by the highest levels of measured

longwave radiation occurring in the forest sections. When comparing to the data from

the clear-sky day, the model is able to pick out this overall trend across the transect

with lower levels of longwave radiation in the gap than in the forest. However,

across the transect the model tends to over-predict the longwave radiation. This is

particularly noticeable in the gap, although the error in the model here is <5%.

In summary, simple models of shortwave and longwave radiation were shown to be

able to reproduce the overall patterns of radiative fluxes observed at a measurement

site at FMI-ARC. In the following chapter, the full snow model capable of modelling

both accumulation and melting of snow will be brought together with the emulated
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wind model developed in Chapter 4 to simulate hypothetical forest-gap scenarios

and explore the e↵ects of gap width, orientation, and surrounding canopy density on

snow accumulation and melt dynamics within a discontinuous boreal forest environ-

ment.
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Chapter 7

Simulating snow accumulation and

melt across linear forest clearings

7.1 Introduction

Snow is fundamental to many aspects of ecosystem function in boreal forest environ-

ments. Understanding the spatial and temporal evolution of the snowpack, such as

the rate and timing of snow accumulation and melting, is important for predicting

and understanding wider ecological and hydrological processes such as biogeochem-

ical cycling (Brooks & Williams 1999, Jones 1999, Brooks et al. 2011), streamflow

timing and amount (Lundquist & Dettinger 2005, Sun et al. 2018), vegetation dy-

namics (Wipf et al. 2009, Rasmus et al. 2011, Trujillo et al. 2012), and also impacts

on the earth surface energy balance through surface albedo (Warren 1982, Flanner

et al. 2011). Snow processes in open environments are well studied (Pomeroy et al.

1998, Essery et al. 2009). Forest canopy e↵ects on snow accumulation and ablation

have also been subject to much study, although it is more challenging to model these

dynamics due to the many interacting processes in forest environments (Rutter et al.
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2009, Varhola et al. 2010), including the interception and sublimation of snow in the

canopy (Wilm & Dunford 1948, Troendle & King 1985, Pomeroy & Schmidt 1993,

Hedstrom & Pomeroy 1998, Varhola et al. 2010, Lundquist et al. 2013, Schelker et al.

2013, Moeser et al. 2016, Lundberg et al. 2016), enhanced longwave radiative fluxes

and reduced shortwave radiative fluxes (Harding & Pomeroy 1996, Metcalfe & Buttle

1998, Hardy et al. 2004, Sicart et al. 2004, 2006, Talbot et al. 2006, Essery et al.

2008, Lawler & Link 2011, Musselman et al. 2012, Webster et al. 2017, Malle et al.

2019).

Canopy–snow interactions become particularly complex in heterogeneous forests due

to fine–scale variability in the canopy structure (Musselman et al. 2015). Disconti-

nuities represent one source of heterogeneity. Discontinuities in boreal forests may

be man-made, for example roads, or naturally occurring, for example river stretches.

Often, these features are linear or close to linear. As forests worldwide are becoming

increasingly fragmented due to human activities (Turner 2010, Haddad et al. 2015),

these linear clearings are becoming a more common feature in the landscape (Pickell

et al. 2015, Laurance & Arrea 2017, Kuklina et al. 2021). Forest clearings are inter-

esting as they are a transitional zone sitting between the two end states of completely

open environments and continuous forest canopy. Within this marginal environment

there are a multitude of processes to consider and balance as the snowpack is poten-

tially influenced by both the forest and the opening (Lawler & Link 2011). Furthering

our understanding of how snow dynamics in boreal forests are altered by the intro-

duction of a linear canopy clearing is important to further our understanding of the

wider environmental impact of increasing forest fragmentation.

This chapter draws together the work across the previous four research chapters,

integrating wind (Chapters 3 & 4), snow accumulation (Chapter 5) and radiation

(Chapter 6) dynamics across forest gaps to produce simulations of these processes

across hypothetical linear forest gaps (Figure 7.1). First, models of the energy fluxes
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to snow will be integrated into the simplified snow model described in Chapter 5.2.2

so that the melting of snow may be simulated. Observational meteorological and

snow data from northern Finland are used to calibrate the model during periods of

snow melt. The final calibrated model will then be used to explore the potential

snow accumulation and melting dynamics resulting from di↵erent gap scenarios. Of

particular interest is how gap width, orientation, and canopy density might influence

the observed spatial patterns of snow mass along a transect traversing the canopy

gap. Furthermore, the sensitivity of the spatial pattern of snowmelt to radiative and

turbulent energy fluxes will be investigated.

The hypotheses guiding this chapter are:

1. Increasing gap width will lead to greater accumulation of snow within gaps

due to the decrease in interception. In wider gaps, it is expected that snow

will melt more quickly, with melting beginning earlier in the year, due to the

increase in exposure to shortwave radiation relative to narrower gaps. However,

the e↵ect of gap width on melt dynamics will likely be complex, reflecting

the compensating e↵ects of increasing exposure to shortwave radiation and

decreasing exposure to longwave radiation as gap width increases (the radiative

paradox).

2. As the measured wind speeds at Sodankylä are low, it is expected that the

distribution of radiative energy fluxes to the snow surface will dominate melting

patterns across the gap, compared to wind-related impacts.

3. Increasing canopy density will reduce the sky view fraction and increase inter-

ception at the forest edges and interior. It is therefore expected that a denser

canopy would lead to greater fluxes of longwave radiation emitted by the canopy

to the snow, reduced transmission of shortwave radiation through the canopy

and reduced snow accumulation at the gap edges and within the forest.
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Figure 7.1: A schematic showing how the di↵erent models, data and calibrated parameters
come together with the FSM2 snow model. The dashed boxes indicate the relevant thesis
chapter for further information. The calibration parameter a is the albedo, C is a surface
exchange coe�cient, A2 determines the rate of change in snow density and ⇢f is the density
of fresh snow. The transect ’map’ file allows for the calibrated parameters, wind scaling
factors and sky view fraction to be varied according to position along the canopy gap
transect. SWE is the snow water equivalent and is the model output used for the di↵erent
gap scenarios presented in this chapter

4. Changing the orientation of the gap will a↵ect the magnitude of incoming

shortwave radiation and the relative wind direction. Snow at south-facing edges

will melt sooner and faster than at north-facing edges due to the shading e↵ect

of the canopy.
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7.2 Methodology

7.2.1 Snow model description

The snow model used in this chapter is as described in Chapter 5.2.2, with the addition

of melt energy dynamics (a simplified version of FSM2 (Mazzotti et al. 2020a)).

The surface energy balance equation is

Gs = Rn �H � LsE � LfM (7.1)

where Rn is the net radiation absorbed by the surface (W m�2), H is the sensible

heat flux (W m�2), Ls is the latent heat of sublimation for water (J kg�1), E is the

sublimation rate (kg m �2), Lf is the latent heat of fusion for water (J kg�1) and M

is the melt rate (kg m�2 s�1). Gs is the ground surface heat flux at the base of the

snowpack and is expected to be small due to the low thermal conductivity of snow,

so is neglected here. Rn is calculated as

Rn = (1� a)SWsub + vsLW + (1� vs)�T
4
a � �T

4
s (7.2)

where a is the snow albedo (the value of this parameter is obtained through the cali-

bration process described in section 7.2.2), SWsub is the incoming shortwave radiation

below the canopy (W m�2), vs is sky view fraction, LW is the above-canopy incoming

longwave radiation (W m�2), � is the Stefan-Boltzmann constant (see Table 7.1), Ta

is the air temperature (K) and Ts is the surface temperature (K). SWsub is the sum

of the di↵use (SWdiff ) and direct (SWdir) components of shortwave radiation that

reach the snow surface below the canopy

SWsub = �SWdiff + ⌧dirSWdir (7.3)
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where ⌧dir is the transmissivity of direct radiation through the canopy (see Chapter

6.2 for more detail). The incoming shortwave radiation (SW ) is split into di↵use and

direct components according to dfrac, which is the di↵use fraction of SW such that

SWdiff = dfrac⇤SW and SWdir = (1�dfrac)⇤SW . Following Erbs et al. (1982),

dfrac is calculated as

dfrac = 1� (0.09Kt), if Kt  0.22

(7.4a)

dfrac = 0.95� 0.16Kt+ 4.39Kt
2 � 16.64Kt

3 + 0.34Kt
4
, if 0.22 < Kt  0.8

(7.4b)

dfrac = 0.165, if Kt > 0.8

(7.4c)

where Kt is the sky clearness parameter and is calculated as

Kt =
SW

I0 sin �
(7.5)

where I0 is the solar constant (= 1366 W m�2) and � is the solar elevation angle

(radians). The sublimation rate (E) of snow on the ground is calculated as (see

Chapter 5.2.2.3 for details on the sublimation of snow held in the canopy)

E = ⇢aCUc(Qsat �Qa) (7.6)

where ⇢a is the air density (kg m�3), C is a surface exchange coe�cient (the value of

this parameter is obtained through the calibration process described in section 7.2.2),

Uc is the sub-canopy wind speed (m s�1), Qsat is the specific humidity at saturation

and Qa is the specific humidity of air. The air density is calculated as

⇢a =
Ps

RairTa
(7.7)
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where Ps is the surface pressure (Pa) and Rair is the gas constant for dry air (Table

7.1). Qsat is calculated as

Qsat =
380.042e

22.4422(Ta�Tm)
Ta�0.964

Ps
(7.8)

where Tm is the melting point of snow (see Table 7.1).

Constant Value Description
cp 1005 Specific heat capacity of air (J K�1 kg�1)
k 0.4 von Karman constant
Lf 0.334 x 106 Latent heat of fusion for water (J kg�1)
Ls 2.835 x 106 Latent heat of sublimation for water (J kg�1)
Rair 287 Gas constant for dry air (J K�1 kg�1)
Rwat 462 Gas constant for water vapour (J K�1 kg�1)
� 5.67 x 10�8 Stefan-Boltzmann constant (W m�2 K�4)
Tm 273.15 Melting point (K)

Table 7.1: Physical constants

Qa is calculated from Qsat as

Qa = Qsat
RH

100
(7.9)

where RH is the observed relative humidity (%). The sensible heat flux (H) between

the snow surface and the atmosphere is calculated as

H = cp⇢aCUc(Ts � Ta) (7.10)

where cp is the specific heat capacity of air (J K�1 kg�1; Table 7.1) The incremental

change in temperature for each time step of length �t (3600 s) is found by solving

the surface energy balance equation (following Essery (2015)). First, writing

T
(n+1)
s = T

(n)
s + �Ts (7.11)
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then substituting this into equations 7.2, 7.6 and 7.10 and linearising in �Ts gives

R
(n+1)
n = R

(n)
n � 4�T (n)3

s �Ts (7.12)

E
(n+1) = E

(n) + ⇢aDCUc�Ts (7.13)

and

H
(n+1) = H

(n) + cp⇢aCUc�Ts (7.14)

where

D =
dQsat

dTs
=

LsQsat

RwatT
2
s

(7.15)

from the Clausius–Clapeyron equation. Rwat is the gas constant for water vapour

(Table 7.1). Taking equations 7.12, 7.13 and 7.14, and neglecting Gs, equation 7.1

becomes

�Ts =
R�H � LsE

(Cp + LsD)⇢aCUa + 4�Tsi
3 (7.16)

and it is first assumed that the melt rate, M , = 0. If this gives rise to a surface

temperature that exceeds the melting point (Tm = 273.15 K), then the fluxes are

recalculated using Ts = Tm and the snow melt rate may be calculated from

M =
Rn �H � LsE

Lf
(7.17)

The modelled snow mass on the ground (SWE) is then equal to the existing snow

mass on the ground, plus snowfall and less the change in mass due to sublimation

and melt, such that:

SWE
(n+1) = SWE

(n) + Sf�t� �t(E +M) (7.18)
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7.2.2 Snow model calibration

7.2.2.1 Field site and data description

The model was calibrated using observational data from the Intensive Observation

Area (IOA) at FMI-ARC (see Figure 5.1 for location). The site consists of relatively

sparse pine forest (h ⇡ 15 m) surrounding an open clearing in the forest that is

approximately 40 m in diameter. Automatic weather stations positioned in the open

area (67.361768 N, 26.633857 E; located approximately 5 m into the clearing and

away from the southern edge) and in the forest (67.361654 N, 26.634191 E; located

approximately 20 m south of the southern edge of the clearing) measure snow depth

in addition to air temperature and relative humidity. Snow depth measurements

are recorded every ten minutes using a Campbell Scientific SR50 sensor. The input

meteorological data are as described in Chapter 5.2.1.1.

The data used for this calibration covered seven winter periods from 2007 – 2014

inclusive. One year was taken as running from the start of October through to

the end of September the following year (e.g. 01/10/2007 – 30/09/2008) so as to

comfortably cover a full snow season of snow accumulation and melt within each

year. This is known as a ‘water year’ in cold regions hydrology; the snow that falls in

October in one calendar year is not available as runo↵ until the next year.

7.2.2.2 Calibration approach

The model simulates snow accumulation and melting processes along a transect, rep-

resenting a slice through the IOA clearing. Some model variables, such as canopy

height (h), are expected to vary along this transect according to the presence of a

forest canopy or not, and so are read in to the model from a ‘map’ file containing

di↵erent values for each variable depending on its position along the transect (Table
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7.2). For instance, h was assigned a value of 15 m for model grid points in the

simulated forest and 0 m in the clearing. The LAI for the forest was set equal to 2.2

following the calibration process described in Chapter 5, which focused on modelling

snow accumulation (see section 5.2.3 for further details on this). Values of vs were es-

timated using the PRICE model and followed the approach described in Chapter 6.3.3,

with the canopy metrics scaled to account for the taller trees surrounding the IOA

compared to those at the road site (average h =15 m vs. 11.34 m respectively).

Variable Description Value(s) Source
vs Sky view fraction Varied continuously along the

transect
PRICE model
(Section 6.3)

h Canopy height 15 m in forest & 0 m in open Essery et al.
(2016)

LAI Leaf area index 2.2 in forest & 0 in open Calibrated value
(Section 5.3.2)

fscale Friction velocity
scaling factor

Varied continuously along the
transect

BLASIUS model
(Chapter 4.4.2)

Uscale Wind speed scal-
ing factor

Varied continuously along the
transect

BLASIUS model
(Chapter 4.4.2)

Table 7.2: Transect map variable descriptions

Two parameters were identified as being most influential on snowmelt in the updated

model and therefore candidates for calibration: a, the albedo, and C, a surface

exchange coe�cient. Similar to the calibration process described in Chapter 5.2.3,

a random parameter search approach was used to reach an optimal parameter value

combination that would produce the best model fit to the data (based on minimising

the snow depth RMSE). The following value ranges were used for the parameter

search and were sampled from 200 times:

• a: 0.4 – 1

• C: 0 – 0.1

The calibration of the snow accumulation model in Chapter 5 found an ensemble

of optimal values for the snow density parameters A2 and ⇢ns, which were carried
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through to this chapter. The calibration described in this chapter was performed in

python and automated to loop through each value combination of the A2 and ⇢ns

parameter ensembles for each iteration of the above parameter search. This meant

that the model was run with a unique value combination for the four parameters

(a, C, A2 and ⇢ns) 12,800 times for the forest site and 7,000 times for the open

site.

7.2.3 Hypothetical gap scenarios

Three di↵erent gap widths were chosen for the hypothetical gap scenarios: 100 m,

30 m and 10 m. These widths are consistent with those chosen in Chapter 3 for the

hypothetical canopy wind flow simulations conducted with BLASIUS and represent

likely real-life linear gaps, for example those arising from natural resource extraction

or road building. The orientation of the gap relative to north was varied such that

the gaps ran E-W (-90�), N-S (0�), NE-SW (45�) and NW-SE (-45�). The snow

model was run with one year of meteorological data (see Chapter 5.2.1.1 for detailed

description) that covered the period 01/09/2009 – 30/08/2010. For simplification,

the single ‘best’ values of the snow density parameters A2 and ⇢ns were used rather

than the full ensemble of ‘good’ values (see Table 7.3).

For each gap scenario, the BLASIUS model was used to obtain scaling factors for

relating sub-canopy wind speed (at a height of 2 m) and surface friction velocity

to the observed 22 m height wind speed (see Chapter 4.4.2 for further detail on

this methodology). The wind-direction was assumed to be constant and from the

south. This meant that for E-W gap orientations the domains were consistent across

models as the simulated wind flows perpendicular to the line of the forest edge in both

BLASIUS and the snow model. For the N-S gap orientation the wind was scaled by

just two factors, depending on whether the transect point is in the canopy or the gap
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section. Extra steps were required for wind scaling across the gaps orientated at 45�

as the e↵ective gap distance travelled by wind flowing from the south is longer than

the gap width in the snow model. For example, for a gap of width 100 m orientated

at 45� the wind will flow across an opening of 100 m / cos 45� ⇡ 141 m. The wind

scaling factors then needed to be projected on to the original gap width and these

points interpolated between to produce a transect with even 0.5 m spacing.

Parameter Forest Gap
A2 (m�3 kg�1) 0.0289 0.0289
⇢ns (kg m�3) 48.88 119.95
a 0.92 0.82
C 0.0013 0.0063

Table 7.3: Calibrated parameter values used for the hypothetical gap scenarios

7.3 Results

7.3.1 Calibration results

7.3.1.1 IOA forest site

At the forest measurement site, the random parameter search found that values of

a = 0.92 and C = 0.0013 produced the lowest RMS error in the simulated snow

depth (RMSE = 0.064 m; Figure 7.2; Table 7.4).

Parameter Forest site Open site
a 0.92 0.82
C 0.0013 0.0063

Table 7.4: Calibrated parameter values

The model was run against the calibration data set (2007 – 2011) with these optimised

parameter values for a and C and the ensemble of ‘good’ value combinations of A2
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Figure 7.2: IOA forest measurement site calibration results from a random parameter search
to find the optimal values for parameters a and C. Parameter values resulting in a snow
depth RMSE > 0.1 m are shown with pale blue points, dark blue points indicate where the
depth RMSE is < 0.1 m, and the orange point in each subplot shows the parameter value
with the lowest associated error in the modelled snow depth.

and ⇢ns. The resultant ensemble of snow depth simulations produce a reasonable

match to the observed depths 7.3. The ensemble mean underestimates observed

snow depths in the first two years but is very close to the observations made in the

second half of the calibration period. In all four years the timing of the onset of the

main melting period in the spring is predicted accurately and the snow disappearance

date is consistent between the simulations and observations. The RMSE of the mean

ensemble simulated snow depth is 0.11 m.

As can be seen in Figure 7.4, the model continues to perform well when run against

the evaluation data set (2011–2014) with a RMSE of 0.12 m for the ensemble mean.

There is a consistent underestimation of the snow depth in the final year, with the

observations lying just outside the range of values predicted by the model ensemble. In

the first two years, the ensemble encapsulates most of the observed snow depths and

the mean model ensemble provides a good match in many instances (e.g. Feb–May

2012). As seen with the calibration data set, the observed timing of the onset of
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Figure 7.3: Ensemble model run following calibration with the IOA forest site observational
snow depth data (2007 – 2011). The model was run with an ensemble of ‘good’ value
combinations of the snow density parameters A2 and ⇢ns (see Chapter 5). The mean of
this ensemble is shown by the solid blue line, the light blue and dark blue shaded areas
represent the full range and inter-quartile range of the model ensemble respectively. The
orange dots are the observed snow depth. The RMSE of the mean ensemble simulated
snow depth is 0.11 m.

melting and melt rate is closely matched by the simulated snow behaviour.

7.3.1.2 IOA open site

At the open measurement site, the random parameter search found that values of

a = 0.82 and C = 0.0063 produced the lowest RMS error in the simulated snow

depth (RMSE = 0.039 m; Figure 7.5; Table 7.4).

Using these optimised values for a and C, the simulated snow depths closely follow

the pattern of observed depths during the calibration period (Figure 7.6). As at the

forest site, the calibrated model provides an accurate prediction of the onset and rate

of melting in the spring, and the mean model ensemble provides a good match to the

observed depths (RMSE = 0.07 m).

The calibrated model continues to perform well under validation with a new data set
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Figure 7.4: Evaluation of the calibrated snow model with observational snow depth data
from the IOA forest site (2011 – 2014). The model was run with an ensemble of ‘good’
value combinations of the snow density parameters A2 and ⇢ns (see Chapter 5). The mean
of this ensemble is shown by the solid blue line, the light blue and dark blue shaded areas
represent the full range and inter-quartile range of the model ensemble respectively. The
orange dots are the observed snow depth. The RMSE of the mean ensemble simulated
snow depth is 0.12 m.

Figure 7.5: IOA open measurement site calibration results from a random parameter search
to find the optimal values for parameters a and C. Parameter values resulting in a snow
depth RMSE > 0.1 m are shown with pale blue points, dark blue points indicate where the
depth RMSE is < 0.1 m, and the orange point in each subplot shows the parameter value
with the lowest associated error in the modelled snow depth.
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Figure 7.6: Ensemble model run following calibration with the IOA open site observational
snow depth data (2007 – 2011). The model was run with an ensemble of ‘good’ value
combinations of the snow density parameters A2 and ⇢ns (see Chapter 5). The mean of
this ensemble is shown by the solid blue line, the light blue and dark blue shaded areas
represent the full range and inter-quartile range of the model ensemble respectively. The
orange dots are the observed snow depth. The RMSE of the mean ensemble simulated
snow depth is 0.07 m.

(Figure 7.7). The mean model ensemble RMSE is 0.11 m and the model both over-

and under-estimates the observed snow depths across the evaluation time period.

There is consistent under-prediction of the depth at the start of each snow season,

aside from this the observations generally fall within the ensemble range. The timing

and rate of melting in the spring continues to be consistent between model and

measurements.
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Figure 7.7: Evaluation of the calibrated snow model with observational snow depth data
from the IOA open site (2011 – 2014). The model was run with an ensemble of ‘good’
value combinations of the snow density parameters A2 and ⇢ns (see Chapter 5). The mean
of this ensemble is shown by the solid blue line, the light blue and dark blue shaded areas
represent the full range and inter-quartile range of the model ensemble respectively. The
orange dots are the observed snow depth. The RMSE of the mean ensemble simulated
snow depth is 0.11 m.
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7.3.2 Forest gap scenarios results

7.3.2.1 Gap width a↵ects spatial distribution of melt patterns

The simulated snow mass accumulates sooner and at a greater rate within the gap

compared to under the forest canopy. For example, in the scenario with a 100 m

gap running E-W (Figure 7.8.a), the sub-canopy SWE reaches a peak of 121.9 mm

in the southern section and 118.9 mm in the northern section at the end of March.

In contrast, the maximum snow mass in the gap is higher (227.2 mm) and occurs

over a month later on 6th May (Table 7.5). The snow accumulation appears uniform

across all three gap widths (Figure 7.8) but in the case of the 100 m gap, the spatial

distribution of melting produces an asymmetric pattern with the snow on the northern

side of the gap melting soonest and fastest. The sub-canopy snow also melts faster

in the northern-most canopy section immediately following the gap, compared to

the southern section of forest. The snow persists for longest within the gap on the

southern side, with a final snow disappearance date of 20th June approximately 28 m

south of the gap centre.

Max SWE
(mm)

Date of max SWE
(2010)

Disappearance date
(2010)

100 m
S. canopy 121.9 30th March 16th May
Gap 227.2 6th May 20th June
N. canopy 118.9 30th March 15th May
30 m
S. canopy 122.0 30th March 16th May
Gap 222.0 3rd May 10th June
N. canopy 120.6 30 March 16th May
10 m
S. canopy 121.7 30th March 16th May
Gap 219.5 4th April 31st May
N. canopy 121.0 30th March 16th May

Table 7.5: Maximum SWE at three points along the modelled transect: -150 m from the
gap centre (South canopy), 150 m from the gap centre (North canopy) and the point in
the gap where the maximum SWE occurs (Gap), which varies across each scenario.
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The asymmetry in the simulated snow mass across the 100 m gap is not observed to

the same extent with the narrower gap scenarios (Figure 7.8b. & c.). The snow in

the 30 m gap melts more evenly along the transect although not uniformly (Figure

7.8b.). The melt rate is greatest at the edges of the 30 m gap and the snow persists

for longest to the south of the gap centre, although this di↵erence is more subtle

than seen with the 100 m gap scenario. Of the three gap widths, the snow melts

fastest in the 10 m gap (Figure 7.8c.). There is a gradual transition from the more

uniform pattern of melting seen with the 30 m gap, and the wider 100 m gap; Figure

A.3 (Appendix A.5) shows further details of this with gap widths of 50, 60, and

70 m.

208 Ph.D. R.L. Milodowski



CHAPTER 7. SIMULATING SNOW ACCUMULATION AND MELT ACROSS
LINEAR FOREST CLEARINGS

Figure 7.8: Simulated SWE across three forest gaps orientated E-W and with widths of (a)
100 m, (b) 30 m and (c) 10 m. The wind is directed from the south and so flows along
the transect from left to right in these panels. The edges between the canopy and gap are
shown by the dashed black lines. The horizontal distance is given in terms of distance from
the centre of the gap and the horizontal axes are di↵erent between the panels for clarity of
presentation across di↵erent widths.
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7.3.2.2 Gap orientation can influence both accumulation and melting of

snow

If the 100 m gap is rotated so that it is orientated N-S there is a uniform distribution of

snow mass across the gap (Figure 7.9). Less snow accumulates in the gap compared

to when the gap is orientated E-W (Maximum SWE of 195.3 mm at the start of April

vs. 227.2 mm at the start of May). The sub-canopy snow mass is consistent between

the two scenarios, with a peak of 122 mm SWE at the end of March when the gap is

orientated N-S. The snow in the N-S gap disappears abruptly and uniformly across the

gap in mid-May (19th), almost concurrently with the sub-canopy snow (16th).

Figure 7.9: Simulated SWE across a 100 m forest gap orientated N-S. The wind is directed
from the south and the edges between the canopy and gap are shown by the dashed black
lines.

Orientating the 100 m gap 45� (Figure 7.10 a.) and -45� (Figure 7.10 b.) gives

very similar spatial patterns of simulated SWE. As with the E-W lying 100 m gap, the

greatest snow mass is found on the southern side of the gap (approximately 15 m into

the gap from the canopy edge in these scenarios). The simulated snowpack persists
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for longest at this location, disappearing on 19th and 20th June for the -45� and 45�

scenarios respectively.

Figure 7.10: Simulated SWE across a 100 m forest gap orientated (a) NE-SW (45�) and
(b) NW-SE (-45�). The wind flow direction is from south to north and the gap edges are
shown by the black dashed lines.

7.3.2.3 Turbulent fluxes drive the spatial patterns of melt

Setting the surface exchange coe�cient (C) to zero e↵ectively stops any turbulent

exchange of energy within the model. For example, the 100 m gap (E-W) scenario

now looks rather di↵erent (Figure 7.11.a vs. Figure 7.8.a). The melt rate becomes
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much more uniform across the gap, indicating that the asymmetrical spatial pattern of

melt seen in Figure 7.8.a is strongly dependent on the turbulent fluxes across the gap,

which are driven by the sub-canopy wind speeds. Figure 7.11.b shows the increase in

simulated snow mass when C = 0. The dominant e↵ect of removing turbulent fluxes

is to slow the melting of the snow in the northern half of the gap so that the melt

rate matches the rest of the gap (aside from the snow at the edges of the gap, which

melts fastest). The snow mass underlying the canopy to the north of the gap is also

greater when C = 0, indicating that the influence of the gap extends beyond its edge

and into the downwind section of forest. With the narrower gap widths, the e↵ect of

setting C to zero is less pronounced, with a maximum di↵erence in SWE of 39.1 mm

and 25.5 mm for the 30 m and 10 m gap scenarios respectively (see Appendix A.5,

Figures A.4 & A.5).
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Figure 7.11: (a) Simulated SWE across a 100 m canopy gap orientated E-W with the surface
exchange coe�cient C = 0. (b) The di↵erence between the 100 m E-W gap scenario with
and without the turbulent exchange of energy included within the model. This shows the
relative increase in the snow mass if melting due to turbulent fluxes is ignored. The dashed
black lines in both panels show the location of the gap edges.

7.3.2.4 Radiative fluxes provide a secondary influence on snow melt

Changing the modelled shortwave radiation to all di↵use (dfrac = 1) reduces the

snow mass on the southern edge of the gap during the end of the melt period and

results in greater amounts of snow at the northern edge of the gap and into the canopy

(Figure 7.12). If all shortwave radiation is modelled as direct radiation (dfrac = 0),
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the situation is reversed and there is greater snow mass at the southern edge of the

gap, with lower values of simulated SWE at the northern edge (Figure 7.13). This

reflects the shading e↵ect of trees at the southern gap edge and the exposure of snow

to direct radiation at the northern edge.

Figure 7.12: (a) Simulated SWE across a forest transect with a 100 m gap orientated
E-W, with all shortwave radiation modelled as di↵use radiation. (b) The di↵erence in SWE
between the above ‘all di↵use’ scenario and the original scenario with the shortwave radiation
split into di↵use and direct components. A positive SWE value (shown in red) indicates
that there is greater snow mass in the ‘all di↵use’ scenario, and a negative (shown in blue)
SWE value means that there is less snow mass (i.e. greater melting) in this scenario. In
both panels, the wind flows from the south (left to right) and the canopy edges are shown
by the black dashed lines.
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Figure 7.13: (a) Simulated SWE across a forest transect with a 100 m gap orientated
E-W, with all shortwave radiation modelled as direct radiation. (b) The di↵erence in SWE
between the above ‘all direct’ scenario and the original scenario with the shortwave radiation
split into di↵use and direct components. A positive SWE value (shown in red) indicates
that there is greater snow mass in the ‘all direct’ scenario, and a negative (shown in blue)
SWE value means that there is less snow mass (i.e. greater melting) in this scenario. In
both panels, the wind flows from the south (left to right) and the canopy edges are shown
by the black dashed lines.

Setting the albedo equal to 1 removes the e↵ect of shortwave radiation from the

simulations (Figure 7.14). The asymmetrical pattern of snow melt across the gap

persists (melt rate is slower on the southern side of the gap) and the snow lasts much

longer in the year than when the albedo is lower. Further to the results presented
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in section 7.3.2.3 this also shows that the observed spatial pattern of melting is not

determined by the shading of trees, although this would act to reinforce the pattern

set by the turbulent fluxes.

Figure 7.14: (a) Simulated SWE across a forest transect with a 100 m gap orientated E-W,
with albedo = 1. (b) The di↵erence in SWE between the above scenario with albedo = 1
and the original scenario with the albedo set to the calibrated values (0.92 in the forest and
0.82 in the gap). A positive SWE value (shown in red) indicates that there is greater snow
mass in the albedo = 1 scenario. In both panels, the wind flows from the south (left to
right) and the canopy edges are shown by the black dashed lines.
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7.3.2.5 Canopy density a↵ects the accumulation and melting of snow

With a narrower gap (width = 30 m), reducing the LAI to 1 gives rise to greater

snow mass both under the canopy (due to reduced interception) and within the gap

(Figure 7.15.a and Table 7.6). Conversely, increasing the LAI to 4 reduces the snow

mass across the transect (Figure 7.15.b). The snow lasts longer when the LAI = 1

and the snow in the centre of the gap is most persistent; there is a larger di↵erence

between the melt rate at the edges and the centre of the gap than with higher values

of LAI. There is less of a marked di↵erence when the LAI = 4, although the snow

melts fastest at the northern edge of the gap. The higher the LAI, the earlier the

snow within the gap finishes melting. The within-gap snow disappears by the 29th

May with an LAI of 4, whereas it persists until the 17th June with an LAI of 1

(Table 7.7).

In the 100 m canopy gap (E-W) scenario, an LAI of 1 results in greater snow

mass under the canopy but the maximum SWE in the gap is lower compared to the

scenarios with a higher canopy density scenarios (Figure 7.16.a and Table 7.6). The

snow persists for longest on the southern side of the gap when the LAI = 1, whereas

this area of more persistent snow is shifted along closer to the gap centre as the LAI

increases (Figures 7.16 & 7.16).
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Figure 7.15: Simulated SWE across a 30 m gap in a forest canopy with (a) LAI = 1, and
(b) LAI = 4. In both panels, the wind flows from the south (left to right) and the canopy
edges are shown by the black dashed lines.
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Maximum SWE and date of occurance
Gap width LAI South canopy Gap North canopy

30 m

1 143.2 mm 225.8 mm 141.1 mm
30/03/2010 03/05/2010 30/03/2010

2.2 122.0 mm 222.0 mm 120.6 mm
30/03/2010 03/05/2010 30/03/2010

4 108.1 mm 217.0 mm 107.7 mm
30/03/2010 04/04/2010 30/03/2010

100 m

1 142.7 mm 221.0 mm 137.6 mm
30/03/2010 03/05/2010 30/03/2010

2.2 121.9 mm 227.2 mm 118.9 mm
30/03/2010 06/05/2010 30/03/2010

4 108.1 mm 226.9 mm 106.7 mm
30/03/2010 06/05/2010 30/03/2010

Table 7.6: Maximum SWE at three points along the modelled transect: -150 m from the
gap centre (South canopy), 150 m from the gap centre (North canopy) and the point in
the gap where the maximum SWE occurs (Gap), which varies across each scenario.

Date of snow disappearance (2010)
Gap width LAI South canopy Gap North canopy

30 m
1 18th May 17th June 17th May
2.2 16th May 10th June 16th May
4 13th May 29th May 12th May

100 m
1 18th May 12th June 16th May
2.2 16th May 20th June 15th May
4 13th May 20th June 11th May

Table 7.7: Date of snow disappearance at three points along the modelled transect: -150 m
from the gap centre (South canopy), 150 m from the gap centre (North canopy) and the
point in the gap where the snow persists for the longest (Gap), which varies across each
scenario.
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Figure 7.16: Simulated SWE across a 100 m gap in a forest canopy with (a) LAI = 1, and
(b) LAI = 4. In both panels, the wind flows from the south (left to right) and the canopy
edges are shown by the black dashed lines.
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7.4 Discussion

7.4.1 Calibration

The first section of this chapter addressed the calibration and evaluation of the sim-

plified snow model. This ‘final’ version of the model had all components present

(as detailed in Chapters 5.2.2 and 7.2.1) such that a full winter period of snow ac-

cumulation and ablation may be simulated. Observational data from FMI-ARC was

utilised for this task, including point measurements of snow depth from both within

the clearing and within the adjacent forest at the IOA site, and meteorological data

from the AWS (section 7.2.2.1). The calibration process focused on two parameters

that influence the modelled snow melt dynamics: albedo (a) and the exchange coef-

ficient C. Optimal values were found for these parameters that minimise the RMS

error in the simulated snow depth. The resultant model setup was able to reproduce

the snow depths observed at the IOA with an ensemble mean of 0.12 m at the forest

site and 0.11 m at the open site when run with the evaluation data sets (section

7.3.1).

Contrary to expectation, the optimal value of sub-canopy albedo in the forest is higher

than in the clearing (0.92 vs. 0.82). Natural matter such as tree branches that fall

to the forest floor act to reduce the albedo of the sub-canopy snow surface. One

would therefore expect the albedo to be higher in the clearing as it is less likely to

have debris (Hardy et al. 1998, Melloh et al. 2002). The e↵ect of albedo in the model

is to modify the e↵ective shortwave radiation driving melting in the snow pack (see

Equation 7.2). Therefore, a higher than expected albedo calibrated at the forest site

(or lower than expected albedo at the clearing site) may be compensating for potential

di↵erences between the incoming shortwave radiation received at the meteorological

station compared to the snow measurement sites, rather than reflecting site-specific

di↵erences in the actual reflectance of the snow surface.
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As with the calibration of the snow accumulation related parameters, point measure-

ments of snow depth were used for the calibration rather than measurements along a

gap transect. Therefore, whilst the model was shown to perform well within a forest

setting or open clearing setting, it was not possible to evaluate it’s performance in a

spatially distributed way. It has to be assumed that the model will simulate the inter-

mediate conditions in a satisfactory way. Evaluation of the shortwave and longwave

radiation models with observational data from a measurement transect across a forest

gap at FMI-ARC in Chapter 6.4 helped show the suitability of these models used for

capturing the key patterns in the radiative fluxes across a forest discontinuity. If this

calibration was to be repeated then it would be interesting to obtain a more spatially

distributed snow data set rather than just point measurements. Ideally this data set

would span the width of a forest gap and into the the canopy either side, with regular

measurement points along this. This would enable a better constraint on the model

calibration and it’s ability to replicate real-life snow melt dynamics across a forest

discontinuity.

The calibration of the accumulation-only snow model resulted in an ensemble of ‘good’

values for the snow density parameters A2 and ⇢ns. However, for the subsequent gap

scenario simulations only a single ‘best’ value was used for these parameters for

simplification purposes. With more time, the full ensemble of value combinations for

A2 and ⇢ns could be run with the snow model to give a better idea of the uncertainty

in the results.

7.4.2 Gap scenarios

I explored sub-canopy snow dynamics within a series of forest gap scenario experi-

ments. Specifically, I tested the impact of radiative and turbulent energy fluxes, gap

width and orientation, and canopy density on the accumulation and melting of snow
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over the winter season (Figure 7.17).

The spatial distribution of turbulent fluxes across the gap controls the asymmetric

pattern of snowmelt observed with the wider gaps (from �50 m). Removing these

fluxes of energy from the model (by setting the turbulent exchange coe�cient C

to zero) led to a much more even distribution of melt rates across the gap (Figure

7.11 a.). Looking at the di↵erence between the scenarios with and without turbulent

fluxes (Figure 7.11 b.), it can be seen that the turbulent exchange of energy reduces

the snow mass across the gap from just south of the centre to the northern edge

of the gap. It also gives rise to faster melt rates within the northern canopy section

compared to the sub-canopy snow to the south of the gap.

Sub-canopy wind speed is a driver of the modelled turbulent fluxes (see Equations

7.6 & 7.10); turbulent heat fluxes will melt more snow where sub-canopy wind speeds

are higher. As a result, the spatial pattern of snowmelt follows the variation in wind

speed across the wider gaps, which is not symmetrical. As was found in Chapter 3,

wind speeds within a 100 m gap increase as the wind flows across the gap and adjusts

to the reduction in drag (Figure 3.1 i.). In the 100 m gap scenarios in this chapter,

snowmelt occurred sooner on the downwind (northern) side of the gap where the

sub-canopy wind speeds are highest (Figure 7.8 a.). Whereas with a narrower canopy

opening, such as in the 30 m gap scenario, the wind flow does not have enough space

to adjust to the change in boundary conditions as it moves across the gap and so

there is not the same degree of variation in the sub-canopy wind speed (Figure 3.1 j.).

This is mirrored in the more even pattern of melting across the 30 m and 10 m gaps

(Figure 7.8 b. & c.).

In contrast, the shortwave radiative fluxes to the snow provide a secondary influence on

snowmelt dynamics, particularly at the northern edge of the gap. It is generally well-

established that shade from direct solar radiation provided by trees at the southern

edge of a gap acts to preserve the snowpack for longer, whilst snow towards the
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northern edge of the gap is exposed to higher levels of direct solar radiation, which

acts to advance melt (Lawler & Link 2011, Musselman et al. 2015). This would also

be expected to lead to an asymmetric melt pattern. However, we see a more complex

interplay of the energy fluxes in the wider gap scenarios presented here. When all

shortwave radiation is reflected from the snow surface (by setting albedo equal to one)

the asymmetry in melting across the 100 m gap is still observed, supporting the idea

that the turbulent fluxes are determining the pattern of melt in this scenario (Figure

7.14 a.). Looking at the di↵erence in SWE as a result of ignoring shortwave radiative

fluxes, we see that there is greater snow mass on the ground with no shortwave

radiation (Figure 7.14 b.). It could be expected that this increase in mass would be

concentrated at the northern side of the gap, where typically there is most melting

from direct shortwave radiation, but the increase follows the spatial distribution set

by the turbulent fluxes (i.e. most increase in SWE towards the southern edge).

Typically cloudy conditions at Sodankylä mean that the incoming shortwave radiation

is predominantly di↵use over the melting period, which reduces the influence of direct

shading by trees. As the highest wind speeds are at the northern edge of the gap

this is where the turbulent heat flux is highest and in this case appears to dominate

the melt energy balance, so that removing the melting e↵ect of shortwave radiation

does not lead to large increases in snow mass on this side of the gap. Whereas on

the southern side of the gap, wind speeds are lower and so the shortwave radiative

fluxes account for a greater proportion of the melt energy, hence the larger snow mass

gains in this region of the gap from removing shortwave radiation. These findings

highlight the importance of turbulent fluxes in setting the melt timings within the

gaps modelled here.

The canopy density determines the amount of sub-canopy snow accumulation and

modulates the snowmelt patterns set by the energy fluxes across the gap. For instance,

increasing the LAI reduces the maximum SWE on the ground in the forest as more

snowfall is intercepted by the canopy (Table 7.6). Within the gap it is more complex
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due to the interaction of di↵erent processes. Adjusting the LAI does not change

the broad asymmetrical pattern of snowmelt across the gap, although there are small

scale variations in the melt rates, particularly in the southern half of the gap where

the most persistent section of snowpack lies. Looking again at the widest gap (100 m

E-W), increasing the LAI gives lower wind speeds within the gap (see Chapter 3.3.3),

which suppress the turbulent fluxes compared to lower LAI scenarios and results in

slower melt rates (Figure 7.16). Increasing the LAI also has the e↵ect of reducing the

sky view fraction (vs) and so decreases the di↵use radiation energy input for melting,

particularly towards the edges of the gap where the canopy has the potential to occupy

more of the sky view. Both of these e↵ects lead to later snow disappearance dates in

the 100 m gap with an LAI of 4, compared to the same gap with lower LAI values

(Table 7.7).

Within the model, the balance between turbulent fluxes and radiative fluxes is also

set by the parameters C and a (see Equations 7.6, 7.10 & 7.2). For instance the

asymmetrical melt pattern would likely become more prominent for larger values of C,

and lower values of a would increase the importance of the shortwave radiation. This

highlights the importance of getting these parameters within a realistic range via the

calibration process. A sensitivity study where the snow model is run with an ensemble

of ‘good’ values for those parameters (e.g. giving snow depth RMSE < 0.1 m) would

be interesting to see how the resultant melt patterns di↵ered depending on the value

combination of C and a.

The results from the gap scenario simulations presented in this chapter suggest that

further work on representing the distribution of turbulent energy exchange and the

influence of this on snowmelt patterns across a forest–clearing environment would

be a worthwhile endeavour. Often radiative fluxes are considered to be the primary

influence on snow melt dynamics in forest settings and so there is a large body

of research on this aspect of the energy balance for snowmelt (Link & Marks 1999a,
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Sicart et al. 2006, Lawler & Link 2011, Musselman et al. 2015). Sub-canopy turbulent

fluxes have been studied to a far lesser degree. Lower wind speeds typically found

under forest canopies when compared to open environments usually means reduced

turbulent exchange. As a result, and because of challenges in making sub-canopy

measurements, turbulent fluxes to snow on the forest floor have been considered of

minor importance relative to radiative fluxes and so have not been subject to much

study (Conway et al. 2018, Hardy et al. 1998, Link & Marks 1999a, Marks et al.

2008). This is particularly so in discontinuous forests where there are transitional

environments to consider that are neither fully forested nor fully open.

Mazzotti et al. (2020b) introduced simple wind-scaling to the FSM2 modelling frame-

work to improve the representation of sub-canopy wind speeds (‘enhanced FSM2’).

They found that the di↵erence in the turbulent fluxes between the two versions of the

model gave rise to a considerable impact on the timing of melt-out. They highlight

a need for more observational data from which to evaluate simulations of sub-canopy

turbulent fluxes. As the modelled turbulent fluxes are dependant upon sub-canopy

wind speeds and air and surface temperatures (see Equations 7.6 and 7.10), these

would be useful variables to collect spatially detailed measurements of. Combined with

spatially distributed measurements of snow mass along a forest gap transect spanning

the snowmelt period, this would provide a better constraint on the calibration of the

model and resultant hypothetical gap scenarios.

7.4.3 Localised solar heating of canopy elements

The simple model used here does not take into account localised heating of canopy

elements, for instance solar heating of the exposed trunks at the northern edge of the

gap on sunny days. Figure 7.18 shows how the snow melts out fastest on the sunlit

side of the clearing at the IOA site. The direct shortwave radiation is at maxima
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here and often this can be a localised ‘hot spot’ where the longwave radiation is

also at maxima due to solar heating of the trees at the forest edge (Lawler & Link

2011). This has been found to give trunk temperatures of up to 25�C higher than

locally measured air temperatures (Webster et al. 2016). Therefore there is the

potential for greater energy to be available for melting snow from longwave radiation

emitted by solar-heated trunks than would be simulated by the model for longwave

radiation used here. The spatial pattern of snowmelt could also be expected to be

altered as it is commonly observed that melting initiates within the snow immediately

surrounding trunks, which can lead to greater small-scale variability in melt rates (as

seen in Figure 7.18). In order to include the e↵ect of solar heating of the canopy on

the northern side of the gap, the modelled canopy would need to be considered as

more than one emitting layer and detailed field data on individual trunk temperatures

and air temperatures immediately surrounding individual trees would be required to

parameterise this, which was beyond the scope of this particular project.

7.4.4 Further limitations

Other limitations to the modelling work presented here are similar to those encoun-

tered in previous chapters relating to the use of simplified representations of the forest

canopy. For example, the BLASIUS model, which gives the sub-canopy wind speed

and friction velocity scaling, represents the canopy on either side of the gap as ho-

mogeneous with uniform height and density. The PRICE model uses a more varied

artificial forest to generate vs values, where trees are located randomly in space with

varied canopy metrics such as height, crown width and foliage density. However,

there is still a simple geometric representation of the tree structure, which in reality

would have a more complex and varied canopy architecture. The margin between the

canopy and the gap within the models is abrupt but in an actual forest clearing the

edge may not be as clearly defined and there may be sections of regrowth blurring the
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transition from forest to open environment. This would lead to finer scale variations

in the processes modelled here and the resultant spatial patterns of accumulation and

melt, particularly at the gap edges. However, the broader scale patterns observed

with the gap scenarios can still be held as a general guide to the kind of physical

response we might expect from introducing a discontinuity such as a road or track

into a boreal forest environment.

7.5 Conclusion

Using 7 years of observational data from FMI-ARC in northern Finland a simple snow

model was calibrated at two di↵erent sites (the IOA forest site and IOA clearing site).

The calibrated model was shown to perform well at both sites, with RMS errors in

the simulated snow depth of 0.12 m (forest) and 0.11 m (clearing) during the model

evaluation stage.

The calibrated model was then used to undertake a series of hypothetical gap scenario

simulations to explore the influence of gap and canopy characteristics on snow accu-

mulation and ablation across a forest gap. The sensitivity of these snow dynamics to

the incoming radiative and turbulent fluxes was also investigated.

It was found that the spatial distribution of snowmelt patterns were most sensitive

to the modelled turbulent fluxes, which in turn are influenced by factors such as the

gap width and the canopy density. The wider gaps (�50 m) had an asymmetric

pattern of snowmelt with melt occurring sooner towards the northern edge of the gap

and persisting for up to a month longer towards the southern edge. This asymmetry

follows the sub-canopy wind speeds across the gap, with higher speeds leading to

greater turbulent heat fluxes and therefore melting. Shortwave radiative fluxes are

most influential in the southern half of the 100 m gap, where wind speeds and therefore
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turbulent fluxes are low. The canopy density provides a modulating e↵ect on the snow

dynamics, enhancing or reducing the snowmelt via changes to the wind speed and

sky view fraction.

Scope for further work includes: collecting spatially distributed measurements of sub-

canopy wind speeds, air temperature, surface temperature and SWE across a linear

forest clearing to better constrain the model calibration, and inclusion of localised

solar heating of canopy elements such as tree trunks on the exposed (north) edge of

the gap within the model framework.

As forests become increasingly fragmented, improving our ability to represent these

processes within a modelling framework will be increasingly valuable to understanding

the environmental impact of linear clearings.
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Figure 7.18: Photographs of melting snow cover at the IOA site (06/05 – 16/05 2010).
Sub-canopy snow often melts first around the heated trunks of trees, as shown by the
progression of images from left to right. Also shown here is the faster melt rate on the
north side of the gap (towards the right hand side of each image), which is more exposed
to direct solar radiation than the shaded southern edge. Images were taken at 12:00
from the 48 m high tower at the IOA. These and more recent images are available at:
https: // litdb. fmi. fi/ ioa0010_ data. php/
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Chapter 8

Conclusion

8.1 Summary of findings

The aims for this thesis were to explore how patterns of sub-canopy wind flow and

radiative fluxes vary across linear forest gaps, and the impact of these on the spatial

and temporal distribution of snow accumulation and melt processes.

The objectives for achieving these aims were to:

• Explore how sub-canopy wind flow is modified by linear clearings within the

forest canopy and investigate how gap width and canopy characteristics, such

as height and density, may influence these flow patterns (Chapter 3).

• Calibrate and evaluate the ability of a Reynolds-Averaged Navier Stokes wind

flow model (BLASIUS (Wood & Mason 1993, Wood 1995)) to capture observed

wind behaviour across a canopy edge (Chapter 4).

• Produce a simple linear model relating sub-canopy wind speeds and friction

velocities to above-canopy wind speed measurements in order to facilitate the
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integration of these variables into a snow model for accumulation and melt-

ing.(Chapter 4).

• Calibrate and evaluate a simplified forest snow model (FSM2 (Mazzotti et al.

2020a)) to represent snow accumulation and melting in a boreal forest setting

(Chapters 5, 6 & 7).

• Bring the simple wind and snow models together to simulate snow accumu-

lation and melting processes across hypothetical forest gaps of varying width,

orientation and canopy density (Chapter 7).

The work in this thesis utilised observational data from the FMI-ARC research station

in northern Finland. This site has a flat topography and is characterised by a mixture

of boreal forest (typically Scots pine and birch tree species) and some open bog.

The data came from a variety of sources: my own measurements (collected in April

2016), long-running observations at FMI-ARC (spanning 2007–2014), data collected

by other researchers such as Reid et al. (2014) and Mazzotti et al. (2020b).

The main findings from this thesis were:

1. Sub-canopy wind flow is modified by the presence of a forest gap, as the wind

adjusts to the change in the lower boundary conditions. Notable features of

the wind flow within the widest gap (100 m wide) include a general increase in

wind speeds below the canopy height as the wind flows across the gap and a

zone of recirculating air as the wind enters the gap (Chapter 3).

2. Of the gap sizes investigated, only the widest gap (100 m wide) was wide

enough for the air flow to adjust fully to the new boundary condition. For

narrower gaps, the perturbation to the flow was smaller. Canopy characteristics

have a secondary influence on sub-canopy wind flow. Taller trees accentuate

the region of reversed wind flow and faster flowing air above the canopy is not
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drawn down as deeply down into the gap. A denser forest canopy results in

greater vertical velocities at the canopy edges. Reducing the canopy density

results in higher overall wind speeds across the domain. (Chapter 3).

3. It was possible to use simple linear models to relate sub-canopy wind speeds

and friction velocities across the model domain to above-canopy wind speed

observations (Chapter 4).

4. Considering snow dynamics across forest gaps, I found that in general, greater

snow accumulation occurs within the gaps and that this snow persisted for

longer when compared to the sub-canopy snowpack (Chapter 7).

5. Turbulent fluxes drive the spatial pattern of snowmelt across a gap. They can

lead to an asymmetric distribution of melting across wider gaps (� 50 m), with

greater melting towards the exposed downwind edge and a patch of persistent

snow towards the sheltered upwind edge (Chapter 7).

6. Simulated snowmelt patterns correlate with the sub-canopy wind speeds across

the gap (Chapter 7). Higher wind speeds mean greater fluxes of sensible heat,

which leads to greater melting. Narrower gaps ( 30 m) are not wide enough

for the wind flow to adjust to the gap in the canopy, so there is not the same

increase in speeds across the gap as in the wider scenarios, hence turbulent

fluxes are lower, and the melting is more evenly distributed across the narrower

gap transects.

7. Radiative fluxes provide a secondary influence on simulated snow melt (Chapter 7).

Sub-canopy shortwave radiation was most influential in the windward side of

the gap where the turbulent fluxes are lower due to low wind speeds.
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8.2 Importance and wider implications for boreal

hydrology and ecology

These findings demonstrate that gaps in forest canopies impact both local wind flow

and snow dynamics. There is a global trend towards increasingly fragmented forests

(Haddad et al. 2015, Watson et al. 2018), often linked to human development such as

the creation of road networks (Kuklina et al. 2021). As a result, linear clearings may

become increasingly prevalent within these landscapes. Other modes of disturbance,

such as fire and wind-throw events, can also create large canopy gaps that will alter

local meteorological conditions (McCarthy 2001). Understanding the role that gaps

play in modifying the local environment of these disturbances is important for future

forest management aiming to mitigate as far as possible any negative impacts of

future fragmentation.

Forest gaps are generally associated with greater snow mass that persists for longer

in the melting season, particularly in the parts of the gap that are sheltered from the

prevailing wind direction (Chapter 7). The persistence of snow has the potential to

impact on local streamflow, in terms of the rate and timing of melt. A single isolated

road through an otherwise undisturbed forest may not have a notable influence on the

local hydrology beyond its immediate location. However, where there are networks

of road or access tracks the cumulative e↵ect could be more significant. Patches of

persistent snow within a clearing will also act to increase the surface albedo relative to

continuous canopy. Within heavily fragmented landscapes, particularly if the clearings

are wide, this could contribute towards regionally significant changes in the surface

energy balance during the spring melting period.

The downwind edge of a wide forest gap is exposed to higher wind speeds (Chapter 3).

Although wind speeds at Sodankyla are typically low, other sites of interest may be

more prone to high wind speeds and gusts. As a result, trees at this exposed edge

R.L. Milodowski Ph.D. 235



CHAPTER 8. CONCLUSION

are more vulnerable to wind damage compared to those further within the forest

(Burton 2002, Gardiner 2021). This is particularly the case if the clearing has been

recently created, as the trees at the edge may not have had time to adjust to the

new conditions (Gardiner et al. 2016). The modelling work in Chapter 3 also showed

a downward movement of air from above the canopy as the air flows into the gap

and an upward movement of air as it re-enters the canopy. This could a↵ect other

natural processes such as the spread of fire (Kiefer et al. 2016), particularly as there

may be greater plant material on the ground at gap edges (e.g. from wind-snapped

branches or leftover from the gap creation). Seed and pollen dispersal are also depend

on vertical movements of air to lift them in and out of the canopy (Nathan et al.

2002).

Gap size is an important determinant of the temporal and spatial patterns of snowmelt

(Chapter 7). Keeping clearings as narrow as possible is likely to be the most impactful

way of reducing the extent to which they modify their surrounding environment.

Another consideration is the e↵ect that gap orientation relative to the prevailing wind

direction can have on the fetch across the gap. A narrow gap orientated parallel or

almost-parallel to the prevailing wind direction would have much higher sub-canopy

wind speeds than if it were orientated perpendicular to the wind direction. As well

as a↵ecting the turbulent flux of energy to snow via wind-speed, the gap width and

orientation can also a↵ect the amount of radiation received by snow on the ground,

both of which are important for melt dynamics.

At Sodankylä, I found that snowmelt patterns were principally controlled by turbu-

lent fluxes. The transferability of modelling results is a key factor to consider when

thinking about their wider implications. The models used in this thesis were cali-

brated and run with data from FMI-ARC, Sodankylä. Findings presented here are

therefore applicable to this particular site, but may still be broadly applicable to other

topographically flat boreal forest landscapes. However, the relative importance of

236 Ph.D. R.L. Milodowski



CHAPTER 8. CONCLUSION

turbulent fluxes and insolation may vary in other settings. Atmospheric conditions

are typically cloudy at Sodankylä. In a landscape where clear-sky days are more

common, radiative fluxes may be more influential on the sub-canopy snow dynamics

within forest gaps. Sodankylä is also characterised by low wind speeds. There may

be greater spatial variation in snow accumulation across a gap at winder sites where

sub-canopy friction velocities may be high enough to initiate wind-driven movement

of snow. As discussed before, the e↵ective length of gap travelled by the wind can

be lengthened according to the gap orientation relative to the wind direction. As

such, at windier sites even a narrow gap could modify snow accumulation and melt

patterns, depending on its relative orientation.

8.3 Simple models vs. complex models

Forests are intricately varied ecosystems populated with trees of varying age, height

and species. The structure of the canopy is spatially variable and characteristics such

as foliage area and crown size vary from tree to tree. Branches and leaves grow in

varied directions and orientations to produce complex and unique spatial arrangements

of these canopy elements. Furthermore, forest canopies are dynamic living systems;

the position of branches change on the time scale of seconds as they sway in the

wind, and over larger time scales, the space occupied by individual trees will expand

as they grow and will open up as a result of damage and mortality.

In this thesis, the modelled forest canopy sections are simplified versions of actual

canopies, for example represented by simplistic tree geometries and by canopy metrics.

Some of the natural variation within a forest could be captured within the PRICE

model (used to estimate sky view fraction), in which trees were randomly positioned

within the forest plot and assigned varied canopy metrics based on field observations.

Within the BLASIUS wind flow model canopy characteristics were applied uniformly
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in space. The limitation of applying canopy metrics uniformly across a forest section,

or using a simplistic representation of tree form, is that finer scale variations are not

captured. For example, models with a simplified canopy structure are not able to

replicate the movement of sun flecks and shadows across the forest floor, or finer

scale variations of wind flow around canopy elements.

Using LiDAR data, it is possible to capture the finer-scale detail of a canopy struc-

ture (Webster et al. 2020). This information can be used to drive more complicated

representations of the canopy within a snow modelling framework. A more complex

model that can capture finer scale processes has the potential to produce accurate

predictions of snow accumulation and melting and be able to hone in on the key

processes and study them in finer detail. However, complex models are computa-

tionally expensive to run and need greater amounts of data to calibrate the larger

number of parameters that are required. More complex models may only provide

more accurate predictions if there is su�cient data to calibrate them with (Famigli-

etti et al. 2021). Otherwise, the high number of poorly constrained parameters results

in high levels of model uncertainty, with equifinality potentially becoming increasingly

important.

Complex models calibrated at intensively monitored sites may not transfer well to

other locations. Other sites may have more limited data sets available for calibration

or none at all, and the same complex model may not perform equally well across

multiple sites with varying characteristics. In many practical cases, a model-user may

be principally interested in the broad patterns and trends rather than requiring the

full complexity of the modelled processes. Furthermore, a stakeholder may not have

the technical knowledge or processing capability to obtain the required information

from a more complex model when an understanding of the higher level response of

the modelled system is su�cient for their needs. With this in mind, there is still a

need and value in having simpler models that can predict snow accumulation and
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melt patterns to a reasonable degree, require far fewer parameters to be calibrated,

are quicker to run, more straightforward to quantify model uncertainty and easier to

understand.

8.4 Data limitations

Field measurements of sub-canopy wind speeds across linear clearings were collected

during April 2016 at FMI-ARC (Chapter 4). The intention was to use this data for

the calibration of the BLASIUS wind flow model. However, the observed speeds were

very low and with a relatively high degree of variation, and so unsuitable for use in

the calibration process. The open bog site was the only location at FMI-ARC where

suitable data could be collected, and even at this site speeds are quite low. This

meant that it was not possible to evaluate the ability of BLASIUS to replicate real-

life flow patterns across a forest gap scenario (instead, data across a canopy edge at

the open bog site was used). In the future, selecting another field site with typically

windier conditions would provide a better source of data from which to calibrate and

evaluate a model of sub-canopy wind speeds across forest discontinuities.

A common limitation within the thesis is related to the low availability of observational

snow data, which posed a challenge to constraining the calibration and evaluation of

the snow model. This was a particular issue at the forest and bog sites along the snow

course (Chapter 5), where the spatial and temporal frequency of measurements was

very low (1–2 measurements, approximately once a month). This produces high levels

of uncertainty in the calibrated parameters as these measurements may not be very

representative of their environment and it is di�cult to capture temporal variations

in the snow properties when the observations are made so infrequently.

The next section outlines the scope for further work, to both address some of the
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thesis limitations and to build upon the findings from this thesis.

8.5 Scope for future work: recommendations and

future research priorities

8.5.1 Consider heterogeneities and multiple discontinuities within

forest canopies

The wind flow modelling suggested that horizontal variations in the forest at the scale

of individual trees are unlikely to have notable impacts on sub-canopy wind speeds.

However, it would be interesting to consider how larger patches of canopy (on the

scale of 10 m+) with di↵ering canopy metrics might influence wind flow patterns. In

addition, it would be interesting to explore the wind dynamics that might arise from

the presence of multiple forest gaps, for instance where natural resource extraction

has created networks of linear clearings through forests.

8.5.2 Collect wind speed data at windier sites

It would be beneficial to consider collecting sub-canopy wind speeds across a forest

clearing transect. Wind speeds at Sodankylä were very low and, except at the most

exposed site, were never su�cient to move settled snow. Future studies at alternative

sites with higher average wind speeds would be beneficial because it would allow for

the collection of better quality data set within forest gaps, rather than only in open

environments. Observations of sub-canopy wind speeds across forest gaps, which was

the specific interest of this thesis, would provide a better constraint on the model

calibration. Secondly, a longer field campaign or multiple campaigns would increase
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the probability of recording a range of wind conditions, including higher wind speeds

and blowing snow events. Finally, increasing the number of measurement points by

having more anemometers would help better constrain the spatial distribution of wind

speeds. Ensuring that the edges are well observed would also be valuable for furthering

our understanding of this marginal environment. Ideally this work would be carried

out across a selection of gap widths and/or across a number of sites to enable greater

transferability of the findings.

8.5.3 Increase spatial and temporal frequency of snow data

collection

Obtaining a spatially distributed data set of sub-canopy snow depth and mass, in-

coming radiation, air and canopy temperatures along a forest gap transect would

help to overcome some of the limitations with the model calibration. Taking daily or

sub-daily measurements would allow for a more detailed examination of the change in

snow properties over time and help reduce the predictive uncertainty of the calibrated

model. Taking a particular focus on data collection at the forest edge would help

increase our understanding of the key processes and fluxes in this marginal environ-

ment.

8.5.4 Include localised solar heating of canopy elements

Studies have shown that air temperature cannot always be used to approximate canopy

temperature (Webster et al. 2017). Solar heating of canopy elements, such as trunks,

can result in localised temperatures that far exceed air temperature (Webster et al.

2016). Including this e↵ect within the snow model would provide a more realistic

representation of the longwave energy emitted by the canopy to the snow surface,

R.L. Milodowski Ph.D. 241



CHAPTER 8. CONCLUSION

and enable more accurate predictions of snow melt timing and runo↵ rates. This

could be achieved by treating the canopy as more than one emitting layer and would

require detailed canopy and air temperature field observations to parameterise the

model.

8.5.5 Further research into sub-canopy turbulent fluxes across

forest gaps

This thesis primarily focused on the radiative fluxes in the snow melt energy bal-

ance as these are typically the dominant sources of energy to the snowpack in forest

environments. My findings showed that while the radiative input to snowmelt is influ-

ential, the turbulent fluxes are key to the observed asymmetrical pattern of melting

across the gap in the wider scenarios (� 50 m). Therefore this is a topic deserving

further research, particularly as turbulent fluxes in forest clearings have been subject

to far less attention than their radiative counterparts. Measurements of sub-canopy

turbulent fluxes can be challenging but observational data of sub-canopy wind speeds

and temperatures could help evaluate the models of turbulent fluxes used here. Con-

ducting a more detailed sensitivity study into the melt parameters a and C and how

the balance between radiative and turbulent fluxes vary across the range of poten-

tial value combinations for these parameters would also be informative for the gap

scenarios in this thesis.

8.6 Conclusion

The dynamics of forest snow are a fundamental component of the wider hydrology and

ecology of boreal forests. The rate and timing of snow accumulation and melting are

key controls on streamflow timing and magnitude, surface albedo, soil temperatures
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(and therefore soil microbial activity), vegetative productivity and the availability of

nutritious food for herbivores. Understanding how forest snow dynamics are modified

by the presence of gaps in the canopy, through the interactions of the disturbed

canopy with wind flow and energy fluxes, is therefore critical for understanding the

wider impacts of forest disturbance in boreal environments. Models able to capture

these relationships provide useful tools that can help managers identify and mitigate

these impacts, which will become increasingly important as forest disturbance and

fragmentation continue in the future.
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Appendix

A.1 Wind speed profiles: modelled vs. theoreti-

cal

Figure A.1: An example of the di↵erence between the modelled wind profile and expected
log-law wind profile.
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A.2 Canopy measurements: Bog site

Tree species h1 h2 h3 h4 h (average)

Birch 6.2 6.2 6.3 6.3 6.3

Birch 7.6 7.8 7.7 7.8 7.7

Birch 6.2 6.0 6.0 6.0 6.1

Pine 5.7 5.7 5.7 5.7 5.7

Pine 5.9 5.9 6 5.9 5.9

Birch 8.0 8.0 7.9 8.0 8.0

Birch 4.2 4.2 4.2 4.2 4.2

Pine 3.5 3.5 3.5 3.5 3.5

Birch 5.1 5.0 5.1 5.0 5.1

Average for sample 5.82

Table A.1: Measured and averaged tree heights for the main canopy at the bog site (taken
from a random sample in the field)
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Tree species h1 h2 h3 h4 h (average)

Pine 6.1 6.1 6.1 6.2 6.1

Pine 4.0 4.0 4.1 4.1 4.1

Birch 5.7 5.9 5.8 5.8 5.8

Pine 4.4 4.4 4.4 4.4 4.4

Pine 3.3 3.3 3.3 3.3 3.3

Birch 6.1 6.1 6.1 6.1 6.1

Birch 6.3 6.3 6.4 6.4 6.4

Pine 7.7 7.7 7.7 7.8 7.7

Pine 6.9 7.0 7.0 7.1 7.0

Birch 4.7 4.7 4.8 4.8 4.8

Average for sample 5.56

Table A.2: Measured and averaged tree heights for the sparse canopy at the bog site (taken
from a random sample in the field)

A.3 Canopy measurements: Road site
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Tree
ID

h1 (m) h2 (m) h3 (m) h4 (m) h5 (m) h6 (m) hmean

(m)
DBH
(m)

T01 13.25 13.45 13.35 13.45 13.25 13.35 13.35 0.390
T02 11.15 11.25 11.15 11.25 11.15 11.15 11.18 0.335
T03 12.25 12.45 12.35 12.35 12.35 12.35 12.35 0.386
T04 13.45 13.45 13.45 13.45 13.45 13.45 13.45 0.420
T05 13.40 13.50 13.50 13.50 13.20 13.50 13.43 0.524
T06 13.40 13.50 13.70 13.60 13.90 13.70 13.63 0.500
T07 11.35 11.45 11.45 11.45 11.55 11.65 11.48 0.430
T08 8.30 8.30 8.40 8.50 8.40 8.50 8.40 0.188
T09 10.00 9.80 9.90 9.80 10.00 9.80 9.88 0.242
T10 11.75 12.05 11.95 11.85 12.15 11.85 11.93 0.500
T11 13.90 14.70 14.10 13.70 13.70 13.80 13.98 0.394
T12 10.75 10.85 10.75 10.85 10.75 10.75 10.78 0.422
T13 11.40 11.40 11.50 11.40 11.40 11.50 11.43 0.368
T14 10.43 10.23 10.23 10.03 10.13 10.23 10.21 0.370
T15 10.37 10.27 10.27 10.37 10.37 10.27 10.32 0.264
T16 9.00 9.10 9.10 9.10 9.20 9.10 9.10 0.270
T17 12.58 12.68 12.58 12.58 12.58 12.58 12.60 0.546
T18 11.25 11.25 11.45 11.25 11.25 11.25 11.28 0.418
T19 11.00 11.00 11.00 11.00 11.10 11.10 11.03 0.248
T20 10.60 10.50 10.60 10.60 10.50 10.70 10.58 0.244
T21 8.77 8.77 8.87 8.77 8.67 8.57 8.74 0.328
T22 13.01 12.71 12.91 13.01 13.11 13.01 12.96 0.540
T23 11.54 11.44 11.64 11.74 11.84 11.54 11.62 0.356
T24 8.85 9.05 8.55 9.15 8.95 9.05 8.93 0.366
T25 12.15 12.15 12.35 12.25 12.35 12.25 12.25 0.414
T26 11.00 11.10 11.10 11.20 11.40 11.1 11.15 0.564
T27 11.00 11.00 11.00 11.10 11.10 11.10 11.05 0.540
T28 10.26 10.16 10.26 10.36 10.16 10.26 10.24 0.556
Mean 11.33 0.397

Table A.3: Measured tree heights and values of DBH for the road site (all trees within
2.5 m either side of the transect line were measured)
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Tree
ID

hc1

(m)
hc2

(m)
hc3

(m)
hc4

(m)
hc5

(m)
hc6

(m)
mean
hc (m)

CW
(E-W)
(m)

CW
(N-S)
(m)

T01 4.9 4.9 4.9 4.9 5.0 5.0 4.9 2.50 2.15
T02 5.3 5.3 4.9 5.1 5.3 5.4 5.2 1.90 2.75
T03 6.4 6.2 6.2 6.4 6.5 6.4 6.4 2.75 2.50
T04 6.7 6.7 6.7 6.6 6.6 6.6 6.7 2.15 2.50
T05 7.3 7.3 7.3 7.5 7.2 7.3 7.3 3.20 3.60
T06 7.0 7.0 7.0 6.9 7.0 6.9 7.0 2.15 2.50
T07 6.0 6.0 6.0 6.1 6.1 6.1 6.1 2.10 2.35
T08 4.0 4.1 4.2 4.1 4.1 4.1 4.1 1.55 1.85
T09 6.8 6.7 6.8 6.8 6.8 6.8 6.8 1.45 1.70
T10 5.3 5.3 15.3 5.3 5.3 5.2 5.3 3.75 4.00
T11 6.3 6.3 6.3 6.3 6.3 6.4 6.3 3.40 2.25
T12 4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.10 2.75
T13 1.8 1.8 1.8 1.8 1.8 1.5 11.8 2.35 1.75
T14 3.8 3.8 3.8 3.9 3.9 3.9 3.9 2.50 3.00
T15 5.9 5.9 5.9 5.9 5.9 6.0 5.9 1.70 1.50
T16 4.2 4.2 4.2 4.2 4.2 4.2 4.2 1.30 1.65
T17 6.3 6.5 6.4 6.4 6.4 6.4 6.4 3.10 2.60
T18 4.9 4.9 4.7 4.7 4.8 4.8 4.8 1.95 3.00
T19 6.1 6.2 6.1 6.1 6.2 6.2 6.2 1.20 1.50
T20 5.9 6.0 5.9 5.9 6.0 5.9 5.9 1.60 1.85
T21 3.6 3.6 3.5 3.6 3.6 3.6 3.6 2.25 2.35
T22 4.6 4.6 4.7 4.8 4.7 4.7 4.7 3.30 3.10
T23 5.2 5.4 5.4 5.2 5.4 5.2 5.3 1.95 2.60
T24 4.8 4.8 4.5 4.8 4.6 4.6 4.7 2.90 2.50
T25 6.6 6.5 6.5 6.5 6.5 6.5 6.5 1.75 1.95
T26 2.2 2.3 2.2 2.3 2.2 2.2 2.3 5.20 3.50
T27 4.8 4.8 4.8 4.8 4.8 4.8 4.8 5.00 3.75
T28 3.7 3.8 3.7 3.7 3.8 3.8 3.8 5.30 4.95
Mean 5.15 2.49 2.55

Table A.4: Measured crown base heights (hc) and crown widths (CW) at the road site
(all trees within 2.5 m either side of the transect line were measured). The crown widths
were measured both in the E-W direction and the N-S direction to give a sense of its radial
extent.

248 Ph.D. R.L. Milodowski



APPENDIX A. APPENDIX

A.4 Wind scaling

Figure A.2: Ratio of wind speeds in the open (at x = 0m, z = 1.5 m) to 48 m height
speeds

A.5 Chapter 7: Gap scenarios
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Figure A.3: Three gap scenarios orientated E-W with widths of 50 m (a), 60 m (b) and
70 m (c). The wind is directed from the south and so flows along the transect from left
to right in these panels. The edges between the canopy and gap are shown by the dashed
black lines.
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Figure A.4: (a) Simulated SWE across a 30 m canopy gap orientated E-W with the surface
exchange coe�cient C = 0. (b) The di↵erence between the 30 m E-W gap scenario with
and without the turbulent exchange of energy included within the model. This shows the
relative increase in the snow mass if melting due to turbulent fluxes is ignored. The dashed
black lines in both panels show the location of the gap edges.
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Figure A.5: (a) Simulated SWE across a 10 m canopy gap orientated E-W with the surface
exchange coe�cient C = 0. (b) The di↵erence between the 10 m E-W gap scenario with
and without the turbulent exchange of energy included within the model. This shows the
relative increase in the snow mass if melting due to turbulent fluxes is ignored. The dashed
black lines in both panels show the location of the gap edges.
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