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Abstract 

Peatlands cover approximately 50% of the total landscape of the Western Boreal Forest, which 

includes the sub-humid Boreal Plains (BP) ecozone. The BP experiences persistent water deficit 

conditions, promoting anaerobic conditions, which has the potential to increase decomposition, 

transforming the peatlands from carbon sinks to carbon sources. With evapotranspiration (ET) 

being the dominant source of water loss in the BP, peatland persistence is hydrologically 

precarious, and as such, it is necessary to understand the dynamics and controls on ET within these 

systems. Due to the heterogeneity of the landscape, surrounding upland forests often shelter 

peatlands from wind. This results in spatially varying evaporative rates, which can influence 

surface moisture and vegetation regimes across a peatlands surface. High-resolution turbulent 

models allow for such flow scenarios to be resolved as they resolve flow in a 3D domain. 

Therefore, high-resolution turbulent models are essential in assessing the spatial variability of 

stresses placed on surface scalars such as ET, by displacement height transition.  

 This study uses a canopy resolving large-eddy simulation (RAFLES) to study the impact 

of displacement height transitions on surface-atmosphere exchanges of moisture within peatlands 

of the BP. The dimensions, vegetation structure and energy dynamics of the modeled peatlands 

were generated from observations of natural peatlands of the BP. Within the sheltered region 

leeward of a backward-facing step transition, the simulated peatlands experienced higher 

resistances to surface-atmosphere exchanges of moisture when compared to the reattachment and 

recovery regions.  However, this trend was muted when the surface roughness of the peatland was 

increased as the roughness lowered the overall resistance of the surface. This study also found that 

the length of the peatland did not influence the flow reattachment dynamics within the peatland. 

However, it was observed that the peatlands with a narrow shape and a curved front-facing step 

geometry resulted in faster regional wind velocities. Understanding the turbulent dynamics within 

heterogeneous landscapes can help to control the rate and variability of surface to atmosphere 

exchanges of moisture within disrupted and reclaimed landscapes which can increase the 

predictability of moisture demands within future landscapes. 
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1.0 Introduction: 

The Boreal Plains (BP) of the Western Boreal Forest (WBF) is a mosaic of wetlands, small surface 

water bodies, and aspen (Populus Tremuloides and Populus Balsamifera) dominated uplands. 

Within the BP, wetlands account for approximately 50% of the natural landscape, of which ~90% 

are peatlands (Vitt et al., 1996). The defining characteristics of Canadian peatlands are that they: 

1) are peat accumulating; 2) have a peat depth greater than 40 cm; and 3) have a water table at or 

near the ground surface (National Wetlands Working Group, 1997). Peat accumulation is a result 

of the imbalance in net primary production (NPP) (Bridgham et al., 1996) as a result of high 

vegetation productivity, and reduced decomposition rates produced by anaerobic conditions 

caused by the persistently high water table (Clymo, 1965; Maimer, 1986; Farrish and Grigal 1988; 

Vitt, 1990; Thormann et al., 1999; Vitt et al., 2009; Rydin and Jeglum, 2006). Consequently, 

peatlands are a net sink of CO2 and represent the largest carbon pool in Canada (Gorham, 1991). 

Climactically, the BP is situated in a sub-humid climate where persistent water deficit conditions 

result from potential evapotranspiration (PET) is greater than precipitation (P) on an annual basis 

(Devito et al., 2005; Ketcheson and Price, 2016) where wetlands are sustained by infrequent wet 

years that occur on a 10 - 15 year cycle (Marshall et al., 1999; Devito et al., 2005). Despite the 

seasonal water deficit conditions of the region, peatlands are still a prominent feature across the 

BP (Ferone and Devito, 2004; Petrone et al., 2007). Previous research on the hydrologic and 

microclimatic functioning of perched peatlands has shown that these systems have negative 

autogenic feedbacks such as turbulent sheltering, radiative sheltering and vegetative controls 

(Petrone et al., 2007; James, 2017; Waddington et al., 2015). These feedbacks may increase the 

resiliency of such peatlands to evaporative losses by changing the ratio of P to PET within the 

peatland (Petrone et al., 2007; Waddington et al., 2015; Hokanson et al., 2016; James, 2017). 
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Evapotranspiration (ET) is the combination of both evaporation (E) from the surface and 

transpiration (T) from plants (Oke, 1988). ET is an important component of both the water budget 

of terrestrial ecosystems (Brutsaert, 1982) and energy budget (Oke, 1988).  Penman (1948) stated 

that three conditions are required in order for E to occur: 1) water must be present; 2) there must 

be enough energy to induce a phase change of liquid to vapor; and 3) water vapor entering the 

atmosphere immediately above the surface must be transported away from the surface. Peatlands 

of the BP typically have high water tables, which satisfies the water avaiablility and can result in 

evaporative rates comparable to open water bodies (Nichols and Brown, 1980). However, when 

the water table drops below 30 cm ET rates from non-vascular vegetation can drop considerably 

as the evaporative demand cannot be met as the supply of water to the surface is restricted by the 

rate of capillary rise of the peat (Price 1997, Golubev and Whittington, 2018). Although vascular 

vegetation has access to deeper water tables, T losses are regulated by their roots, internal water-

transport systems, and stomata (Baldocchi et al., 1991; Mitsch and Gosselink, 2000; Chapin et al., 

2002). Stomata dynamics are controlled by such factors as soil moisture, incoming radiation, 

vegetation LAI, vegetation height, temperature, and differences in CO2 concentration and vapour 

pressure between the atmosphere and the inside of the leaf (Baldocchi et al., 1991; Collatz et al., 

1991; McNaughton and Jarvis, 1991; Chen et al., 1999b; Chapin et al., 2002; Raddatz et al., 2009; 

Jassal et al. 2009). 

Increased anthropogenic disturbances from oil and gas extraction, and forestry 

development have resulted in the disruption to the BP ranging from individual ecosystem impacts 

to the scale of entire landscapes (Alberta Environmental Protection, 1998; Johnson and Miyanishi, 

2008; Government of Alberta, 2015).  The Athabasca Oil Sands Region (AOSR) is the third largest 

proven oil deposit (166 billion barrels as of 2014) in the world (Alberta Government, 2015; 
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Woynillowicz et al., 2005). It is estimated that 4,800 km2 of the AOSR is accessible for near 

surface (~ 75 m) open-pit surface mining extraction, while deeper deposits require steam assisted 

gravity drainage techniques (SAGD) (Alberta Government, 2015). As of 2018, oil-sands 

development has been estimated to have disturbed more than 901 km2 (Canadian Oil and Natural 

Gas Producers, 2018). Such disturbances require land and water reclamation projects at a 

landscape scale to satisfy mine closure plans. Legislation mandates that the land is returned to an 

equivalent and functioning land class, i.e., the mosaic of peat-accumulating wetlands and forests 

(Daly et al., 2012). At a smaller scale, forestry activities typically use the cut-block technique 

where selected strips of forests are completely harvested.  Such activities alter the natural 

landscape at the point of disturbance (Amiro et al., 2006; Petrone et al., 2015; Whitson et al., 2005; 

Carrera- Hernández et al., 2011; Plach et al., 2016), as well as the surrounding ecosystems by 

fragmenting the landscape and modifying the hydrological stability of the region through alteration 

of the regional microclimate (Solondz et al., 2008; Brown et al., 2010; Petrone et al., 2007). Due 

to the hydrologic sensitivity of the BP and the combined economic, and legal requirements 

associated with anthropogenic activities, it is advantageous to investigate landscape modifications 

that can influence the resiliency and stability of this ecozone. Therefore, it is critical to understand 

atmospheric transport processes and boundary layer interactions within this complex landscape as 

changes to these processes may modify the hydrological balance of the region. 

The heterogeneous mosaic of peatlands, upland forests and anthropogenic disturbances that 

comprise of the BP results in sharp transitions in displacement heights that produce complex 

transitional flows and turbulent processes (Bou-Zeid et al. 2004; Markfort et al., 2010). Studies 

investigating flow separation over heterogeneous surfaces (e.g. Patton et al. 1998; Belcher et al. 

2003; Yang et al. 2006b; Cassiani et al. 2008; Dupont and Brunet 2008a; Fontan et al. 2013; 
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Chatziefstratiou et al., 2014) have identified transition structures by using the “step analogy” where 

there is either a forward-facing (FFS) or a backward-facing step (BFS) depending on the wind 

direction, with discussions being primarily focused on either the approaching or exiting flow 

(Detto et al. 2008; Panferov and Sogachev 2008; Chatziefstratiou et al., 2014). In complex terrain 

such as the BP, such surface simplifications can be combined with a sequence of transitions such 

as BFS – Gap – FFS (e.g., a peatland surrounded by a forest), and can be conceptualized by 

combining and modifying the frameworks developed by Judd et al. (1998), Cleugh (1998) and 

Belcher et al. (2003) as shown in Figure 1-1. 

 

Figure 1-1: Schematic showing the unique zones created by flow adjusting over a backward facing step 

(BFS) transition, identifying the successive regions in the flow path: (A) approach flow; (B) sheltered 

region; (C) reattachment zone; (D) recovery region, (E) uplift region; (F) roughness change region (IBL). 

Backward Facing Step Flow Dynamics:  

Turbulent stresses vary across the gap surface as a result of the flow regimes produced by the 

displacement height transitions (Figure 1-1). The turbulent state of the approach flow (A in Figure 

1-1) has been shown to influence the lengths and characteristics of the sheltered region (B in Figure 

1-1) and reattachment zone (C in Figure 1-1) (Simpson, 1989; Castro and Epik, 1998, Markfort et 
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al., 2014; Chatziefstratiou et al. 2014; Kindere and Ganapathisubramani, 2018). For example, high 

approach flow turbulence has been shown to decrease the reattachment distance, having a larger 

impact on the reattachment distance compared to the Reynolds number and perturbation strength 

(Adams & Johnston, 1988; Piirto et al., 2003) for both a BFS and FFS transition (Isomoto & 

Honami, 1989; Essel, Mali, Tahcher, & Tachie, 2014). The sudden change in the displacement 

height results in a decoupling of the flow profile from the surface, increasing flow velocities and 

wind shear as it adjusts to the new surface element.  The decoupling of the flow profile produced 

a region of reduced flow that is separated from the adjusting layer above (B in Figure 1-1), which 

results in a sheltered region where turbulent transport is reduced resulting in increased scalar 

concentrations (Mcnaughton, 1988; Chapter 2). When mean flow reattaches with the surface layer 

(C in Figure 1-1), it typically has high flow velocities and turbulent stresses that produce an adverse 

pressure gradient resulting in flow reversals within the sheltered region. The development of a 

flow profile ensues after flow reattachment occurs, as the flow recovers (D in Figure 1-1) and 

surface turbulence equilibrates to the new surface layer and its roughness elements resulting in 

homogenous mixing of the surface layer.  

Front Facing Step Flow Dynamics: 

As flow approaches the FFS, it is assumed the flow is in a developed logarithmic flow profile. The 

uplift region (E in Figure 1-1) is characterized by high vertical wind speeds that lifts flow above 

and out of the step transitions, which has been shown to effectively eject particles and scalars from 

the surface and into the atmosphere (Bergen, 1975; Goodrick et al., 2013; Belcher et al., 2008; 

Pruegor et al., 2008). The uplift region is often followed by a stagnation region upwind of the FFS, 

where flow velocities and turbulence subside (Wang and Tackle, 1995). However, depending on 

the porosity of the FFS, this stagnation point can greatly vary in strength and size with FFS porosity 
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- where higher porosities result in decreased flow stagnation (Wang and Tackle, 1995). Above the 

FFS, the flow enters the roughness change region (F in Figure 1-1) where the flow adjusts to the 

roughness length of the new surface as an internal boundary layer (IBL) develops. However, the 

length of the FFS surface and the state of the adjusting flow can influence downwind structures; 

Van der Kindere and Ganapathisubramani (2018) observed that when the length of the FFS was 

too short to allow for flow recovery, the BFS downwind had a significantly longer reattachment 

region. 

Due to the complexities of displacement height transitions, single point eddy-covariance 

(EC) measurements are difficult to interpret and neglect the theoretical assumptions of the eddy-

covariance method. These assumptions consist of, but are not limited to: 1) the sensors observe a 

homogeneous surface layer; 2) zero mean vertical flow; and 3) no vertical divergence of fluxes 

(Yang et al., 2006a; Lee, 2000; Paw et al., 2000). Due to the complexities of field measurements, 

3-D computational fluid dynamic models that can resolve turbulence at a forest-to-peatland 

transition can be used to improve the understanding of flow dynamics within such environments 

(Bohrer et al., 2009).  

The reduction of computational costs has seen the emergence of Large Eddy Simulations 

(LES) as a viable research tool. However, many studies use simplified structures such as transitions 

from blocks to flat surfaces or simplified canopy structures that assert drag on the mean flow. 

Currently, semi-porous forest canopies are being modeled with the aid of computationally 

competent platforms and the ability to integrate vegetation profiles into LES has become available 

in models such as Regional Atmospheric Forest Large Eddy Simulation (RAFLES) (Bohrer et al., 

2009) via the Virtual Canopy Generator (V-CaGe) (Bohrer et al., 2007). RAFLES Canopy 

representation includes a multi-layer, 3-D heterogeneous canopy, where each canopy-containing 



7 

 

voxel is prescribed with volume and aperture restriction to the flow due to the presence of modeled 

trees, and leaf density that exerts drag on the flow and acts as a source of heat and water vapor 

fluxes (Bohrer et al. 2009). Volume and aperture restrictions interact with the numerical solution 

of the flow following the shaved grid-cell method (Adcroft et al., 1997; Bohrer et al., 2009). 

Allowing canopy integration into LES gives us with the ability to accurately model complex flow 

transitions as it has been observed that canopy elements can a significant influence the turbulent 

dynamics of transition flow (Markfort et al., 2014; Chatziefstratiou et al., 2014). 

RAFLES has been used in several recent studies used to model synthetic landscapes to gain a better 

understanding of complex natural phenomena. For example, Chatziefstratiou et al. (2014) used 

RAFLES to investigate the impact that canopy porosity has on the flow around a block structure 

which represented both an FFS and BFS.  Chatziefstratiou et al. (2014) found that flow around 

these transitions was sensitive to porosity itself and how the model represented the porosity either 

it be from volume or aperture restrictions or both. RAFLES has also been used in other studies 

looking and flow transitions where Kenney et al. (2017) investigated how flow interacts within a 

pond surrounded by a forest which represents a BFS-Gap-FFS and its impact on the validity of the 

eddy covariance method within these regions. Kenney et al. (2017), found that these transition 

regions influenced flow and the resulting divergence of fluxes from the pond surface, however, 

they did suggest that a lower EC measurement height and tower placement can reduce the 

interference that the transition has on the measurements. 

1.1 Research Objectives and Format 

Turbulent sheltering of wetlands through surface transitions within the landscape mosaic of the 

BP may be important control on atmospheric water losses from these systems in the sub-humid 

climate. Further, surface heterogeneity within the BP produces complex flow patterns that make it 
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difficult to estimate scalar fluxes as such flow patterns defy the general assumptions of the eddy 

covariance method. In order to understand the flows within such landscapes, I made use of the 

RAFLES to resolve turbulent flow and the resultant scalar fluxes. Therefore, the goal of this paper 

is to investigate how flow separation affects turbulence and evaporative stresses within peatlands 

of the BP, and the primary research objectives of this study are to: 

1. Characterize the impact of flow separation on microclimates and evaporative stresses 

within peatlands of the BP; 

2.  Asses the influence that peatland surface roughness and fetch length have on turbulence 

and microclimates within a peatland of the BP; 

3. Comment on the impact of peatland design and landscape configuration on turbulent 

processes within a peatland and at a regional scale and how it can influence land 

management strategies. 

This manuscript style thesis comprises two individual research papers. The first manuscript 

examines the influence that BFS flow transitions and peatland surface roughness have on peatland 

microclimates and evaporative stresses. The second manuscript focuses on the implications that 

fetch length has on flow separation and micrometeorological dynamics within a peatland, 

furthermore, this study addresses the effects that peatland geometry and FFS shape have on within 

peatland and regional flow dynamics. 
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2.0 Microclimatic Effects of a Forest to Peatland Transition on 

Aerodynamic Resistance to Evapotranspiration in the Boreal Plains 

2.1 Introduction 

The Boreal Plains region (BP) of the Western Boreal Forest (WBF) is a complex mosaic of 

wetlands and aspen dominated uplands, where wetlands account for approximately 50 % of the 

natural landscape; peatlands comprise 90% of these wetlands (Vitt et al., 1996). The sub-humid 

climate of the BP results in persistent water deficit conditions where potential evapotranspiration 

(PET) is greater than precipitation (P) on an annual basis with wetlands being sustained by 

infrequent wet years on a 10 - 15 year cycle (Marshall et al., 1999; Devito et al., 2005). Peatlands 

of the BP, and the WBF as a whole, currently function as carbon sinks and are a significant store 

of carbon within Canada (Timoney, 2003; Kuhry et al., 1993). However, increasing evaporative 

demand could produce drier conditions resulting in “browning”, and the release of stored carbon, 

functioning as a positive feedback to increasing climatic warming (Gorham, 1991; Vasander and 

Kettunen, 2006; Turetsky et al., 2011; Moore et al., 2013). 

Anthropogenic activities in the WBF and BP, in particular, have resulted in disturbances, 

ranging from the scale of individual forest patches (i.e. forest cut blocks) to entire landscapes (i.e. 

open-pit mining in the Athabasca Oil Sands Region (AOSR) (Solondz et al., 2008; Brown et al., 

2010). In 2018, oil-sands development alone has been estimated to have disturbed in excess of 901 

km2 (Canadian Oil and Natural Gas Producers, 2018). Such landscape modifications alter energy 

budgets and turbulent processes that control evaporative losses from these wetlands, and therefore 

threaten the hydrologic stability of these ecosystems (Alberta Environmental Protection, 1998; 

Global Forest Watch, 2000; Petrone et al., 2007; Johnson and Miyanishi, 2008; Government of 

Alberta, 2015; Plach et al., 2016).  
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Evapotranspiration (ET) is a combination of evaporation (E) from the surface and 

transpiration (T) from the plants. Within peatlands of the BP, E is often greater than T as peatlands 

are dominated by non-vascular vegetation such as Spaghnum and feather mosses (Johnson et al., 

1995) as opposed to vascular vegetation such as sedges (Juncus balticus, Carex aquatilis) or trees 

(Picea glauca, Betula papyrifer, Larix laricina). Non-vascular vegetation, such as Sphagnum 

mosses lack the active water transport systems possessed by vascular vegetation (Glime, 2007). 

Instead, mosses rely on capillary rise and vapor fluxes to draw water from the soil to the moss 

capitula where growth occurs (Schipperget and Rydin, 1998; Goetz and Price, 2015). However, 

the rate of vertical movement of water from the soil to the capitulum is highly dependent on the 

density and porosity of the vegetation mat (McCarter and Price, 2012). Brown et al. (2014) found 

that if the water table is below the surface, ET is reduced due to the lack of available water for the 

capitulum. Furthermore, Strack et al. (2009) noted that once the water table is below the surface, 

its influence on ET is relatively constant until the depth is ≥56 cm below surface. Price (1997) 

reported a depth of 30 cm below surface, from which the reduced rate of capillary rise from the 

water table to the surface could be a limiting factor for E (Golubev and Whittington, 2018). 

Therefore, in non-vascular vegetation surface resistance to E is a function of the vegetation mat 

density and depth and its resulting aerodynamic resistance, unlike vascular plants where short-

term variation in the resistance to E is largely driven by stomatal resistances (Rydin and Jeglum, 

2006). Atmospheric moisture demand in a peatland is dominated by non-vascular vegetation, and 

thus is influenced primarily by moisture availability and available energy (Q*-Qg) (where Q* is 

net radiation and Qg is ground heat flux), followed by vapor pressure deficit (VPD) when water is 

not limiting (Admiral et al., 2006; Brown et al., 2010).  
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The characteristic mosaic of upland forests and wetlands of the BP produces a landscape 

characterized by rapid changes in displacement heights that result in flow separation when airflow 

transitions from taller, forested and shorter, peatland land classes. Leeward of the forest-to-

peatland transition the separation of flow produces a region that is sheltered from turbulence, 

which has been shown to moderate evaporative fluxes throughout the BP (Petrone et al., 2007).  

Further, large-scale land reclamation projects, such as oil sands mine closure plans in the AOSR, 

require land leases to be returned back to a functionally equivalent mosiac of upland forests, peat-

accumulating wetlands and small surface-water bodies (Daly et al., 2012).  Therefore, it is critical 

to understand the turbulent processes within a heterogeneous landscape as they can influence not 

only the resilience of natural systems, but also the success of reclamation strategies and constructed 

ecosystems in the BP. 

Numerous studies investigating flow separation over heterogeneous surfaces (Liu et al. 

1996; Patton et al. 1998; Belcher et al. 2003; Yang et al. 2006b; Yue et al. 2007; Cassiani et al., 

2008; Dupont and Brunet, 2008a; Chatziefstratiou et al., 2014; Markfort et al., 2014) have 

identified transition structures by using the step analogy where wind either flows into a forward-

facing step (FFS) or over a backward-facing step (BFS), with the primary focus being on either 

the flow approach to or exit from the transition (Detto et al., 2008; Panferov and Sogachev, 2008; 

Chatziefstratiou et al., 2014). Examination of mean flow over a roughness transition can be 

conceptualized by combining and modifying the frameworks from Judd et al. (1996) and Cleugh 

(1998) (Figure 2-1).  Based on its turbulent properties, flow leeward of a BFS is classified into 

several distinct regions: 



12 

 

 

Figure 2-1: Schematic showing the unique zones created by air flow adjusting over a backward-facing step 

(BFS) transition, illustrating the (A) approach flow; (B) sheltered region; (C) reattachment zone; and (D) 

recovery region. d1 and d2 represent the zero-plane displacement height of the peatland vegetation and 

upland vegetation, respectively, heff is the height difference between d1 and d2 (heff = d2 - d1). 

Approach flow (A in Figure 2-1) is characterized as flow that is in equilibrium with the underlying 

up-step surface roughness elements; such that the flow profile follows the Monin-Obukhov 

Similarity Theory (MOST) (Monin and Obukhov, 1954). However, the sudden change in 

displacement height results in a decoupling of the flow profile from the surface, increasing flow 

velocities and wind shear as flow adjusts to the new down-step surface elements.  The decoupling 

of the flow profile produces a region of reduced streamwise velocities and pressure, which is 

separate from the mean adjusting layer (B in Figure 2-1). As the mean flow reattaches (C in Figure 

2-1) with the down-step surface layer, it is characterized as having high flow velocities and 

turbulent stresses, which produce an adverse pressure gradient at the down-step surface resulting 

in flow reversals within the sheltered region (B in Figure 2-1). The adverse pressure gradient 

produced is a product of the lower pressures within the sheltered region compared to the higher 

pressures observed in the reattachment region, which causes flow to oppose the mean flow 

direction. Flow reattachment distance is influenced by the approach flow turbulence, up-step 

surface roughness, the state of the boundary layer at the separation point, the geometry of the BFS, 
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and the height of the BFS transition (Markfort et al., 2014; Van der Kindere and 

Ganapathisubramani, 2018). Markfort et al. (2014) showed that by increasing turbulence over the 

BFS the reattachment distance decreased by approximately 50% but increased the distance to 

equilibrium compared to less turbulent BFS flow. Van der Kindere and Ganapathisubramani 

(2018) investigated interactions between FFS and BFS blocks, and its impact on flow reattachment 

leeward of a BFS. They found that when the block lengths were too short to allow for flow 

reattachment, the reattachment region leeward of the BFS was larger than if the flow had interacted 

with the surface block before the BFS. Mean flow profile development occurs after the 

reattachment zone, as flow recovers (D in Figure 2-1) and equilibrates with the down-step surface 

layer roughness. Height of the BFS influences reattachment distance, therefore the distance 

leeward of the BFS is scaled by using the effective canopy height (heff), where heff = d2 - d1, and d 

is the zero-plane displacement of the down-step (indicated with 1, and in our study, peatland) and 

the up-step (2, forest) surfaces. Due to the complexites of the flow produced by displacement 

transitions, single point eddy-covariance (EC) measurements conducted within the area affected 

by the transition are difficult to interpret and theoretically fail as the assumptions of a homgenous 

surface layer, zero mean vertial flow, and no vertical divergence of fluxes are not met (Yang et al., 

2006a; Lee, 2000; Paw et al., 2000). Therefore, 3-D computational fluid dynamic models that can 

resolve turbulence at the forest-to-peatland transition must be employed to generate a better 

understanding of flow dynamics within such environments (Bohrer et al., 2009). 

In this study, I used the Regional Atmospheric Modelling System (RAMS)-based Forest 

Large Eddy Simulation (RAFLES) (Bohrer et al. 2009) to assess the sensitivity of evaporative 

demand to turbulence over a BFS representing the transition from forest to peatland.  The primary 

objectives of this study are to: 1) show the differences in flow properties leeward of a BFS 
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transition; 2) quantify the influence of surface roughness on flow around a BFS transition; and 3) 

estimate the implications of BFS transitions and canopy roughness on evaporative fluxes. 

2.2.0 Materials and Methods 

2.2.1 Site Description 

This modelling experiment utilized synthetic landscapes, based on a mix of real vegetation/land 

classes and characteristics from multiple regions within the BP, including the AOSR, to examine 

the influence of displacement and roughness transitions on turbulent flow.  

Meteorological data used to set up the site parameters that were prescribed for the upland-forest 

land classification components of the simulations (Table 2-1) were obtained from Pond 40 (56° 

4'21.90" N, 115°28'33.30" W) in the Utikuma Region Study Area (URSA) near Utikuma Lake, 

northern Alberta. This site is dominated by dense, mature aspen (Populus balsumifera and Populus 

tremuloides), with mean canopy height of 25 m and summer time mean LAI of 2.83 m2/m2. It is 

located on gently sloped hills adjacent to low lying wetlands. The mean growing season 

temperature at this site is 13.4 oC, it is a dry site with ET: PET (Priestly-Taylor) ratio of 0.67. The 

EC system used to parameterize the upland was installed on a tower at 23.5 m above the forest 

canopy, to yield a footprint area large enough to encompass landscape-scale variability (Brown et 

al. 2010, 2013; Devito et al., 2005; Petrone et al., 2015; Sutherland et al., 2017).  

The meteorological data used to set up the site parameters that were prescribed for the low-

roughness peatlands represented in the model (Table 2-1) were obtained from a constructed fen-

peatland/upland complex ~20 km north of Fort McMurray Alberta, Canada (56° 55.944′ N, 111° 

25.035′ W). The EC flux tower site is located at a constructed fen-peatland/upland complex with 

a vegetation cover comprising of saline (Juncus balticus, Calamagrostis inexpansa, Triglochin 

martima) and freshwater (Carex aquatilis, Betula glandulosa) peatland plant species (Nwaishi et 
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al., 2016) with a mean vegetation height of 1.25 m and a mean summer time LAI of 2.45 m2/m2. 

The mean growing season temperature at this site is 12.8 oC; it is a wet site with ET: PET (Priestly-

Taylor) ratio of 1.03 with the EC sensors measuring at a height of 2.5 m. Additional site details 

can be found in Ketcheson et al. (2017) and Nwaishi et al. (2016).  

Site parameters describing a medium-roughness wetland were prescribed based on 

observations at Poplar fen, which is located ~20km north of Fort McMurray Alberta, Canada 

(56°56′ N, 111°932′ W). Poplar fen is a nutrient-rich, densely forested peatland dominated by 

Larix laricina. This site is characterized as being a large, shallow gradient peatland surrounded by 

low relief riparian and mixed wood uplands (Populus tremuloides, Pinus banksiana, Picea 

mariana) with a mean vegetation height of 6.47 m and a mean summer time LAI of 1.33 m2/m2. 

The mean growing season temperature at this site is 13.8 oC; it is a wet site with ET: PET (Priestly-

Taylor) ratio of 0.9, with the EC sensors measuring at a height of 7.5 m. More details on this study 

site can be found in Elmes et al. (2018). Meteorological and vegetation data were both collected 

from the same location and are summarized in Table 2-1.  

Finally, the high-roughness peatland was prescribed based on observations from an 

undisturbed moderate-to-rich peatland site, Super 8 (56° 4'48.80" N, 115°31'57.06" W), located in 

the Utikuma Region Study Area (URSA) near Utikuma Lake, northern Alberta. Super 8 is 

dominated by sparse Picea glauca along the north side and Betula papyrifer along the south end 

of the fen, underlain by Sphagnum mosses. For this study, the Picea glauca was used as the 

vegetation analogue for the roughness parameterization with a mean vegetation height of 3.56 m 

and a mean summer time LAI of 1.75 m2/m2. The mean growing season temperature at this site is 

12.6 oC; it is a relatively dry peatland compared to the other peatlands within this study with an 

ET: PET (Priestly-Taylor) ratio of 0.75 observed from an EC system measuring at a height of 6.5 



16 

 

m. The peatland is surrounded by a ~25 m sloping forest canopy dominated by (Populus 

balsumifera and Populus tremuloides) that exhibit a sharp transition from peatland to upland 

(Table 2-1). 

EC measurements for the upland forest and low roughness peatland locations were 

collected using a LI-7500 (LI-COR: Lincoln, Nebraska, USA) open path IRGA paired with a 

CSAT3 3D sonic anemometer (Campbell Scientific: Logan, Utah, USA) at a height of 23 m and 3 

m scanning at 20 Hz during the years of 2008 and 2015, respectively. EC measurements in the 

medium and rough peatlands were collected using an LI-7200 (LI-COR: Lincoln, Nebraska, USA) 

closed path IRGA and Windmaster Pro sonic anemometer (Gill Instruments: Lymington, UK) at 

a height of 6 m, scanning at 20 Hz during 2015. All flux data were processed into 30-minute 

average fluxes using, and filtered for periods of low atmospheric turbulence (𝑢∗), corrected for 

density and sensor separation (Webb et al., 1980; Leuning and Judd, 1996; Petrone et al., 2015) 

and flux footprint (Kljun et al., 2004). Final corrections and gap-filling followed the methods 

outlined in Petrone et al. (2001), Wilson et al. (2002) and Brown et al. (2010). Net radiation was 

measured at all sites using a NR-Lite2 (Kipp & Zonen; Delft, Netherlands) at the same height as 

the EC measurements. Ground heat flux was calculated using ground heat flux probes (HFT3; 

Campbell Scientific: Logan, Utah, USA) and ground temperature profiles at all sites (Halliwell 

and Rouse, 1987; Petrone et al., 2000; Petrone et al., 2006). 

Stand density, canopy height and trunk taper functions were determined by averaging three 

random 10 m × 10 m sampling plots (Table 2-1) at each site. To remove understory and smaller 

vegetation that was negligible for the simulation, trees with a circumference at breast height that 

were less than 5 cm were ignored. Taper functions were produced by creating a logarithmic 

regression between diameter at breast height and the height of the vegetation following Naidu et 



17 

 

al. (1998). LAI at the low- and medium-roughness scenarios was measured using an LP-80 LAI 

probe (Decagon Devices, Washington, USA) during peak growing season at 9 points within each 

of the vegetation survey plots. LAI collected in the upland forest was collected using LP-80 LAI 

probe during peak growing season at points along a transect that captured site variability. LAI 

measurements in the high roughness peatland were sampled using an LAI-2200C plant canopy 

analyzer (LI-COR: Lincoln, Nebraska, USA) during peak growing season with observation points 

following a transect throughout the site to determine the spatial variation and autocorrelation 

length of LAI. Leaf area density (LAD) profiles were created by falling 2 - 3 trees per land class 

and measuring the height, trunk diameter and crown diameter at 1m vertical intervals. To obtain a 

crown volume, I assumed a uniform circular diameter of the canopy at each height interval, with 

all leaves stripped and sorted into 1m intervals. For coniferous vegetation, every other 1 m section 

was used and interpolated between the heights due to the difficulty with transportation and 

removing needles. All vegetation was dried to standardize weight, and a 10 g sub-section was 

selected and measured using LI-3100C leaf-area meter (LI-COR: Lincoln, Nebraska, USA) using 

a resolution of 0.1 mm2. The area of the 10 g was then used to scale-up the remainder of the sample 

and applied to the volume of the crown. 

2.2.2 Simulation setup  

RAFLES was used to resolve flow inside and above heterogeneous, three-dimensional (3-D), 

forest canopies by solving the 3-D Navier-Stokes equations for a rectangular grid (Bohrer et al. 

2009). The canopy representation in RAFLES includes a multi-layer, 3-D heterogeneous canopy, 

where each canopy-containing voxel is prescribed with volume and aperture restriction to the flow 

due to the presence of modeled trees, and leaf density that exerts drag on the flow and acts as a 

source of heat and water vapor fluxes (Bohrer et al. 2009). Volume and aperture restrictions 
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interact with the numerical solution of the flow following the shaved grid-cell method (Adcroft et 

al., 1997, Bohrer et al. 2009).  

The simulation domain used in this study was set to 1000 × 1000 × 1040 m3, yielding 250 

× 250 × 107 (x, y, z) Cartesian grid points, with a horizontal grid resolution of 4 × 4 m2, and 

vertical grid resolution of 2 m (from the ground, to a height of 100 m). Above 100 m, a 10 % 

vertical stretching was applied for each consecutive vertical layer to a maximum vertical grid 

height of 25 m. Each 3-hour simulation included a spin up period lasting 2.5 hours with the 

observational period consisting of the last 30 minutes. The model timestep was 0.05 seconds, with 

an output of a full domain snapshot every 2 seconds, for a total of 900 output files averaged into 

30-minute flux period. The 30-minute mean flux was compared with eddy covariance (EC) flux 

measurements (described below). Further details of RAFLES’ formulation and numerical schemes 

can be found in Bohrer et al. (2009). 

2.2.3 Virtual canopy setup 

The V-CaGe model was used to translate 2-D images of leaf area density and information about 

canopy height, height variability and vertical leaf area density profiles into detailed, 3-D fields of 

numerical canopy elements for each type of land cover (Bohrer et al., 2007, Chatziefstratiou et al. 

2014). V-CaGe was used to generate a virtual simulation domain with different land-cover patches, 

consistent with the observed canopy characteristics, and with the mean surface roughness classes. 

The domain consisted of one rectangular forest block followed by three rectangular blocks that 

represent the three potential peatland roughness classes classified as smooth, medium, and rough 

(Figure 2-2A, B). 
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Figure 2-2: A) representation of the patch type of the simulation, with purple representing the upland forest 

and yellow (high); orange (medium); and teal (low) peatland roughness’s; B) illustrates the canopy heights 

associated with the patch types shown in A. 

Within each patch type, 3-D heterogeneous random canopy features (leaf area density, aperture 

and volume restriction in each canopy containing voxel) were generated such that the patch 

statistics are consistent with the mean and variability of leaf area index, canopy height, stem 

diameter and stand density of the observed ecosystems these patch types represent in the virtual 

experiment. V-CaGe further upscales the prescribed mean sensible and latent heat fluxes and 

surface albedo for each patch type to each model voxel proportional to the leaf area index of the 

canopy column and light attenuation throughout the column (Table 2-1). The prescribed fluxes 

were based on observed Bowen ratio (𝐻 𝐿𝐸⁄ ) and the sum of turbulent fluxes (𝐻 +  𝐿𝐸), and were 

measured using one eddy covariance tower within each patch type at the sites described above, 

where H and LE are the sensible and latent heat flux, respectively during the summers of 2008 and 

2015. To standardize the data among sites, the average of daytime (10:00-17:00) conditions during 

the growing season (Day of year (DOY) 152 - 243) were used to prescribe the fluxes within each 

patch type.   
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Table 2-1: Values used for patch type parameterization in V-CaGe. 1 Values are taken from Betts et al. 

(1997) (Table 2). 2 Values taken from Thompson et al. (2015). Where the upland forest is Pond 40; low 

roughness is the constructed fen; medium roughness Poplar; and the high roughness is Super 8. 

 

 

2.2.4 Initial conditions and forcing 

The RAFLES simulation was initialized using horizontally homogeneous and vertically prescribed 

profiles of horizontal wind, humidity, and temperature. For the purpose of initialization, wind 

profiles were prescribed using the Monin-Obukhov similarity (Monin and Obukhov, 1954).  

𝑢𝑧̅̅ ̅ =
𝑢∗
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where 𝑢𝑧̅̅ ̅ is the mean streamwise wind velocity at height 𝑧 above the ground, 𝑢∗ is the frictional 

velocity, 𝜅 is the von Kármán constant (0.41), d is the displacement height estimated as d ≈ 2/3h 

(where h is the mean canopy height), Z0 is the roughness length estimated as Z0 ≈ 0.1h. 𝜓𝑚 was 

used a correction term to account for convective boundary layer conditions following Paulson 

(1970): 
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where 𝑥 is either (z − d)/L, or Z0/L. 
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Equation 1 was prescribed based on observed conditions at the upland EC tower where h 

= 25 m, 𝑢∗ = 0.53 ms-1, L = -124.11 m were derived using the same criteria for V-CaGe surface 

fluxes selection. Vertical profiles of potential temperature and water vapor mixing ratio were 

prescribed using observed data from Fort Smith, Alberta (YSM) atmospheric sounding station 

(data obtained from the University of Wyoming database: 

http://weather.uwyo.edu/upperair/sounding.html) on August 31st, 2015 at 12:00 PM. All forcings 

were interpolated linearly to 25 m intervals to fit the vertical forcing prescription of RAFLES. 

Temperature, and humidity profiles, and turbulent wind fields were allowed to evolve after 

initialization during the simulation. Forcing included the surface fluxes that are prescribed 

throughout the simulation from each soil surface and vegetation-containing voxel following a 

spatial distribution as explained above, and a lateral wind nudging to maintain the prescribed mean 

vertical wind profile aloft (above a height of 4h). This is equivalent of prescribing a geostrophic 

wind gradient, but does not require a priori knowledge of the total surface drag force to balance 

the geostrophic wind.  

2.2.5 Analysis of simulation results 

The canopy aerodynamic resistance to moisture transfer was calculated through the moisture 

diffusion equation: 

𝑟𝑞 = −𝐿𝑣𝜌 (
𝑞𝑎−𝑞𝑐

𝐿𝐸
)      (3) 

where rq is the canopy aerodynamic resistance to moisture transfer, Lv is the latent heat of 

vaporization of water, ρ is air density, qa is the water vapor mixing ratio at height above the canopy, 

qc is the canopy-air water vapor mixing ratio, and LE is the net surface + canopy latent heat flux. 
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2.3.0 Results 

2.3.1 Spatial structure of wind speed 

Within the sheltered region of the medium and high roughness scenarios, surface streamwise wind 

velocities continually accelerate until an equilibrium of  �̅�ℎ �̅�0⁄  = 0.65 and 0.75 was achieved at 

x/heff ≈ 25 and 15 (Figure 2-4A), for the medium and high roughness, respectively. Ūh is the 

streamwise velocity at the top of the peatland vegetation, where h denotes the upwind forest canopy 

height, and Ū0 is a reference streamwise velocity measured at z/h=2 of the upland forest canopy. 

At x/heff ≈ 2, within the low roughness scenario (Figure 2-4A), peak flow reversal occurs with 

respect to the streamwise velocity with a velocity of  �̅�ℎ �̅�0⁄  = -0.15. Following x/heff > 2 within 

the low roughness scenario, streamwise velocities steadily recovered until equilibrium flow rates 

occur at x/hef ≈ 20, where  �̅�ℎ �̅�0⁄  ≈ 0.6. No relationships were observed between the rate of flow 

acceleration in the reattachment region and canopy roughness. However, increasing surface 

roughness does increase the sharpness of the transition between flow acceleration and flow 

equilibrium. 

In all cases, persistent upward flow w̄h ≈ 0.2 ms-1 occurred near the transition x/heff < 1 followed 

by a shift to maximum downward velocities between x/heff = 3 – 4 which indicates that the flow is 

interacting with the peatland surface (Figure 2-3, 2-4B). Following the maximum downward 

velocities, vertical wind speeds transition towards an equilibrium where w̄h ≈ 0 m/s at x/heff ≈ 15. 

2.3.2 BFS Effects on Turbulent Flow 

Across the BFS flow transition, mean turbulent intensity, indicated by the standard deviation of 

the vertical wind velocity, σ(w), is lowest in the low roughness cases and increases with surface 

roughness (Figure 2-5A).  Variability of observed σ(w) across the BFS transition also increases 

with increasing surface roughness. For all roughness cases, maximum σ(w) of 0.041, 0.122, 0.189 
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m/s occurs between x/heff = 2-3 and decreases with distance to the surface equilibrium rate of 0.008, 

0.037, 0.080 m/s at x/heff ≈17, 16, 15 for the low, medium and high roughness respectively. 

 
Figure 2-3: Cross section of mean streamwise wind velocity (�̅�) [ms-1] normalized by the mean windspeed 

at twice the upland canopy top height, z/heff=2, where arrows mark the wind velocity along the streamwise 

and vertical components. The x-axis marks the downwind horizontal distance from the BFS transition 

relative to h. The z-axis marks the vertical elevation above ground relative to heff. Solid black line in each 

panel denotes the forest canopy top. Color map marks the Reynolds Stress normalized by the Reynolds 

Stress at reference height, z/h=2. Panel (A) shows the results for a low roughness patch, (B) the medium 

roughness patch and (C) the high roughness patch.

(A) Low Roughness 

(B) Medium Roughness 

(C) High Roughness 
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Figure 2-4: A) Mean streamwise velocities (�̅�) [ms-1] measures at height h across low, medium and high roughness cases (left to right) with the x-

axis being the distance from the BFS transition relative to the mean canopy height of the upland forest. B) Mean vertical windspeed (�̅�) [ms-1] 

measures at height h across low, medium and high roughness cases (left to right) with the x-axis being the distance from the BFS transition 

relative to the mean canopy height of the upland forest. Dotted lines within each figure represent flow regions where A) is the flow within the 

forest (x/heff = -1 to 0); B) sheltered region; C) Reattachment region; D) Recovery Region. 

 
Figure 2-5: A) Turbulent intensity (σ(w)) [ms-1] measured at height h within the peatlands across low, medium and high roughness cases (left to 

right) with the x-axis being the distance from the BFS transition relative to the mean canopy height of the upland forest. B) Kinematic Reynolds 

stress (𝑢′𝑤′̅̅ ̅̅ ̅̅ ) [m2s-2] measured at height h within the peatlands across low, medium and high roughness cases (left to right) with the x-axis being 

the distance from the BFS transition relative to the mean canopy height of the upland forest. Dotted lines within each figure represent flow regions 

where A) is the flow within the forest (x/heff = -1 to 0); B) sheltered region; C) Reattachment region; D) Recovery Region.

A) 

B) 

A) 

B) 
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Within all roughness cases, the sheltered region is separated from the reattaching flow by 

a sharp gradient of turbulent stress (Figure 2-3). Within the medium and high surface-roughness 

scenarios are 𝑢′𝑤′̅̅ ̅̅ ̅̅  ≈ 0 m2s-2 at x/heff = 0 (Figure 2-5B). Between x/heff = 3 - 5 Reynolds stress 

reached its minimum where 𝑢′𝑤′̅̅ ̅̅ ̅̅  = -0.15 and -0.24 m2s-2 for the medium and high roughness, 

respectively. Reynolds stress responds differently within the low roughness scenario where 𝑢′𝑤′̅̅ ̅̅ ̅̅  

≈ -0.05 m2s-2 at x/heff = 0 and increases to 0.023 m2s-2 at x/heff = 1 – 2. Subsequently, Reynolds 

stress drops to its minimum of -0.1 m2s-2 between x/heff = 5 - 7 followed by its rebound to an 

equilibrium at x/heff ≈ 17.  As surface roughness increased, the magnitude and variability of 

Reynolds stress increased as well, with values of -0.016 ± 0.017, -0.054 ± 0.025 and -0.084 ± 0.034 

m2s-2 being observed within the low, medium and high surface roughness cases, respectively. As 

surface roughness increases, Reynolds stress’s experience a sharper transition to equilibrium rates 

that occur at x/heff ≈ 16, 15 for the medium and high surface roughness cases respectively.  

2.3.3 Canopy resistance to moisture transfer 

In all cases, streamwise turbulent intensity, σ(u), is greatest at the forest canopy height, z/h=1, and 

shortly downwind of the transition, between x/heff = 1-3 (Figure 2-6A). By x/heff = 8 σ(u) has 

adjusted to the peatland surface as indicated by the adjusted flow profile.  However, for the low 

roughness scenario, the flow profile does not fully develop until x/heff > 30 which is in line with 

Markfort et al. (2014) for smooth surfaces. For all cases, water vapor mixing ratio becomes well-

mixed (loses its vertical gradient) at the height of about z/heff =2 (Figure 2-6B). A greater difference 

between mixing ratio aloft (qair at z/h=4) and near the surface (qh at z/h=1) is observed in the low 

roughness scenario, which corresponds with the higher moisture conditions at the surface due to 

the higher latent heat flux that is characteristic of the ecosystem type this surface represents.  
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In all scenarios, the highest surface resistance to moisture transfer (rq) happens shortly 

downwind of the transition, at x/heff = 1 (Figure 2-6C). While in the reattachment zone, between 

x/heff = 3-8 rq is at its lowest rates as turbulent interactions with the canopy are the highest. Beyond 

x/heff > 8 in the flow recovery region, rq begins to increase as flow recovery occurs and a developed 

boundary begins to form to the roughness elements of the peatland surface.  Vertically integrated 

mean rq rates, defined as the resistance to moisture transfer between the surface (qh) and the well-

mixed atmosphere (qAir measured at z/heff =2) is the highest in the low roughness scenario 11.31 ± 

1.73 s/m followed by 9.46 ± 1.28, and 8.03 ± 1.27 s/m for the medium and high roughness 

scenarios respectively (Figure 2-7). rq rates the recovery region of the low roughness scenario 

steadily increase an equilibrium is achieved at x/heff = 35 and approximately x/heff = 20 and x/heff 

= 25 in the medium and high roughness scenarios respectively (Figure 2-8B).  

For all cases, heat and water vapor accumulation occurs at the BFS transition (x/heff = 0) 

(Figure 2-8A, 2-B) where Kh is approximately 1.5 Ko greater than outside of the sheltered zone. 

Downwind from the transition, between x/heff = 5 - 7, temperatures and water vapor transition to 

the equilibrium values. Temperatures are higher and more variable in the lower roughness 

scenarios as opposed to the higher roughness scenarios with mean temperatures of 296.4 ± 0.22, 

295.6 ± 0.18, 295.8 ± 0.16 Ko for the low, medium, and high roughness scenarios respectively 

(Figure 2-8A). Water vapor mixing ratio is similar to the temperature dynamics of the BFS in that 

the lower roughness surfaces have higher mean values and variability. However, water vapor 

concentrations between flow regions have greater differences in the low roughness case when 

compared to the medium and high roughness cases (Figure 2-8B).  
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Figure 2-6: A) Vertical profiles of the streamwise turbulent intensity normalized by the mean streamwise 

velocity at z/heff =2 (σ(u)/uo) where each line represents a distance leeward of the BFS where plots from 

left to right are low, medium and high roughness. B) Vertical profiles of the mixing ratio gradient from 

the surface to z/heff =4 (qAir-qh) [g/kg] where each line represents a distance leeward of the BFS where 

plots from left to right are low, medium and high roughness. C) Vertical profiles of the surface resistance 

to moisture transfer (rq) [s/m] where each line represents a distance leeward of the BFS where plots from 

left to right are low, medium and high roughness. 

A) 

B) 

C) 

Low Roughness Medium Roughness High Roughness 
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Figure 2-7: Canopy resistance to moisture transfer (sm-1) measured at height h within the peatlands across low, medium and high roughness cases 

(left to right) with the x-axis being the distance from the BFS transition relative to the mean canopy height of the upland forest. Dotted lines within 

each figure represent flow regions where A) is the flow within the forest (x/heff = -1 to 0); B) sheltered region; C) Reattachment region; D) 

Recovery Region. 

 

Figure 2-8: A) Temperature [K] measured at height h within the peatlands across low, medium and high roughness cases (left to right) with the x-

axis being the distance from the BFS transition relative to the mean canopy height of the upland forest. B) Water vapor mixing ratio [g/kg] 

measured at height h within the peatlands across low, medium and high roughness cases (left to right) with the x-axis being the distance from the 

BFS transition relative to the mean canopy height of the upland forest. Dotted lines within each figure represent flow regions where A) is the flow 

within the forest (x/heff = -1 to 0); B) sheltered region; C) Reattachment region; D) Recovery Region. 

A) 

B) 
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2.4.0 Discussion 

2.4.1 Micrometeorological Interactions 

The sheltered region within all simulations occurs between x/heff = 0 - 2 downwind of the BFS and 

is characterized by having low streamwise wind velocities and turbulence that lead to higher water 

vapor mixing ratios and temperatures. Between x/heff = 2 - 3 leeward of the BFS, σ(w) peaks as 

the mean flow begins to interact with the peatland surface, indicated by downward velocities, 

decreased water vapor mixing ratios and temperatures and increasing streamwise wind velocities 

(Cleugh, 1998). Flow recovery begins by x/heff ≈ 15 as streamwise wind velocities reach an 

equilibrium, and σ(w) and Reynolds stresses have largely adjusted to the surface, with minor 

adjustments occurring at distances greater than x/heff = 25. These characteristics define the 

boundaries between the turbulent regions that control scalar fluxes and are within the range of 

lengths in theoretical, observed and modeled studies (Cleugh, 1998; McNaughtan, 1988; Wang 

and Takle, 1997; Yang et al., 2006b; Markfort et al., 2014).  

Peatland canopy roughness does not influence the flow-reattachment distance, as it is primarily 

driven by upwind factors, such as the geometry of the BFS, state of the boundary layer at the 

separation point, freestream turbulence, and upwind surface roughness (Markfort et al., 2014; 

Kindere and Ganapathisubramani, 2018). However, within the peatland, a faster and sharp 

transition of Reynolds stress and streamwise wind velocities to equilibrium rates shows that the 

rougher scenarios recover faster than the lower roughness scenarios as a result of the more efficient 

momentum flux that occurs over rougher surfaces (Raupach et al., 1996; Finnigan, 2000; Aubinet 

et al., 2012).  
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2.4.2 Impact of BFS and surface roughness on hydroclimatic fluxes 

Across all roughness cases, rq was highest in the sheltered region as there is reduced turbulence 

(Figure 2-7) resulting in less scalar transfer from the surface to the atmosphere from this region as 

evidenced by the high temperatures and vapor concentrations (Figure 2-8A; 2-8B). While in the 

reattachment region higher turbulence results in low rq rates and the largest drop in temperature 

and vapor concentrations which suggests that greater surface moisture transfer and therefore 

evaporative demand will occur in this region compared to the sheltered or the recovery region. 

After flow reattachment, flow recovery begins as surface turbulence subsides and reaches an 

equilibrium with the surface, which can either stabilize or increase rq as the development of the 

new boundary layer allows for fluxes to reach equilibrium between the atmospheric demand and 

the surface supply (Vogel and Eaton, 1985; Petrone et al., 2007).  rq stabilizes in the recovery 

region for the medium and high roughness cases (Figure 2-7B; 2-7C) as the flow profile is 

suffienctly mixed and atmospheric demand and the surface supply of moisture are in an 

equilibrium.  However, in the low roughness scenario rq increases in the recovery region as a result 

of the higher moisture flux from this surface, combined with the decreased turbulence and 

therefore turbulent mixing, which increases the moisture gradient between the surface to 

atmosphere and the resistance of the surface to moisture transfer.  This increase in rq stabilizes 

once the vapor concnetrations at the surface stabilize since the surface supply of moisture are in 

an equilibrium. 

Microclimates produced by the BFS influence the interactions between the vegetation and 

air as this interaction is strongly correlated to meteorological conditions such as temperature, VPD, 

light and moisture availability (Davis and Norman, 1988; Oke, 1988; Irmak and Mutiibwa, 2010). 

The response of the vegetation to the microclimatic conditions is dependent on the moisture 
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availability at the surface, the moisture demand of the atmosphere and the composition of 

vegetation (non-vascular, vascular, canopy coverage) which adds more complexity when assessing 

the evaporative response of the vegetation to microclimatic conditions. For example, Pepin et al. 

(2002) found that the stomata of black spruce in a peatland experienced a greater stomatal response 

to an increasing VPD during a dry year as opposed to a wet year; showing that when moisture is 

available, mass exchanges occur more freely as opposed to when water is limited. In contrast 

nonvascular vegetation lack stomatal controls, meaning that if moisture is available and there is an 

atmospheric demand for that moisture, E will occur. However, if moisture is limited, E will be 

limited by the rate of capillary rise (Strack et al., 2009). Typically, peatlands of the BP experience 

high water tables and moisture conditions early in the growing season after ice melt, which 

increases ET rates until the surface begins to dry later in the growing season (Goodine et al., 2008) 

producing seasonal variability in the response of vegetation to microclimates.  

The addition of canopy coverage upwind of the peatland surface will reduce E rates by 

sheltering the surface vegetation from solar radiation and turbulent transport processes (Brown et 

al., 2014; Kettridge et al., 2013) depending on the roughness of the surface and stand density of 

the canopy (Molder and Kellner, 2002; Niu and Yang, 2004). Nevertheless, the addition of trees 

to a peatland will result in higher T rates relative to E as trees have higher LAI, access to deeper 

water tables and greater turbulent interactions (Admiral and Lafleur, 2007; Kettridge et al., 2013). 

However, Strilesky and Humphreys (2012) showed that overall ET rates were lower in a black 

spruce portion of a peatland compared to an open portion as a result of the decreased stomatal 

conductance of the black spruce compared to mosses, which lack stomatal controls, and as a result 

have been shown to significantly influence the ET budget within peatlands (Lafleur and Schreader, 

1994; Kim and Verma, 1996; Heijmans et al., 2004). However, this study was performed in a 
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continental climate (Sonnentag et al., 2007) rather than the subhumid climate of the BP, which 

may result in greater E from both the open and treed portions as the atmospheric demand is higher 

(Devito et al., 2005). 

Within the sheltered region, lower wind speeds and high temperatures suggest that ET will 

be driven by higher atmospheric demand due to the increased moisture holding capacity of the air 

as a result of increased temperatures  (Figure 2-8B) (McNaughton, 1988; Cleugh, 1998). However, 

due to the high latitude and patchiness of the landscape, radiative shading can be significant control 

on evaporative dynamics within the sheltered region of BP peatlands, as shading potentially offset 

the increase in temperatures, and reduce available energy and photosynthetically active radiation 

(Cleugh, 1998; Kettridge et al., 2013). Diurnal variability throughout the day will increase air 

temperature and humidity as solar radiation and ET constantly act within the peatland (Caborn, 

1957; McNaughton, 1988; Cleugh, 1998). This will create a dynamic relationship between air 

temperature and humidity, where increasing temperatures will increase the VPD, resulting in 

increased ET rates until the moisture demand of the air is met, which lowers the VPD (Runkle et 

al., 2014). However, more research is required to understand the diurnal variability of the 

interactions mentioned above. 

Within the reattachment zone, higher turbulence suggests that wind stresses will control 

ET rates; however, this will strongly be influenced by the moisture conditions of the air entering 

the peatland (McNaughton, 1988; Petrone et al., 2007). When dry air is advected into the 

reattachment zone, high wind speeds and turbulence will increase evaporative rates. However, if 

moist air advection occurs, it will reduce evaporative demand compared to the dry air scenario as 

the air has little capacity to receive additional water vapor (Chapin et al., 2002). This suggests that 
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upwind topography and roughness should be taken into consideration when gauging the 

evaporative demand of the reattachment zone (Petrone et al., 2007).  

2.4.3 Implications for land management strategies 

Perched and isolated peatlands are prominent features of the BP (Metcalfe and Buttle, 1999; 

Riddell, 2008), and are important sources of water and carbon storage within the region (Kuhry et 

al., 1993; Timoney, 2003; Ferone and Devito, 2004).  It is expected that the ubiquity of these 

peatlands throughout the BP landscape, despite the sub-humid climate (Devito et al., 2005), is a 

result of the sheltering of the surrounding forested landscape (Petrone et al., 2007). However, 

widespread landscape scale anthropogenic disturbances (in excess of 800 km2; Government of 

Alberta, 2015) threaten such natural characteristics of the BP (Government of Alberta, 2015) by 

disrupting the fine balance between atmospheric fluxes of P and ET (Thompson et al., 2015; 

Riddell, 2008) within a region that is hydrologically driven by persistent water deficit conditions 

(Marshall et al., 1999; Devito et al., 2005). Thus, such industries should consider how landscape 

disturbance may be impacting the suppression of evaporative fluxes from these systems. For 

example, forestry clearcutting in the BP follow unclear criteria with regards to buffer designs 

around peatlands where buffer widths depend on features such riparian zone slope and the biotic 

habitat function with distances ranging from x/h ≥ 2 (Murray and Buttle, 2002).  However, van der 

Kindere and Ganapathisubramani (2018) observed that BFS transition characteristics were 

significantly dependant on the distance between the BFS and the FFS where short distances (x/h 

≤ 4) experienced less impacts of the sheltered region with turbulent intensities propagating further 

downwind compared to the longer distances of (x/h ≥ 4). Furthermore, Wang and Tackle (1995) 

observed that shelterbelt porosity significantly influence streamwise wind velocities and 

characteristics of the BFS transition, where lower porosities result in lower wind speeds with less 
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“bleed flow” in the sheltered area and a more defined flow separation region. Therefore, forestry 

practices that have the potential to change approach flow turbulent properties, could significantly 

modify the BFS flow dynamics discussed in this study. If unaccounted for in forestry buffer 

designs, this could result in negative, unforeseen impacts on water and carbon fluxes within 

peatlands (Petrone et al., 2007; Plach et al., 2016). This warrant’s further investigation in order to 

quantify the sensitivity of adjacent peatlands to turbulence associated with variable buffer lengths. 

Oil sands development within the BP, also represents a major landscape disturbance impact 

(Daly et al., 2012; Rooney et al., 2012; Government of Alberta, 2015). Associated with this 

development, large-scale reclamation projects within the AOSR are required for mine closure 

plans as the lands have to be reclaimed back to an ecosystem with pre-disturbance functionality 

(i.e. a mosaic of uplands, wetlands and carbon accumulating peatlands) (Daly et al., 2012). 

However, the long maturation times for upland forests means that other methods such as steep 

slopes and rough terrain could be implemented in order to provide adequate regional roughness 

lengths to provide turbulent sheltering within the peatlands. Loureiro et al. (2009) investigated 

flow separation around a hill and found reattachment lengths between x/h = 2.5 - 5.8 for varying 

Reynolds numbers.  However, the slope of the hill must be considered as the reattachment distance 

was measured from the point of separation and not the point where the slope meets the flat surface 

(Loureiro et al., 2009).  If heterogeneous landscapes are implemented in reclamations strategies, 

evidence from this study suggests that surface roughness lengths should be considered when 

designing such landscapes as it can alter the evaporative demand expected affecting their 

sustainability under future climatic conditions. That is, increased surface roughness lengths within 

the peatland could decrease the spatial variability of aerodynamic drivers of ET within these 

peatlands compared to a smooth surface that could produce higher overall resistances to turbulent 
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transfer but would spatially be more variable. However, it is important to note that a combination 

of rough and smooth surfaces likely exists that would be the optimal design for such a peatland 

system, but this warrants further investigation. 

2.5.0 Conclusion 

Reduced streamwise velocities and higher vapor concentrations and temperatures in the sheltered 

region are followed by a sharp transition to increased streamwise velocities, turbulence and 

decreased vapor concentrations and temperatures in the reattachment zone. These microclimates 

produced by the BFS transitions result in a range of conditions that influence the atmospheric 

demand and stomatal characteristics of the vegetation, which in turn affects evaporative rates 

across the system.  Furthermore, our results show that increasing the surface roughness leeward of 

a BFS decreases the size of the reattachment zone and the variability of aerodynamic resistances 

across the peatland surface.  However, increased surface roughness did decrease the overall 

aerodynamic resistance of the surface. The consequences of the above findings on peatland 

evaporative demand is that the higher turbulence in the reattachment region will increase ET rates 

relative to the sheltered region. Moreover, increasing the surface roughness of the peatland results 

in greater overall evaporative demand from the surface, but decreases the spatial variability 

between the sheltered and the reattachment zones. The implications of this study to reclamation 

strategies is that microclimates are produced leeward of the BFS transitions, which result in 

spatially varying evaporative rates that could influence the success of these young reclaimed 

peatlands. However, our results show that by increasing the surface roughness leeward of the 

transition, the differences between these microclimatic zones can lessen and thereby decreasing 

the spatial variability of evaporation across the peatland surface thereby making the fluxes more 

predictable.
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3.0 Microclimatic Effects of a Perched Peatland Gap  

3.1.0 Introduction 

The Boreal Plains region (BP) of the Western Boreal Forest (WBF) is composed of a 

heterogeneous mosaic of wetlands and upland forests, where wetlands account for approximately 

50% of the natural landscape, of which approximately 90% are peatlands (Vitt et al., 1996). The 

sub-humid climate of the BP is characterized frequent water deficit conditions where potential 

evapotranspiration (PET) is greater than precipitation (P) on an annual basis, with wetlands being 

sustained by infrequent wet years on a 10 – 15 year cycle (Marshall et al., 1999; Devito et al., 

2005). Perched peatlands are a common feature across the BP (Devito et al., 2012) and are 

hydrologically isolated from surface waters and the underlying water table. Perched peatlands are 

commonly observed above the regional water table (James, 2017; Riddell, 2008) and separated by 

an unsaturated layer, which acts to hydrologically isolate the peatland (Devito et al., 2012). As 

such, small perched peatlands have been shown to be controlled by climactic fluxes (P and ET) as 

opposed to ground water fluxes, making them more susceptible to climate variability and the 

delicate balance between P and PET within the BP region (Thompson et al., 2015; Riddell, 2008). 

Previous research on the hydrologic and microclimatic functioning of perched peatlands has shown 

that these systems in the BP have negative autogenic feedbacks that include turbulent sheltering, 

radiative sheltering and vegetative controls (James, 2017; Waddington et al., 2015). These 

feedbacks may serve to increase the resiliency of perched peatlands to evaporative losses (Petrone 

et al., 2007; Waddington et al., 2015; Hokanson et al., 2016; James, 2017; Chapter 2) by changing 

the ratio of AET to PET within these peatlands. 

Examination of flow over a roughness transition can be conceptualized by combining and 

modifying the frameworks developed by Judd et al. (1998), Cleugh (1998) and Belcher et al. 
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(2003) as shown in Figure 3-1.  Flow is divided into several distinct regions as it passes through a 

BFS – Gap – FFS sequence. 

 

Figure 3-1: Schematic showing the unique zones created by flow adjusting over a backward facing step 

(BFS) transition, identifying the successive regions in the flow path: (A) approach flow; (B) sheltered 

region; (C) reattachment zone; (D) recovery region, (E) uplift region; (F) roughness change region (IBL). 

Turbulent stresses vary across the gap surface as a result of the flow regimes produced by 

the roughness transitions (Figure 3-1). The turbulent state of the approach flow (A in Figure 3-1) 

has been shown to influence the lengths and characteristics of the sheltered region (B in Figure 3-

1) and reattachment zone (C in Figure 3-1) (Simpson, 1989; Markfort et al., 2014; Chatziefstratiou 

et al. 2014; Kindere and Ganapathisubramani, 2018). The sudden change in the displacement 

height results in a decoupling of the flow profile from the surface, thereby increasing flow 

velocities and wind shear as it adjusts to the new surface element.  The decoupling of the flow 

profile produces a region of reduced flow that is separated from the adjusting layer above (B in 

Figure 3-1), which results in a sheltered region that has reduced turbulent transport and increased 

scalar concentrations (Mcnaughton, 1988; Chapter 2). When mean flow reattaches with the new 

surface layer (C in Figure 3-1), it is characterized as having high flow velocities and turbulent 
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stresses producing an adverse pressure gradient resulting in flow reversals within the sheltered 

region. Development of the mean flow profile occurs after the reattachment zone, as the flow 

recovers (D in Figure 3-1) and surface turbulence equilibrates to the new surface layer and its 

roughness elements. The uplift region (E in Figure 3-1) that is characterised by high vertical wind 

speeds that lifts flow above and out of the step transitions, has been shown to effectively eject 

particles and scalars from the surface and into the atmosphere (Bergen, 1975; Goodrick et al., 

2013; Belcher et al., 2008; Pruegor et al., 2008).  The roughness change region (F in Figure 3-1) 

is where the flow adjusts to the roughness of the new surface with the development of an internal 

boundary layer (IBL). Height of the BFS influences reattachment distance, therefore the distance 

leeward of the BFS is scaled by using the effective canopy height (heff), where heff = d2 - d1, and d 

is the zero-plane displacement of the down-step (indicated with 1, and in our study, peatland) and 

the up-step (2, forest) surfaces. Due to the complexites of BFS transitions, single point eddy-

covariance (EC) measurements conducted within the flow transition are difficult to interpret and 

neglect the theoretical assumptions of a homgenous surface layer, zero mean vertial flow, and no 

vertical divergence of fluxes (Yang et al., 2006a; Lee, 2000; Paw et al., 2000). Therefore, 3-D 

computational fluid dynamic models that can resolve turbulence at a forest-to-peatland transition 

can be used to improve the understanding of flow dynamics within such environments (Bohrer et 

al., 2009). 

Landscape heterogeneity, composed of a mosaic of largely peatlands and upland forests 

throughout the BP results in sharp transitions in displacement height that produce complex 

transitional flows and turbulent processes (Bou-Zeid et al. 2004; Markfort et al., 2010). Studies 

investigating flow separation over heterogeneous surfaces (e.g. Patton et al. 1998; Belcher et al. 

2003; Yang et al. 2006b; Cassiani et al. 2008; Dupont and Brunet, 2008a; Fontan et al. 2013; 
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Chatziefstratiou et al., 2014) have identified transition structures by using the “step analogy” where 

there is either a forward-facing (FFS) or a backward-facing (BFS) depending step on the wind 

direction, with discussions being primarily focused on either the approaching or exiting flow 

(Detto et al. 2008; Panferov and Sogachev 2008; Chatziefstratiou et al., 2014). In complex terrain, 

such surface simplifications can be combined with a sequence of transitions such as BFS – Gap – 

FFS (e.g. a peatland surrounded by a forest) (Figure 3-1). As a result, land surface heterogeneity 

has the potential to act as a positive or negative autogenic feedback to atmosphere exchanges of 

momentum, heat and mass (Cleugh, 1996; Markfort et al., 2014; Plach et al., 2016, James, 2017; 

Chapter 1). For example, a negative autogenic feedback could be an uninterrupted transition (BFS 

- Gap), where reduced wind speeds in the sheltered region (B in Figure 3-1) could result in less 

movement of scalars away from the surface resulting in less evapotranspiration (Chapter 2; 

Cleugh, 1996). Conversely, if flow reattachment occurs (C in Figure 3-1), higher turbulent 

interactions with the surface could increase evaporative demand resulting in a positive autogenic 

feedback (James, 2017). Furthermore, due to the fragmented mosaic of the BP, there is the 

potential for a large portion of the landscape to be influenced by such variable feedbacks, making 

for spatially unpredictable fluxes from within these regions. Additionally, the small or short 

fetched nature of these peatlands means that transition regions can impact a large portion of them. 

Which increases the persistence of these hydrologically isolated perched peatlands across the 

landscape due to the moderated fluxes and decreased the ratio of AET:P; thereby increasing the 

resilient of the peatlands to the regional atmospheric demand of moisture. 

Reduced computational time and costs have seen the emergence of Large Eddy Simulations 

(LES) as a practical research tool. However, many models use simplified structures such as 

transitions from blocks to flat surfaces or simplified canopy structures that assert drag on the mean 
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flow. Currently, semi-porous forest canopies are being modelled with the aid of computationally 

competent platforms and the ability to integrate vegetation profiles into LES has become available 

in models such as Regional Atmospheric Forest Large Eddy Simulation (RAFLES) (Bohrer et al., 

2009) via the Virtual Canopy Generator (V-CaGe) (Bohrer et al., 2007). Allowing canopy 

integration into LES provides us with the ability to accurately model flow transitions as it has been 

observed that canopy influences on flow such as drag and through canopy flow, have a significant 

influence on the turbulent dynamics of transition flow (Markfort et al., 2014; Chatziefstratiou et 

al. 2014). 

Increased natural resource activities, such as oil and gas extraction and oil sands 

development in the WBF has resulted in the disruption of landscape on a scale ranging from 

individual ecosystems to the scale of entire landscapes (Alberta Environmental Protection, 1998; 

Johnson and Miyanishi, 2008; Government of Alberta, 2015).  Large-scale land reclamation 

projects such as mine closure plans in the Athabasca Oil Sands Region (AOSR) require the land 

to be returned to an equivalent land class i.e. the mosaic of wetlands and forests) (Daly et al., 

2012).  Therefore, it is critical to understand atmospheric transport processes and boundary layer 

interactions within complex terrain so that the autogenic feedbacks can be applied and considered 

in large-scale land reclamation designs where the success of the projects is crucial due to the high 

costs and to achieve land closer certification. 

The persistence of small perched peatlands within the BP suggest that a combination of 

negative autogenic feedbacks exist that reduce the evaporative demand thereby increasing the 

sustainability of these systems across the BP (James, 2007).  One such autogenic feedback is the 

fetch length of the peatland gap, as it has the potential to moderate turbulence and microclimate 

distribution across the entire peatland surface (Markfort et al., 2010). It is hypothesized that the 
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length of the gap has the potential to control flow reattachment dynamics where peatlands with 

gaps shorter than the reattachment zone would result in the entire peatland surface being detached 

from the mean flow profile (Troendle and Leaf, 1980; Golding and Swanson, 1978). This 

detachment could change the ratio of P to PET (Golding and Swanson, 1978; James, 2007).  

Furthermore, due to the stagnation point of FFS flows, the impacts of a BFS transition could be 

extended to peatlands with gap lengths slightly larger than the reattachment zone distance, where 

the combination of BFS sheltering and FFS stagnation point effectively increase the sheltered area 

of a peatland. Furthermore, it is unknown how FFS flow dynamics will respond to approaching 

flow that does not have the characteristics of a developed flow profile. Therefore, the objectives 

of this study are to: 1) examine the impact that fetch length has on turbulent processes and 

microclimates within a sheltered peatland; 2) Determine the impact that fetch length has on FFS 

dynamics and its impact to regional flow dynamics. 

3.2.0 Materials and Methods 

3.2.1 Site Description 

This modeling study utilized synthetic simulation domains based on observed vegetation and 

meteorological parameters from an upland forest and peatland in the Utikuma Regional Study Area 

(URSA) of the BP in north-central Alberta. Meteorological data used to set up the site parameters 

that were prescribed for the upland-forest land classification components of the simulations (table 

3-1) were obtained from the Pond 40 EC flux tower (56° 4'21.90" N, 115°28'33.30" W) in the 

Utikuma Region Study Area (URSA) near Utikuma Lake, northern Alberta. This site is dominated 

by dense, mature aspen (Populus balsumifera and Populus tremuloides), with mean canopy height 

of 25m and summertime mean LAI of 2.83 m2/m2. LAI measurements were collected using LP-80 

LAI probe (Decagon Devices, Pullman, Washington, USA) during peak growing season at points 
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along a transect which captured site scale variability. The EC tower is located on gently sloped 

hills adjacent to low lying wetlands. The mean growing season temperature at this site is 13.4 oC; 

it is a dry site with ET:PET (EC method : Priestly-Taylor) ratio of 0.67. The EC system used to 

parameterize the upland was installed on a tower at a height of 23.5 m above the forest canopy, to 

produce a large enough footprint area to encompass landscape-scale variability (Brown et al. 2010, 

2013; Devito et al., 2005; Petrone et al., 2015; Sutherland et al., 2017).  

The peatland land classification used in this study was prescribed based on observations 

from an undisturbed moderate-to-rich peatland site, Super 8 (56° 4'48.80" N, 115°31'57.06" W), 

located in the Utikuma Region Study Area (URSA) near Utikuma Lake, northern Alberta. Super 

8 is dominated by sparse Picea glauca along the north side and Betula papyrifer along the south 

end of the fen, underlain by Sphagnum mosses. For this study, the Picea glauca was used as the 

vegetation analog for the roughness parameterization with a mean vegetation height of 3.56 m and 

a mean summertime LAI of 1.75 m2/m2. LAI measurements in the peatland were collected using 

an LAI-2200C plant canopy analyzer (LI-COR: Lincoln, Nebraska, USA) during peak growing 

season with observation points following a transect throughout the site to capture site variability. 

The mean growing season temperature at this site is 12.6 oC, it is a relatively dry peatland 

compared to the other peatlands within the region with an ET: PET (EC method : Priestly-Taylor) 

ratio of 0.75 observed from an EC system measuring at a height of 6.5 m. The peatland is 

surrounded by a ~25 m sloping forest canopy dominated by (Populus balsumifera and Populus 

tremuloides) that exhibit a sharp transition from peatland to upland (Table 3-1). 

Metoerological forcings used to prescribe V-CaGe were observed from eddy covariance 

systems where the upland measurments were collected using a LI-7500 (LI-COR: Lincoln, 

Nebraska, USA) open path IRGA paired with a CSAT3 3D sonic anemometer (Campbell 
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Scientific: Logan, Utah, USA) at a height of 23.5m scanning at 20 Hz during the growing season 

of 2008. While, EC measurements within the peatland were collected using an LI-7200 (LI-COR: 

Lincoln, Nebraska, USA) closed path IRGA and Windmaster Pro sonic anemometer (Gill 

Instruments: Lymington, Hampshire, UK) at a height of 6m, scanning at 10 Hz during the growing 

season of 2015. All flux data were processed into 30-minute average fluxes using, and filtered for 

periods of low atmospheric turbulence (𝑢∗), corrected for density and sensor separation (Webb et 

al., 1980; Leuning and Judd, 1996; Petrone et al., 2015) and flux foot printing (Kljun et al., 2004). 

Final corrections and gap-filling followed the methods outlined in Petrone et al. (2001), Wilson et 

al. (2002) and Brown et al. (2010). Other meterological characteristics used force RAFLES were 

net radiation which was measured within the upland using an NR-Lite (Kipp Zonen; Delft, 

Netherlands) and in the peatland using a CNR4 (Kipp Zonen; Delft, Netherlands), both at the same 

height of the EC measurements. Albedo values were measured within the peatland and were 

supplemented with data from the literature for the upland (Table 1). Ground heat flux was 

calculated using ground heat flux probes (HFT3; Campbell Scientific: Logan, Utah, USA) for the 

upland while in the peatland ground heat flux was calculated with ground temperature profiles 

using the calorimetric method (Halliwell and Rouse, 1987; Petrone et al., 2000; Petrone et al., 

2006).  

Stand density, canopy height, and trunk taper functions were determined by averaging three 

random 10 m × 10 m sampling plots (Table 3-1). To remove smaller understory vegetation that 

was negligible for the simulation, trees with a breast height circumference less than 5 cm were 

ignored. Following Naidu et al. (1998), taper functions were calculated by producing a logarithmic 

regression between diameter at breast height and the height of the vegetation. Leaf area density 

(LAD) profiles were created by falling 2 - 3 trees per land class and measuring the height, trunk 
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diameter and crown diameter at 1 m vertical intervals. To obtain a crown volume, I assumed a 

uniform circular diameter of the canopy at 1 m interval, with all leaves being stripped and sorted 

based on the corresponding interval. For the peatland vegetation, every other 1 m section was used 

and interpolated between the heights due to the difficulty with transportation and needle removal. 

All vegetation was dried to standardize weight, from which a 10 g subsample was selected and 

measured using LI-3100C (LI-COR: Lincoln, Nebraska, USA) leaf area meter using a resolution 

of 0.1 mm2. The area of the 10 g subsection was then used to scale-up the remainder of the sample 

and applied to the volume of the crown. To account for variability in tree heights and shape, 

vegetation samples from each land class were standardized into n = 100 point profiles to allow for 

averaging within tree types and for scaling purposes within V-CaGe. 

3.2.2 Simulation setup  

RAFLES was used to resolve flow inside and above heterogeneous three-dimensional (3-D) forest 

canopies by solving the 3-D Navier-Stokes equations on a rectangular, vertically stretched grid 

mesh.  RAFLES incorporates a multi-layer, 3-D heterogeneous canopy, which allows modeling of 

drag, volume restriction, and energy fluxes to and from the vegetation canopy (Bohrer et al. 2009). 

Vegetation within RAFLES is parameterized using the shaved grid-cell method (Adcroft et al., 

1997) in the V-CaGe sub-model to apply observed vegetation characteristics to the canopy domain 

(Chatziefstratiou et al. 2014). 

The simulation domain used in this study was set to 1000 × 1000 × 1040 m3 yielding 250 

× 250 × 107 (x, y, z) cartesian grid points, with a horizontal grid resolution of 4 × 4 m2, and vertical 

grid resolution of 2 m (to a height of 100 m). Above 100 m, a 10 % vertical stretching was applied 

for each consecutive vertical layer to a maximum vertical grid size of 25 m. Each simulation had 

a spin-up period lasting 2.5 hours with the observational period consisting of the last 30 minutes. 
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The model timestep is 0.05 seconds, with an averaged output every 2 seconds, for a total of 900 

output files averaged into 30-minute flux periods used to calculate model parameters and align 

with EC measurements. Further details of RAFLES set-up and numerical schemes can be found in 

Bohrer et al. (2009).  

3.2.3 Virtual canopy setup  

The V-CaGe model was used to produce full, 3-D fields of numerical canopy elements and 

corresponding surface flux forcing for the peatland and forest land covers (Bohrer et al., 2007; 

Chatziefstratiou et al. 2014). The first RAFLES simulation used in this study is the long fetch 

scenario (Figure 3-2A), that consists of a rectangular forest block followed by rectangular peatland 

block (Chapter 2). The second RAFLES simulation used in this study consisted of two parallel 

peatlands referred to as the medium fetch (200 m fetch length) and short fetch (100 m fetch length) 

that were surrounded by a forest (Figure 3-2C, E). The medium and short fetch scenarios were 

combined and placed parallel to each other with respect to the streamwise velocities; this was done 

to reduce computation time and resources. 
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Figure 3-2: Model domains illustrating: A) the patch type of the long fetch simulation with purple 

representing the upland forest and yellow representing the peatland. Though the peatland gap occupies 

half of the downwind domain, the cyclic boundary conditions enforce an effective upland forest (in the 

upwind edge) at the downwind edge of the simulation domain; B) the canopy heights associated with patch 

types of Figure 2A; C) the patch type of the medium fetch simulation with purple representing the upland 

forest and yellow representing the peatland; D) the canopy heights associated with patch types of Figure 

2C; E) the patch type of the short fetch simulation with purple representing the upland forest and yellow 

representing the peatland; and F) the canopy heights associated with the patch types of Figure 2E. 

A) B) 

C) 

D) 

E) 
F) 
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V-CaGe was used to prescribe the vegetation and meteorological parameters for each roughness 

case within RAFLES (Table 3-1). The Bowen ratio (𝐻 𝐿𝐸⁄ ) and the sum of turbulent fluxes (𝐻 +

 𝐿𝐸) were measured using an eddy covariance (EC) tower within each patch type at the sites 

described above during the summers of 2008 and 2015, where H and LE are the sensible and latent 

heat flux, respectively. To standardize the data between sites, the average of daytime (10:00-17:00) 

conditions during the growing season (Julian day 152-243) were used to parameterize the fluxes 

within each patch type.   

Table 3-2: Values used for patch type parameterization in V-CaGe. 1Values taken from Thompson et al. 

(2015). 

 

3.2.4 Initial conditions and forcing 

The RAFLES simulation was initialized using horizontally homogeneous wind, humidity, and 

temperature profiles. Due to the absence of high-resolution vertical wind profiles, wind profiles 

were prescribed using the Obukhov similarity theory as it describes mean flow and turbulent 
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properties within the atmospheric sublayer (Monin and Obukhov, 1954). A simplified equation for 

the surface stress (drag coefficient assumed constant, is removed from the equation) is: 

𝑢∗ =
𝜅𝑢𝑧̅̅̅̅

𝑙𝑛(
𝑧−𝑑

𝑧0
)−𝜓𝑚(

𝑧−𝑑

𝐿
)+𝜓𝑚(

𝑧0
𝐿

)
        (1) 

where 𝑢∗ is the frictional velocity, 𝜅 is the von Kármán constant (0.41), 𝑢𝑧̅̅ ̅ is the mean streamwise 

wind velocity at 𝑧 height above the canopy, L is the Obukhov length, d is the displacement height 

estimated as d=2/3h, or calculated using (equation 9), zo is the roughness length estimated as 

zo=0.1 × h or calculated using (equation 10) where h is canopy height. Paulson (1970) described 

the atmospheric-stability correction function (𝜓𝑚(𝑥)) for unstable atmospheric conditions (z/L < 

0) as: 

 𝜓𝑚(𝑥) = 2𝑙𝑛 [
1+(1−16𝑥)

1
4

2
] + 𝑙𝑛 [

1+(1−16𝑥)
1
2

2
] − 2 𝑡𝑎𝑛−1 [(1 − 16𝑥)

1

4] +
𝜋

2
     (2) 

Where 𝑥 is either (z − d)/L, or zo/L.  

I applied Equation 1 to observed conditions from the upland EC tower at a characteristic 

time when h = 25 m, 𝑢∗ = 0.53 ms-1, L = -124.11 m using the same data selection criteria that was 

used for the selection of V-CaGe surface fluxes. Vertical profiles of potential temperature and 

water vapor mixing ratio were prescribed using observed data from Fort Smith, Alberta (YSM) 

atmospheric sounding station (data obtained from the University of Wyoming database: 

http://weather.uwyo.edu/upperair/sounding.html) on August 31st, 2015 at 12:00 PM. All profiles 

were linearly interpolated at 25 m intervals to fit the vertical forcing prescription of RAFLES. 

Temperature, and humidity profiles, and turbulent wind fields were allowed to evolve during the 

spin up of the simulation. Following a spatial distribution described above, simulation forcing’s 

included prescribed surface fluxes from each soil surface and vegetation-containing voxel, while 
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lateral wind nudging was used to maintain the prescribed mean vertical wind profile aloft (above 

a height of 4h). This is equivalent of prescribing a geostrophic wind gradient but does not require 

a-priori knowledge of the total surface drag force to balance the geostrophic wind.  

3.2.5 Analysis of simulation results 

Canopy aerodynamic resistance to moisture transfer was calculated through the moisture 

diffusion equation: 

𝑟𝑞 = −𝐿𝑣𝜌 (
𝑞𝑎−𝑞𝑐

𝐿𝐸
)      (3) 

where rq is the canopy aerodynamic resistance to moisture transfer, Lv is the latent heat of 

vaporization of water, ρ is air density, qa is the water vapor mixing ratio at a height above the 

canopy, qc is the canopy-air water vapor mixing ratio, and LE is the net surface + canopy latent 

heat flux. 

3.3 Results 

3.3.1 Flow Dynamics and Gap Length  

BFS transitions produce high turbulence and flow acceleration that are directed into the peatland 

(Figure 3-3, 3-4). Similar flow acceleration rates are experienced entering each of the peatlands; 

however, greater turbulence is experienced in the medium fetch peatland compared to the short 

and long fetch peatlands (Figure 3-3). The reattachment zone distance is similar within each of the 

fetch lengths, where reattachment distances of between x/heff ≈ 3-8 are observed (Figure 3-3, 3-4, 

3-7A). However, maximum downward velocities occur at a further distance leeward of the BFS in 

the medium fetch peatland compared to the short and long fetch peatlands (Figure 3-7B). 

Streamwise wind velocities at the surface of the peatland are suppressed within the short and 

medium fetch peatlands compared to the long fetch simulation, where at x/heff = 8, �̅�ℎ �̅�0⁄  ≈ 0.35, 

0.41 and 0.55 for the short, medium and long fetch simulations, respectively (Figure 3-7A). 
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Streamwise surface velocities continue to accelerate within the long fetch simulation until x/heff ≈ 

15, which exceeds the fetch length of the short simulation and is just under the fetch distance of 

the medium length simulation. Flow acceleration within the short and medium fetch peatlands 

continues until x/heff ≈ 6 and x/heff ≈ 12, at which point streamwise velocities equalize in the short 

fetch peatland and begin to decelerate in the medium fetch peatland.  Surface turbulence σ(wh) is 

lower and does not reach an equilibrium in the short and medium fetch length peatlands compared 

to the long fetch peatland, which equilibrates at x/heff ≈ 15 (Figure 3-7C). Although σ(wh) is reduced 

in the short and medium fetch simulations, similar trends across the reattachment surface are 

observed with peak σ(wh) occurring in the reattachment region within each peatland. 

 Surface vertical wind velocities of the peatland are similar between all fetch lengths (Figure 

3-7B). Similar maximum uplift rates of w̄h ≈ 0.19, 0.2 and 0.21 ms-1 are experienced in the 

sheltered region of the short, medium and long fetch peatlands, respectively. Furthermore, similar 

peak downward velocities occur in the reattachment zone of the peatlands with w̄h ≈ -0.19, -0.2, -

0.25 ms-1 at x/heff ≈ 5, 6, 4 for the short, medium and long fetch peatlands, respectively.  Surface 

level vertical wind velocities fully recover and reach an equilibrium in the long fetch peatland, 

while no flow recovery is observed in the short and medium fetch peatlands (Figure 3-7B). 

 Within the long fetch simulation, the effect of the uplift region leading towards the FFS 

can be observed (Figure 3-7B) where vertical surface velocities begin to increase at from w̄h ≈ 0 

at x/heff ≈ 55 and reach a maximum of w̄h = 0.2 ms-1 at x/heff ≈ 64. Following this, there is a region 

of downward flow at the FFS that is observed within all fetch lengths scenarios. Furthermore, the 

magnitude of the uplift region in the medium and long fetch peatlands is greater than the short 

fetch peatland. Lateral flow convergence is observed towards the FFS throughout the medium and 
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in the corners of the short fetch peatlands, while no trends are observed in the long fetch scenario 

(Figure 3-5). Within all fetch lengths, flow penetrates x/heff ≈ 5 into the FFS, where flow either  
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Figure 3-3: Cross section of Reynolds stress (𝑢′𝑤′̅̅ ̅̅ ̅̅ ) normalized by the Reynolds stress at twice the upland 

canopy-top height (colormap), where arrows mark the wind velocity along the streamwise and vertical 

components. The x-axis marks the downwind horizontal distance from the BFS transition relative to the 

canopy height, heff. The z-axis marks the vertical elevation above ground relative to heff. Solid black line in 

each panel denotes the forest canopy top. (A) The short fetch length peatland, (B) The medium fetch 

length peatland. (C) The long fetch length peatland. 

A) 

B) 

C) 
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Figure 3-4: Cross section of the acceleration of wind in the streamwise direction (
𝜕𝑢

𝜕𝑥
) [ms-1], where 

arrows mark the wind velocity along the streamwise and vertical components. The x-axis marks the 

downwind horizontal distance from the BFS transition relative to h. The z-axis marks the vertical 

elevation above ground relative to heff. Solid black line in each panel denotes the forest canopy top. Color 

map marks the acceleration of wind in the streamwise direction. (A) the short fetch length peatland, (B) 

the medium fetch length peatland and (C) the long fetch length peatland.

A) 

B) 

C) 



 

 

54 

 

 

Figure 3-5: Top views of streamwise wind velocities measured at z/heff = 0.5 and normalized by mean streamwise velocities at a height of z/h=2 

and the contours are of lateral flow velocities measured at z/heff = 0.5.  The x-axis marks the distance in m. The y-axis marks the distance in m. 

Dashed black line in each panel denotes the boundary between the peatland and upland forest. Color map marks the of streamwise velocities 

measured at z/heff = 0.5 and normalized by mean streamwise velocities at a height of z/h=2. Contours mark lateral flow velocities measured at 

z/heff = 0.5. Panel (A) the short fetch length peatland, (B) the medium fetch length peatland and (C) the long fetch length peatland. 

  

Figure 3-6: Canopy resistance to moisture transfer (sm-1) measured at height h within the peatlands across short, medium and long fetch cases 

(left to right) with the x-axis being the distance from the BFS transition relative to the mean canopy height of the upland forest.

A) 

B) 
C) 
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Figure 3-7: A) Is the mean streamwise velocities (�̅�) [ms-1] measures at height h across short, medium and long fetch cases (left to right) with the 

x-axis being the distance from the BFS transition relative to the mean canopy height of the upland forest. B) Is the mean vertical windspeed (�̅�) 

[ms-1] measured at height h across short, medium and long fetch cases (left to right) with the x-axis being the distance from the BFS transition 

relative to the mean canopy height of the upland forest. C) Is the standard deviation of vertical flow (σ(wh)) [ms-1] measured at height h across 

short, medium and long fetch cases (left to right) with the x-axis being the distance from the BFS transition relative to the mean canopy height of 

the upland forest.

A) 

B) 

C) 
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accelerates above or decelerates below and into the forest the height of peak leaf area density 

(Figure 3-4). Mean streamwise wind velocities above the forest canopy measured at z/heff = 2, 

are �̅�ℎ = 3.38, 3.89, 3.29 ms-1 for the short, medium and long fetch scenarios, respectively. Stronger 

turbulence and flow acceleration suggest that the medium and long fetch simulations experience 

a stronger and more defined IBL development above the FFS (Figure 3-3, 3-4). 

3.3.2 Fetch Length and Canopy Resistance to Moisture Transfer 

Increased water vapor concentrations (Figure 3-8) and air temperatures (Figure 3-9) are observed 

in the sheltered region of each of the fetch length scenarios.  Although surface water vapor 

concentrations and temperatures vary with distance from the BFS as reattachment dynamics 

control the scalar values, surface water vapor concentrations and temperatures are not modified by 

variable fetch length. Both water vapor concentrations and air temperatures are decreased in the 

forest until x/heff ≈ 5 leeward of the FFS compared to the average values of the forest. Maximum 

surface rq rates of rq = 20.3, 21.7, 21.0 sm-1 are observed in the sheltered region for the short, 

medium and long fetch peatlands, respectively. Within each of the peatlands, rq rates decrease in 

the reattachment region and then equalize in the recovery region (Figure 3-7). Differences between 

rq rates are observed between flow regions (Chapter 2), while no differences are observed 

variations in fetch lengths.
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Figure 3-8: Cross section of air temperature [K], where arrows mark the wind velocity along the 

streamwise and vertical components. The x-axis marks the downwind horizontal distance from the BFS 

transition relative to h. The z-axis marks the vertical elevation above ground relative to heff. Solid black 

line in each panel denotes the forest canopy top. Color map marks the air temperature. (A) the short fetch 

length peatland, (B) the medium fetch length peatland and (C) the long fetch length peatland. 

A) 

B) 

C) 
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Figure 3-9: Cross section of the mixing ratio of water vapor [g/kg], where arrows mark the wind velocity 

along the streamwise and vertical components. The x-axis marks the downwind horizontal distance from 

the BFS transition relative to h. The z-axis marks the vertical elevation above ground relative to heff. Solid 

black line in each panel denotes the forest canopy top. Color map marks the water vapor mixing ratio. 

(A) the short fetch length peatland, (B) the medium fetch length peatland and (C) the long fetch length 

peatland. 

C) 

B) 

A) 
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3.4.0 Discussion 

3.4.1 Effects of fetch length on micrometeorological interactions 

It was found that the gap’s fetch length had a strong impact on the vertical wind and turbulence 

over the gap. In the medium fetch scenario, faster streamwise wind velocities above the forest 

canopy are attributed to increased lateral flow convergence at the FFS (Murphy et al., 1983). The 

narrow shape of the medium fetch peatland increases the streamwise wind velocities by funneling 

the wind within the peatland towards and above the FFS (Jones et al., 2003; Damschen et al., 

2014), which produces greater turbulence (Figure 3-3) between z/heff = 0.6-2 of the FFS. This 

results in less vertical uplift above the FFS compared to streamwise velocities when related to the 

short or long fetch scenarios (Figure 3-3).  Therefore, the FFS shape has a greater influence on the 

regional streamwise velocities than the fetch length of the peatland. Furthermore, the short fetch 

scenario contains a larger ratio of the forest:peatland in the streamwise direction compared to the 

medium and long fetch scenarios which results in an aerodynamically rougher surface that results 

in slower above canopy wind speeds (Monin and Obukhov, 1954). This suggests that the internal 

shape of the peatland and FFS may play a large role in the dynamics of local wind velocities. 

Additional factors that characterize peatland FFS shapes and geometries and that I did not test in 

this experiment, such as the ratio between length and width of the peatland and the shape of the 

edges of the peatland such as square/flat or rounded corners, may further affect the results. 

FFS properties have been heavily studied (c.f.. Cornelis and Gabriels, 2004; Belcher et al., 

2008; Dupont and Brunet 2008a, b; Ruck et al., 2010; Belcher et al. 2012; Goodrick et al., 2013; 

Chatziefstratiou et al. 2014) and have determined that an increase in porosity of the FFS results in 

greater dissipation of flow through the FFS leading to a reduction in the size and strength of the 

recirculation region and the velocities of flow within the uplift region (Cornelis and Gabriels, 2004; 
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Ruck et al., 2010). Natural transitions from peatlands or other patchy landscapes to a forest may 

have a gradual transition where the transition vegetation acts to modify the porosity of FFS; 

thereby influencing the turbulent dynamics of the FFS (Ruck et al., 2010). However, for our 

simulations I chose the simple case of sharp transition where the peatland and forest are not 

separated by a transition vegetation region.  

 Flow reattachment leeward of the BFS is dependant upwind factors such as the geometry 

of the BFS, state of the boundary layer at the separation point, freestream turbulence, and upwind 

surface roughness (Markfort et al., 2014; Kindere and Ganapathisubramani, 2018).  As such, the 

medium length peatland has a greater reattachment distance and higher turbulence compared to 

the short and long fetch simulations, which is consistent with previous studies as the medium fetch 

scenario had faster above canopy windspeeds (Simpson, 1989). Furthermore, this supports the 

notion that BFS flow separation is typically governed by upwind factors as it is not correlated to 

fetch length. However, our study shows that FFS shape can influence regional flow dynamics 

where a narrower FFS can promote faster flow out of the peatland.  This has the potential to impact 

BFS transitions downwind by either decreasing or increasing the wind speeds and boundary layer 

heights, resulting in less predictable flow dynamics in downwind peatlands (Bou-Zeid et al., 2004; 

Kindere and Ganapathisubramani, 2018). Therefore, it is imperative to have a better understanding 

of how peatlands or other similar structures influence the dynamics of regional flow within the 

mixing layer. 

3.4.2 Fetch length effects on evaporative demand 

Surface resistance to moisture transfer does not vary with fetch length. As such, flow separation is 

the largest control on rq across the peatland surface, where the sheltered region experiences the 

highest resistance rates compared to the reattachment and recovery regions (Chapter 2). Although 
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fetch length does not have an impact on the distribution of rq rates leeward from the BFS, it may 

be advantageous to have the fetch of the peatland short enough that the sheltered region 

encompasses the entire peatland in order to minimize water loss. However, this may increase vapor 

concentrations and air temperatures (McNaughton, 1988; Cleugh, 1998) within the peatland that 

could produce unfavorable conditions that increase evaporative demand by altering the conditions 

that driving vegetation to atmospheric exchanges (Strilesky and Humphreys, 2012; Runkle et al., 

2013). 

Gap lengths between 5x/h and 12x/h have been shown to have other impacts on the 

landscape such as greater snow accumulation within the gap (Troendle and Leaf, 1981) and 

modifying the radiative budget (Cleugh, 1998; Kettridge et al., 2013). These can further affect the 

moisture availability at the peatland surface that can influence ET rates throughout the growing 

season.  Troendle and Leaf (1981) observed that snow accumulation is higher in shorter fetch 

landscapes as the reduced turbulence and wind velocities reduce snow redistribution across the 

landscape, which effectively traps snow within the gap. Increased snow accumulation within the 

peatland would increase annual hydrologic input. This could shift the ratio of PET:P within the 

peatland, thereby increasing the resiliency of the peatland to the evaporative stresses of the sub-

humid climate of the BP. Depending on the orientation of the peatland relative to the solar zenith 

angle, shorter fetch peatlands in the BP also have the potential to have a larger portion of their 

surface shaded from incoming radiation as the high latitude allows for greater BFS shading 

distances (Kettridge et al., 2013). The shorter the fetch length is with respect to this shading angle, 

the greater the portion of the peatland that would be shaded. Such radiative shading would decrease 

ET and surface heating by reducing available energy. However, interactions of radiative shading 
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with turbulent sheltering and its long-term effects on peatlands are unknown and warrants further 

investigation.  

3.4.3 Implications of Fetch Limited Peatlands on Land Management Strategies  

Perched peatlands are common features of the BP (Metcalfe and Buttle, 1999; Riddell, 2008) and 

are an important source of water and sink of carbon (Kuhry et al., 1993; Timoney, 2003; Ferone 

and Devito, 2004). Despite the sub-humid climate and persistent water deficit conditions (Marshall 

et al., 1999; Devito et al., 2005; Devito et al., 2015), peatlands are present throughout the BP 

landscape and their persistence is aided by turbulent sheltering from the surrounding forested 

landscape (Petrone et al., 2007). However, anthropogenic disturbances, covering more than 901 

km2 in Alberta alone (Canadian Oil and Natural Gas Producers, 2018) threaten the natural stability 

of the BP (Government of Alberta, 2015) by disrupting the delicate balance of P and ET 

(Thompson et al., 2015; Riddell, 2008). Therefore, industrial disturbances should consider how 

landscape alterations may impact the turbulent processes and consequently the change in 

evaporative demand in the surrounding landscape.  For example, forestry practices in the BP often 

use the cutblock technique, which typically follow straight lines that cut square or rectangular 

features into the landscape.  Our research suggests that a flat FFS would reduce above forest 

velocities compared to a peatland that experiences greater funneling of flow out of the peatland. 

However, disturbances of this nature should be investigated further as it is unknown if there is a 

relationship between the ratio of gap length and width and the influence of rounded corners. 

Furthermore, the downwind landscape should be considered when creating such a disturbance as 

disturbances upwind can change the turbulent processes of downwind ecosystems. 

Oil extraction within the BP represents a significant landscape disturbance (Daly et al., 

2012; Rooney et al., 2012; Government of Alberta, 2015). As a result of this development, 
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landscape-scale reclamation projects within the region are required to return the landscape back to 

an equivalent pre-disturbance functioning ecosystem (i.e., a mosaic of uplands, wetlands, and 

carbon accumulating peatlands) (Daly et al., 2012). Our research suggests that it is important to 

design the geometry of such systems with BFS and FFS flow dynamics in mind, as edge designs 

can influence flow dynamics at a regional scale. By not considering the turbulent impacts of 

peatland edge designs; faster windspeeds could result in higher vegetation stresses (Cleugh, 1998), 

snow redistribution (Troendle and Leaf, 1981), and excessive seed dispersion (Bohrer et al., 2008), 

which could influence the successional trajectory and success of large-scale integrated landscape 

reclamation projects. Furthermore, this research suggests that one regional roughness value may 

not be an adequate prescription to estimate regional wind velocities as peatlands with the same 

area and therefore regional roughness (Lettau (1969) and Kondo and Yamazawa (1986) methods), 

can produce different regional wind dynamics due to the orientation and geometry of their 

transition steps.  The long maturation times of constructed upland forests means that peatland-

upland edges could be defined by hillslopes or other constructed barriers, controlling evaporative 

demand in the peatland.  Furthermore, the water demands of reclaimed peatlands expected to 

change as the development of the vegetation on the surrounding uplands will intercept more 

precipitation and use more ground water in order to meet the demands of the vegetation.  

Consequently, reducing the ground water inputs into these peatlands resulting in greater water 

stresses within the peatlands.   Therefore, designing these peatlands with the understanding of the 

spatial distribution and drivers of evaporative stresses could ensure the long-term success and or 

explain the spatial evolution of vegetation within these peatlands. 
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3.5.0 Conclusions 

Flow re-attachment dynamics are similar between peatlands with different fetch lengths as BFS 

flow dynamics are typically determined by upwind surface and flow characteristics. As a result, 

similar surface resistance rates to moisture transfer are observed between all fetch lengths. Our 

study also demonstrates that differences in above canopy wind speeds occurred when peatland 

geometry and FFS shape encouraged funneling of flow through the peatland, and above to the 

forest canopy. Such dynamics have the potential to influence the turbulent processes and 

evaporative stresses of downwind ecosystems. However, the sensitivity of the above canopy flow 

dynamics to changes in peatland geometry and FFS shape warrants further investigation as its 

direct investigation was out of the scope of this study. The findings of this study pose significant 

implications to land management and reclamation strategies in that although the fetch length of a 

peatland does not influence the flow recovery dynamics of a BFS, it may be advantageous to have 

a peatland with a fetch length shorter than that of the flow reattachment distance, as it would 

increase the ratio of the peatland that is within the sheltered region. Such a configuration would 

have a higher surface resistance to moisture transfer, limiting potential water losses to an 

atmosphere with high evaporative demand. Furthermore, gap geometry and FFS shape should be 

considered during peatland reclamation projects and anthropogenic disturbances as they can 

influence regional flow dynamics that can alter the evaporative dynamics of surrounding 

ecosystems. 
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4.0 Limitations and Conclusions 

4.1 Limitations 

Edge transition within the simulations were simplified due to the absence of a vegetative buffer 

zone around the transitions. This simplification has the impact of increasing bleed through flow 

through the BFS which can increase streamwise velocities within the sheltered region 

(McNaughton, 1988; Raupach et al., 2001) and through the FFS which can decrease the uplift 

region of the FFS (Cornelis and Gabriels, 2004; Ruck et al., 2010). This could create bias in the 

uplift region of our study as it would allow for more canopy dissipation that would reduce the 

amount of flow being ejected out of the peatland at the FFS (Cornelis and Gabriels, 2004; Ruck et 

al., 2010). However, it is important to note that the FFS still functions as a displacement height 

transition while accurately representing an anthropogenic disturbance such as a cut block produced 

during forestry activities where no buffer region exists. 

The horizontal voxel length can result in data bias around the transition edges as the greater 

turbulence in this region results in a larger portion of the flow being resolved at the sub-grid scale 

which could decrease the accuracy of the model in these regions.  However, the resolved subgrid 

scale turbulent kinetic energy was less than 1% which is in line with other studies using similar 

high-resolution voxel sizes (Bohrer et al., 2009). Furthermore, voxel size creates a discretized edge 

that may create unrealistic flow pattered as the edging around the peatland is resolved as a block 

and not uniform edge. This has an impact on the representation of flow at the transitions where the 

flow would follow the blocked edge which could have an impact on the drag and lateral 

convergence at the transition (Versteeg and Malasekra, 2007). However, at the peatland and 

regional scale this would most likely be insignificant; however, a smaller size voxel may be needed 
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if the study primarily focused explicitly on the impact of transition shape (Versteeg and Malasekra, 

2007).  

Despite the limitation’s, difficulty, and assumptions of using a model to make conclusions 

on turbulent dynamics within complex terrain, the use of a model such as RAFLES gives us greater 

insight compare to just field measurements. The high resolution of RAFLES allows us to 

investigate all aspects of the flow compared to single point measurements. Furthermore, models 

give insight into the processes that govern reality and act as a tool to increase the understanding of 

natural processes based on the laws of nature, even though it impossible to recreate specific natural 

time and space instances (Barbour and Krahn, 2004; Refsgaard et al., 2007). 

4.2 Conclusions and recommendations 

Given the hydrologic sensitivity of the BP, it is critical to understand the implications of turbulent 

dynamics on moisture transfer rates across as this could influence the hydrologic stability of the 

peatland of the region. Flow separation produced by displacement height transition results in 

reduced moisture transfer in the sheltered region while resulting in increased rates in the 

reattachment followed by an equalization within the recovery region. This results in reduced 

surface evaporative demand within the sheltered region compared to the reattachment and recovery 

regions. Increasing the roughness of the peatland surface decreased the variability of evaporative 

stresses across the surface of the peatland due to the increased turbulence and mixing of moisture. 

Flow separation has implications for landscape reclamation projects as the spatial distribution of 

fluxes across a peatland can influence the hydroclimatic stresses and productivity of planted 

vegetation which could increase the spatial variability of stresses and success of vegetation across 

the surface. Furthermore, our research shows that rougher surfaces have an overall lower resistance 

to evaporative demand; however, increasing the surface roughness results in a more uniform 
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spatial distribution of moisture transfer rates. This could be beneficial in a reclaimed landscape as 

it would reduce the spatial variability and make the evaporative stresses more predictable across 

the peatland surface. 

Fetch length did not influence the turbulent dynamics of the displacement height transition.  

That is, the sheltered distance did not change with changes with peatland fetch length. However, 

the shape of the transition and potentially the geometry of the peatland had implications to regional 

wind speeds. Funneling of flow within the medium length fetch peatland resulted in faster above 

canopy streamwise wind velocities compared to the other transition shapes and peatland 

geometries. FFS shape and gap geometry has implications for forestry practices as cut block 

forestry create a displacement transition that disrupts flow properties of downwind landscapes. 

This could change the hydrologic balance of the downwind landscape which can influence the 

hydroclimatic state of these landscapes. This can also be applied to a reclaimed landscape where 

peatland geometry and FFS shape should be considered when estimating regional wind velocities 

in landscape-scale reclamation efforts.  For example, in a hypothetical scenario where all peatlands 

had the same shape and area, it is recommended that the peatlands should variations in their 

orientations.  This would moderate wind velocities and reduce the variations in regional wind 

velocities based on the wind direction; thereby, making the regional flow more predictable. 
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Appendix 

 

Figure A-1: A) Wind speed profiles calculated using equation 1, as determined from a single point 

measurement in (m/s). B) Vertical profile used to prescribe RAFLES with potential temperature in (K) for 

all cases.  C) Vertical profile used to prescribe RAFLES with mixing ratio in grams of H2O per kilogram 

of air for all cases.   

 

Figure A-2: Trunk taper functions used to parameterize V-CaGe: A) Upland forest B) Rough peatland C) 

Medium peatland. 
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Figure A-3: LAD Profiles created by V-CaGe and used in RAFLES for the prescribed canopy. 


