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Abstract 
In modelling vegetated flows and the associated processes, the flow resistance of riparian 
vegetation growing along riverbanks and floodplains has received substantial attention. This 
has led to the development of new resistance or drag force models and the concomitant propo-
sal of several alternative parameters for the resistance estimation. However, the reliability of 
these models, the effect of reconfiguration (i.e. streamlining and bending of the specimens), and 
the suitability of different plant parameterizations for woody vegetation of different scales and 
vegetation densities have remained unclear. Moreover, retrieval of the vegetation properties is 
laborious with conventional methods. For data retrieval, terrestrial laser scanning (TLS) provi-
des an advanced method which enables high-resolution surveying of floodplain topography and 
vegetation properties. 

The aim of this dissertation was 1) to determine the main vegetation properties impacting 
the drag exerted by woody foliated vegetation of different scales and of varying horizontal and 
vertical densities, and 2) to assess the reliability of TLS as a method for obtaining herbaceous 
and woody vegetation properties and floodplain ground level for different seasons. For these 
purposes, drag force measurements were conducted in a flume in arrays and in a towing tank 
for natural trees of different sizes. In the flume, the plant areas of the individual specimens and 
the spacing of the vegetation in an array were both altered. In a towing tank, four species of 0.9-
3.4 m in height were experimented together with detailed characterization of tree properties. 
TLS campaigns were conducted in connection with the towing tank experiments and in a field 
floodplain site. 

The stem, leaf, and total areas proved to be reliable vegetation properties for the drag estima-
tion despite the variability in tree height. The commonly applied frontal projected area is not 
an adequate parameter, as the leaves behind the frontal area still exert drag. The paramete-
rization of the reconfiguration appeared to be independent of the tree size. Consequently, a drag 
force formula was derived for foliated trees with the total plant area and for the defoliated ones 
with the stem area as a characteristic reference area. For obtaining plant properties in the field, 
a new concept was proposed for reach scale analyses based on upscaling of the relationships 
between TLS data and manually measured plant areas derived for small sub-areas. Overall, 
these results of the physically-based modelling of drag forces with the TLS-based plant 
characterization provide useful knowledge for hydro-environmental modelling purposes. 
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Tiivistelmä 
Jokivarsien kasvillisuudella on merkittävä rooli tulvanhallinnassa, eroosiosuojana sekä kiinto-
aineen ja ravinteiden pidättäjänä. Vedenpinnankorkeuksien, virtausnopeuksien ja aineiden 
kulkeutumisen arvioimisen luotettavuuden parantamiseksi tarvitaan malleja, jotka käyttävät 
parametreina kasvien fysikaalisia ominaisuuksia ja ottavat huomioon kasvien muodonmuu-
toksen virtaustilanteessa (virtaviivaistuminen ja taipuminen). Puiden oksilla tehdyt kouru-
kokeet ovat kuitenkin olleet vaikeasti skaalattavia luonnonpuille ja -pensaille. Modernit kau-
kokartoitusmenetelmät, kuten maalaserkeilaus (TLS), puolestaan mahdollistavat erittäin 
tarkan 3D-paikkatiedon keräämisen kasvillisuudesta ja sen ominaisuuksista maastossa. 

Työn päämääränä oli kasvipeitteisten uomien virtausmallintamisen kehittäminen: 1) määrit-
tämällä päätekijät, jotka vaikuttavat kasvillisuuden aiheuttamaan vastusvoimaan erikokoisilla 
ja erilaisilla tiheyksillä kasvavalle lehdelliselle, puuvartiselle kasvillisuudelle ja 2) selvittämällä 
maalaserkeilauksen luotettavuus ruoho- ja puuvartisen kasvillisuuden sekä tulvatasanteen 
maanpinnan kartoittamiseksi eri vuodenaikoina. Tätä tarkoitusta varten kasvillisuuden vir-
tausvastusvoimia mitattiin laboratoriossa virtauskourussa ja hinausaltaassa. Kourussa kasvi-
tiheyksiä vaihdeltiin sekä muuttamalla yksittäisten kasvien pinta-alaa että kasvien välisiä 
etäisyyksiä. Hinausaltaassa tutkittiin neljän puulajin vastusvoimia ja muodonmuutoksia 
virtauksessa 1-3.5 m korkeilla yksilöillä. Maalaserkeilauksia tehtiin sekä hinausallaskokeiden 
yhteydessä että maastossa tulvatasannealueella. 

Virtausvastuksen mallinnuksessa tulisi käyttää kaavaa, jossa käytetään kokonaispinta-alaa 
lehdellisille puille sekä varsipinta-alaa lehdettömille puille. Kaavoissa usein käytetty kasvien 
projektiopinta-ala ei ole riittävä parametri, sillä lehdet projektiopinta-alan takana aiheuttivat 
virtausvastusta. Muodonmuutoksen vaikutus virtausvastukseen voitiin kuvata samalla para-
metriarvolla erikokoisille puille. Kasvillisuuden ominaisuuksien kartoittamiseksi maastossa 
kehitettiin menetelmä, jolla saadaan laserkeilausaineistosta virtausmallinnuksessa tarvittavat 
kasviparametrit eri tulvakorkeuksille ja - tarkasteluresoluutioille. Tulvatasanteen taso tulisi 
mitata keväällä ennen kasvipeitteen muodostumista, sillä erityisesti tiheä ruohomainen 
kasvillisuus estää lasersäteen pääsyn maahan asti. Maanpinnan tason määritykseen vaikut-
tavat mm. lasersäteen tulokulma, mittaustiheys sekä kasvillisuus ja sen tyyppi ja tiheys. 

Väitöskirjan tulokset kasvillisuuden virtausvastuksen määrittämiseksi sekä lähtöaineiston 
keräämiseksi maastosta toimivat apuna joki- ja vesiympäristön seurannassa ja 
mallintamisessa. 
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1. Introduction 

1.1 Background 

Vegetation is a critical factor in determining hydraulic resistance and water 
levels in floodplain and over bank flows. Typically, these riparian ecosystems 
between low- and high-water areas grow woody trees, bushes and shrubs with 
high levels of plant diversity (Richardson et al. 2007). Conventionally, 
vegetation along riverbanks is removed during flood protection measures, as 
vegetation decreases the conveyance of channels and may raise water levels. The 
adverse impacts on the ecological and functional state of the channels caused by 
standard engineering practices such as excessive channel excavation, 
straightening of the channels or removal of vegetation have been widely 
acknowledged during the past decades (e.g. Saldi-Caromile et al. 2004). 
Riparian vegetation plays a key role in the river restoration schemes with well 
recognized ecological and economic benefits, such as the increase of 
biodiversity, improved water quality, stabilization of river banks, increase of 
shade for habitats (Merritt et al. 2010; Simon and Collison 2002) and 
development of riparian buffer zones for flood protection (Palmer et al. 2007).  

Although the resistance formulas commonly used in hydraulic analyses were 
brought to practice in the 18th century (Rouse and Hon 1980), accurate 
description of hydraulic resistance still remains a challenge, particularly for 
vegetated flows. The Chezy coefficient was introduced to public knowledge in 
1898, and was based on a simple resistance relationship for streams developed 
by Chezy already in the late 1700’s (Rouse and Hon 1980). The Darcy-Weisbach 
f formula is based on the work of Weisbach and Darcy for pipe flows, and is later 
applied to open channel flows as well (Rouse and Ince 1957). The Manning’s n 
was presented at its early form in 1889 and later modified to its present form 
(e.g. Chow 1959). The resistance is commonly estimated through calibrated 
values of Manning’s n or Darcy-Weisbach f, or through the coefficients derived 
based on lookup tables from values of similar reference sites. However, the 
restoration and rehabilitation measures have increased the complexity of 
hydraulic design in comparison to non-vegetated channels with simple 
geometry (Helmiö 2002).  

The Manning’s n caused by vegetation was first considered similar to surface 
roughness, but it was later noted that the n in vegetated channels decreased with 
increasing flow velocity (Chow 1959). The method of Cowan (1956) considers 
the total flow resistance consisting of a product of five factors (  the bed 
roughness,  irregularity of the channel bed,  change in shape and size of 
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cross-sections, obstructions,  vegetation) multiplied with the resistance 
caused by meandering of the channel ( ). Rouse (1965) separated open 
channel flow resistance into surface or skin friction, form drag, wave resistance 
from free surface distortion and resistance due to flow unsteadiness. For 
estimating compound roughness, Pasche and Rouvé (1985) considered the 
resistance with separate friction factors of the vegetated floodplain and the main 
channel, and developed a method to consider the momentum exchange between 
the boundaries. Helmiö (2004) evaluated methods adopted to determine the 
composite friction factors, and derived an unsteady 1D flow model for partially 
vegetated natural channels considering the lateral momentum transfer.  

For grass-lined channels, the  method was developed to predict n based 
on flow velocity ( ) and hydraulic radius ( ) (Palmer 1945). For practical 
applications, the  dependency should be investigated for various types of 
vegetation and flow conditions, but it is difficult to derive unique  
relationships even for a single vegetation type (Kouwen et al. 1969; Wilson and 
Horritt 2002). To resolve this issue, Petryk and Bosmajian (1975) derived a 
relationship between Manning’s n and drag force based on hydraulic radius, 
plant projected area and drag coefficient  for cylindrical elements. For a 
reach section, Petryk and Bosmajian (1975) defined the vegetation density as 
the sum of the plant frontal projected areas per unit volume.  

Vegetation in flooded areas is exposed to flow-induced forces in terms of drag 
and lift. The form drag is taken into account with an empirical drag force 
approach, which is generally based on measured values of the drag coefficient 
for cylinders (Nepf and Ghisalberti 2008). The pattern and density of cylinder 
arrays are shown to affect the bulk drag coefficient, flow velocities and thus the 
sediment yields (Li and Shen 1973; Nepf 1999). The drag studies with rigid 
cylinders have led to advances in the modelling of flows within and above 
vegetation (Nepf 1999; Righetti and Armanini 2002; Huthoff 2007), and to 
improvements in modelling of the effects of cylindrical rigid or simple shaped, 
flexible vegetation on mean flow, sediment transport, erosion and deposition 
processes (Fischer-Antze et al. 2001; Stoesser et al. 2003; Nepf and Ghisalberti 
2008; Luhar and Nepf 2013; Marjoribanks et al. 2014).  

For complex shaped flexible woody vegetation, idealized or cylinder based 
simplifications are inadequate, as vegetation reconfigures in a flow situation 
(i.e. vegetation changes its shape due to streamlining and bending). The 
vegetation properties such as density and its spatial variability, seasonal 
changes, the ratio of foliage in comparison to the stem, rigidity and 
reconfiguration under flow have all significant impacts on the drag forces and 
flow distribution (Aberle and Järvelä 2013). In estimating drag forces and 
resistance coefficients, vegetation is often assumed to be linearly distributed 
over the height (Aberle and Järvelä 2013). In contrast to cylindrical objects, the 
vertical distribution of woody vegetation differs considerably from the linear 
(Weissteiner et al. 2013, 2015) causing the flow to accelerate in the zones of 
lower plant area (Jalonen et al. 2012).  

Drag forces can be directly measured from the plants with high detail (e.g. 
Schoneboom 2011). Similarly, detailed characterization and observations of the 



Introduction 
 

13 

reconfiguration of the plants in connection with the drag force experiments are 
needed to improve the process-understanding. As the remote sensing of 
vegetation characteristics becomes more common, new advances in the 
physically-based modelling of vegetated flows should be more easily 
implemented in practice than with conventional vegetation surveying methods. 
Laser scanning (LS) enables the collection of detailed digital terrain models as 
well as high-resolution information about vegetation and its distribution. LS is 
widely adopted in the monitoring of built and natural environments due to its 
fast acquisition of high-resolution three-dimensional information about objects 
(Hyyppä 2011).   

To bring together the ecological considerations with the requirements of flood 
protection schemes requires a sound understanding of the estimation of 
vegetative resistance. The reliable estimation of drag exerted on woody 
vegetation as well as high-resolution surveying of vegetation properties are vital 
for determining water levels in a flood situation, sediment and solute transport 
(Curran and Hession 2013; Shucksmith et al. 2010), changes in channel 
morphology (Eaton and Giles 2009; Vargas-Luna et al. 2015) and habitat 
quality (Gurnell et al. 2006), as well as environmental flows and flow-regimes 
to predict riparian habitat development (Merritt et al. 2010). This dissertation 
investigates the estimation of drag exerted on riparian vegetation using 
physically-based vegetation characteristics and the location-based 
characterization of vegetation in the field required for the hydraulic modelling 
purposes. The motivation for this dissertation was primarily the need to 
improve the current knowledge of the resistance and drag parameterization for 
woody vegetation of different sizes, and secondly to identify efficient methods 
for obtaining the vegetation parameters in the field.    

1.1.1 Vegetative resistance and drag forces 

The flow resistance is often expressed in terms of a resistance coefficient, such 
as Manning’s n or Darcy-Weisbach friction factor , which combines all the 
factors causing resistance. The Manning’s n remains the most commonly 
utilized resistance formula in hydraulic engineering practice. Literature values 
of Manning’s n are not straightforwardly transferable to hydraulic models and 
different processes are lumped to the n value between 1D and 2D models 
(Horritt and Bates 2002), thus altering the value between models.  

The Manning’s n is dimensional in contrast to the Darcy-Weisbach friction 
factor, and thus the latter is preferred in many studies (e.g. Fathi-Maghadam 
and Kouwen 1997; Järvelä 2004). A simple way to estimate the vegetative 
resistance is to decompose the friction factor into bed friction ( ) and form 
resistance (i.e. vegetative friction) ( ) by linear superposition of  
(e.g. Yen 2002). The vegetative friction factor can be derived from the spatially 
averaged drag force  per unit ground area (e.g. Aberle and Järvelä 2013) 
by  

(1) 

where um is the mean velocity and  is the density of water.   
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A common approach in 2D and 3D numerical modelling representing flow 
through cylindrical vegetation is based on the vegetated drag force (FD) 
introduced as a sink term in the Navier-Stokes equations or in the Reynolds 
Averaged Navier-Stokes (RANS) equation for turbulent flow (Fischer-Antze et 
al. 2001; Morvan et al. 2008). The classical drag force approach (Hoerner 1965) 
expresses the total drag exerted by an object as  
 

(2) 

where  denotes the drag coefficient obtained experimentally,  is the 
characteristic reference area, and uC is the approach velocity. The common 
definition of the reference area is the frontal projected area  of the object 
perpendicular to the flow. For rigid cylinders, the drag force  is considered to 
be proportional to the mean velocity squared for constant water depth and drag 
coefficient. For flexible foliated plants, the  relationship is closer to a 
linear than squared (Oplatka 1998; Fathi-Maghadam and Kouwen 1997; Järvelä 
2004; Armanini et al. 2005; Wilson et al. 2008; Schoneboom 2011), although it 
is not clear how the relationship varies for different vegetation types (Folkard 
2011; Dittrich et al. 2012). The stem drag coefficient depends on the stem shape 
(James et al. 2008), and density and pattern of the stem array (e.g. Nepf 1999; 
Poggi et al. 2004; Schoneboom 2011). The drag coefficient of isolated cylinders 
can be obtained relating  to the stem Reynolds number , where d 
is the cylinder diameter and  the kinematic viscosity of water (e.g. Hoerner 
1965), but it is not clear which plant scale should be used to characterize flexible 
and foliated plants (Statzner et al. 2006) and consequently  cannot be used 
to quantify reconfiguration (Luhar and Nepf 2013).  

Eq. (2) is grounded on theory and experiments on rigid objects and does not 
truly consider the physical characteristics and hydrodynamics of flexible plants 
(e.g. Fathi-Maghadam and Kouwen 1997; Folkard 2011; Järvelä 2004; Wilson 
et al. 2010). To endure flood events, plants reconfigure themselves by both 
reducing the projected area under flow, which alters the effect of the 
characteristic reference area , and by streamlining (de Langre 2008). The 
reconfiguration results in a decrease of the plant projected area  and the drag 
coefficient  which is considered by a lumped  parameter in some studies 
(Armanini et al. 2005; Whittaker et al. 2013; Wilson et al. 2008). The  
parameter under flow depends on the flexural rigidity of the main stem and 
branches, but  for varying flow conditions and for flexible complex shaped 
vegetation is difficult to estimate (Sagnes 2010; Statzner et al. 2006) or to derive 
functional relationships for practical applications (Dittrich et al. 2012). One way 
to account for the reconfiguration is the Vogel exponent (de Langre 2008), 
where the reference area remains unaltered. 

(3) 

 
The Vogel exponent was originally considered to reflect the variation in the 

drag coefficient with wind speed (Vogel 1989; Vogel 1984). For rigid objects, 
the  leading to squared  relationship, and  indicates a linear 
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relationship between force and velocity for flexible vegetation.  The Vogel 
exponent is identical to the reconfiguration exponent  in Eq. (5) below, and 
hence, the same  symbol is used in both equations in this dissertation. 

The drag coefficient is included in friction factor based approaches of Fathi-
Maghadam and Kouwen (1997), Järvelä (2004) or Västilä and Järvelä (2014). 
Fathi-Maghadam and Kouwen (1997) suggested a method to estimate the 
vegetative friction factor from the momentum absorbing area ( ), which is 
related to the one-sided area of leaves and stems, divided by the bed horizontal 
area covered by vegetation ( ) as  

(4) 

Järvelä (2004) proposed an approach which quantifies the resistance from the 
leaf area index (one-sided leaf area per ground area ), species-
specific , and the reconfiguration exponent  (corresponding to the Vogel 
exponent). The connection between Eq. (5) below and Eq. (3) was pointed out 
in Aberle and Järvelä (2013). Järvelä (2004) expressed the vegetative friction 
factor as 

(5) 

For emergent conditions, assuming a uniform  over height, the level of 
submergence was taken into account in Eq. (5) by , where  is water level 
and  the plant height, thus assuming a uniform plant distribution over the 
height.  Västilä & Järvelä (2014) concluded that the different properties and 
reconfiguration of the stem and leaves can be considered by separating the 
foliage and stem friction factors by linear superposition as . They 
modified Eq. (5) leading to following definition of friction factor 

 
(6) 

 
The subscript  in Eq. (6) denotes the foliage and subscript  refers to the stem, 
i.e. the branches and the trunk.  

The flexural rigidity has been used in several studies (e.g. Kouwen and Unny 
1973; Stone et al. 2013; Whittaker et al. 2013) and it is defined by , where  is 
the modulus of elasticity and the second moment of area. Kouwen and Unny 
(1973) introduced a formulation  based on the flexural rigidity  and 
number of roughness elements per unit bed area . Kouwen and Fathi-
Moghadam (2000) derived an approach for coniferous trees based on a species-
specific vegetation index accounting for the effects of shape, flexibility and  
on the resistance. The  is a measure of stem flexibility and has been adopted 
to model bending of woody vegetation (e.g. Stone et al. 2013), but  is not able 
to describe the full reconfiguration and streamlining of the branches and leaves. 
Whittaker et al. (2013) developed a model based on the measurements in Xavier 
(2009), and included the Vogel exponent ( ), the tree volume ( ), height in still 
air ( ), and flexural rigidity ( ) as key vegetation parameters in estimating 
drag force as 
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(7) 

where  (m2) is a coefficient that corresponds to an initial . The  values 
for Eq.(7) can be obtained from a linear relationship between  and  
(Whittaker et al. 2013). The model quantifies the effect of reconfiguration on the 
drag force through  and . 

Many of the resistance studies, which have focused on physically-based 
parameterization of woody and aquatic vegetation (Green 2005; Green 2006; 
Nikora 2010; Luhar and Nepf 2013; Whittaker et al. 2013; Västilä and Järvelä 
2014), have applied area-based parameterizations such as the leaf area index 
(LAI) (Järvelä 2004; Katul et al. 2011), leaf and stem (including branches) areas 
(Västilä and Järvelä 2014), the cross-sectional blockage factor (Petryk and 
Bosmajian 1975; Green 2006; Luhar and Nepf 2013), or the frontal area per unit 
volume (AC/V) (Nepf and Ghisalberti 2008).  For erect reeds or tree trunks these 
area definitions are simple to obtain based on the stem diameter and plant 
height. For complex shaped woody riparian vegetation, obtaining these areal 
parameters over the vertical tree structure is most efficient by means of remote 
sensing methods.   

The vegetation density has been considered to be the dominating factor 
contributing to the drag of foliated trees (Fathi-Maghadam and Kouwen 1997; 
Järvelä 2004). Flow resistance investigations (e.g., Järvelä 2004; Schoneboom 
2011; Västilä et al. 2011) have concluded that represents a physically based 
parameter that characterizes the combined effect of vegetation density and 
foliage on flow resistance. Katul et al. (2011) applied the leaf area index in 
predicting hydraulic resistance with the Saint-Venant equations and Zinke 
(2011) with a porous media approach. However, it is not yet fully known whether 
LAI is an adequate resistance parameter of vegetation density for differently 
distributed sparse and dense vegetation stands. As reviewed above, research has 
suggested several alternative parameterizations for estimating vegetative 
resistance, but the applicability of the parameters, and the effect of 
reconfiguration, for determining drag of woody vegetation of different scales 
and densities has remained unclear.  

1.1.2 Surrogates and real plants  in the experimentation of drag exerted 
on plants 

The experiments on living organisms, such as plants, are often conducted with 
surrogates or real plant prototypes (Johnson et al. 2014) where the most 
common simplification of vegetation uses rigid cylindrical objects (Aberle and 
Järvelä 2013). The surrogates are aimed to better reflect their natural 
counterparts than the cylinders, and are generally designed based on their 
material properties, modulus of elasticity, dimensions, the bending properties 
compared with the real plants, or by using scaled physical surrogates of plants 
(Johnson et al. 2014). However, for flexible plants, the scale effects are difficult 
to quantify.  The possible scale effects in modelling the different processes in 
vegetated flows may be identified with a physical model at different scales up to 
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near full-scale, although it is laborious to apply this method (Frostick et al. 
2011).  

For small plants, the utilization of real plants or real size artificial plants is 
relatively easy. Restricted by the size of the flume, the experiments on riparian 
bushes and trees are often conducted with parts of trees, twigs or small trees; 
the hydraulic resistance of riparian vegetation has been investigated in several 
flume studies with natural and artificial plants or twigs both in arrays (Freeman 
et al. 2000; Järvelä 2004; Schoneboom 2011; Västilä et al. 2013) and with 
isolated plants (Armanini et al. 2005; Wilson et al. 2008). The drag and the 
reconfiguration or the structural properties of trees of different sizes, which are 
examined in this dissertation, are less explored.   

Among first studies with real trees, measurements were carried out with pine 
and cedar trees by Fathi-Maghadam and Kouwen (1997) and with willow 
specimens by Oplatka (1998), Järvelä (2002a), Armanini et al. (2005) and 
Wilson et al. (2006) followed by others with several different species (Wilson et 
al. 2008; Xavier 2009; Västilä et al. 2013; Whittaker et al. 2013). Only few of 
the resistance or drag force studies with real scale trees are carried out in water 
(Oplatka 1998; Xavier 2009), though wind tunnel experiments provide 
comparable knowledge for air flows (e.g. Vollsinger et al. 2005).  For 
investigating the drag forces exerted on woody vegetation, Oplatka (1998) 
experimented with individual willows (Salix viminalis and purpurea) of  
m in height and pulled the specimens in a frame through a water tank with 
velocities of  m/s (  m/s velocity increments). Xavier (2009) investigated 
the drag forces in a towing tank for full scale woody vegetation (  m). 
Research with prototype scale vegetation brings the resistance studies to a more 
general level, and should be combined with detailed characterization of 
vegetation properties for the drag force investigations (Schnauder and Wilson 
2009). The need for studies with real scale vegetation together with detailed 
plant characterization brings motivation to the research questions in this study.  

1.1.3 Laser scanning in fluvial studies 

 
Laser scanning, often referred to as LiDAR (Light-Detection And Ranging) 
provides georeferenced point cloud data from which digital terrain models 
(DTM), digital surface models (DSM) and 3D models of objects are derived 
(Hyyppä 2011). LS is employed in terrestrial (TLS), airborne (ALS) and mobile 
(MLS) platforms (such as on a car, boat or backpack Kukko et al. 2012). The first 
laser instrument was developed in 1960, and first applications of ALS were 
employed to measure terrain features in 1960s and 1970s (Ritchie 1996) with 
the term LiDAR appearing at the same time (Heritage and Large 2009). The 
terrestrial laser scanners have become popular and the technology has 
developed rapidly during the past 15 years (Heritage and Large 2009). The TLS 
equipments can commonly record the x,y,z positions, reflection intensity and 
colour from a high resolution digital camera attached to the scanner. Time-of-
flight based laser scanners measure the distance of the object surface using laser 
pulses (Lichti et al. 2002), and the continuous wave lasers by phase difference 
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between the transmitted and backscattered signal from the object surface (Wehr 
and Lohr 1999).  

Conventional ground-based monitoring of floodplain topography and 
vegetation characteristics is time-demanding and laborious. Remote sensing 
methods enable deriving floodplain hydraulic roughness and DTMs efficiently 
from satellites (digital and radar imagery) or from airborne platforms (LiDAR 
and orto-photography) (Forzieri et al. 2012; Straatsma and Baptist 2008). LS 
provides a means to derive high-resolution data about the spatially explicit 
horizontal and vertical distribution of vegetation characteristics needed for the 
parameterization of resistance in the flow models (Antonarakis et al. 2010; 
Straatsma and Baptist 2008). However, the resolution and accuracy of LS 
measurements depend on the scanner and its distance to the object, and the 
platform of the LS device.  

Large areas are often surveyed with ALS or MLS whereas TLS is generally 
applied in small-scale analyses. ALS is commonly employed in forestry in 
determining forest attributes such as the leaf area index (Morsdorf et al. 2006) 
and in hydraulic applications for estimating floodplain roughness or vegetation 
height and density (Forzieri et al. 2010; Forzieri et al. 2011; Straatsma and 
Baptist 2008). Airborne bathymetric laser scanning with blue or green 
wavelength laser is implemented to scan inundated areas, but the technique 
does not produce reliable river bed level in shallow waters (Hohenthal et al. 
2011). Although TLS is commonly applied in dry conditions, recently through-
water TLS has been investigated in detecting centimetre-resolution bathymetry 
in clear and shallow gravel bed rivers both with TLS (Smith and Vericat 2013) 
and with boat-based mobile laser scanning (Vaaja et al. 2013). 

TLS is advantageous in retrieving more accurate data than available from ALS, 
as the latter provides lower point cloud density and larger footprint caused by 
the flight height. TLS has been recently adopted in various high-resolution 
studies of fluvial geomorphology, e.g. for estimating river bed morphology, 
roughness, and river bank retreat with as high as grain-scale accuracy (Hodge 
et al. 2009; Resop and Hession 2010; Brasington et al. 2012; Brodu and Lague 
2012; Resop et al. 2012). The point cloud acquisition of TLS follows a spherical 
geometry, as it is performed from a static platform commonly mounted on a 
tripod, and the final resolution depends on the scanner and its distance to the 
object. Consequently, to reduce occlusion and to cover larger areas, TLS point 
clouds are produced from multiple sub-scans. MLS provides a more uniform 
point cloud density and decreases the measurement time in comparison to TLS, 
although may result to a lower point cloud density and precision (Kukko et al. 
2012). MLS installed on a boat or on a backpack allows for surveying remote 
riverine areas (Kukko et al. 2012). 

In using LS to derive floodplain topography and the vegetation characteristics, 
the first step is to separate the vegetation from the ground points. Although LS 
applications consider low vegetation generally as a factor to be extracted from 
the point cloud in order to obtain the ground level, hydraulic analyses require 
both information about floodplain topography and vegetation. In densely 
vegetated areas only few points return from the ground, but the ground level 



Introduction 
 

19 

may be obtained with minimum TLS elevation methods (Guarnieri et al. 2009) 
often employed for ALS. Furthermore, the minimum elevations together with 
elevation statistics help monitor river bed morphology (Brasington et al. 2012; 
Rychkov et al. 2012). For detecting 3D river features, such as boulders and 
vegetation, geometry-based classification can be applied (Brodu and Lague 
2012). The large quantity of points complicates the TLS data analyses, and 
regular GIS software is rarely capable of processing the large TLS point clouds. 
To overcome this problem, TLS data can be reduced by extracting point cloud 
statistics and by downscaling of the information to suitable attributes such as 
standard deviation or the minimum and maximum elevations (Brasington et al. 
2012; Rychkov et al. 2012). For TLS-based estimation of floodplain topography 
in vegetated areas with low bushy and herbaceous type of vegetation, the 
suitable scan resolution, point cloud density and the effect of different 
vegetation types and densities as well as seasonal change on the ground-level 
estimate has not been evaluated.   

Laser scanning (LS) provides a means to derive the spatially explicit horizontal 
and vertical distribution of vegetation characteristics applied in the flow models 
(Antonarakis et al. 2010; Straatsma et al. 2008). For the estimation of 
vegetation characteristics, the vegetation density of defoliated trees is estimated 
with TLS from the number of points passing through a 3D voxel and from the 
points intercepted in the voxel (Manners et al. 2013; Straatsma et al. 2008). Leaf 
area can be analysed with different methods from voxelized point clouds 
(Béland et al. 2014; Hosoi and Omasa 2006), and the vertical leaf area 
distribution by the optical laser point-quadrate method (Radtke and Bolstad 
2001) and by the gap fraction and the Beer-Lambert law (Antonarakis et al. 
2010). The 3D LS point clouds allow for estimating the total vegetation area in 
contrast to photographic analyses, which estimate the frontal projected area. 
Moreover, photographic analyses overestimate the portion of vegetation closer 
to the camera due to the central projection on the image (Sagnes 2010; 
Straatsma and Baptist 2008).  

The TLS -based methods of estimating vegetation density or leaf area are 
mostly developed for trees and are based on determining the vegetation density 
in a specific direction, i.e. the scanning direction around each scan station.   
Methods should be further explored for estimating total plant area from 
registered multi-station TLS point clouds for a varying bushy and herbaceous 
type of vegetation. Moreover, TLS data can be supplemented with 
measurements conducted from different platforms and by combining them with 
multi-station TLS (Manners et al. 2013; Rönnholm et al. 2009; Forzieri et al. 
2011; Forzieri et al. 2012; Kukko et al. 2012) or with point clouds obtained from 
series of overlapping images by employing structure from motion photography 
(Westoby et al. 2012). Most effectively, the data analysing methods for 
retrieving vegetation properties should be suited for georeferenced multi-
station point clouds, as well as for point clouds obtained with different 
platforms or remote sensing methods. To enhance the practical use of LS in 
hydraulic engineering applications, the need for developing such methods is a 
motivation for the current research.  
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1.2 Objectives and scope of the thesis 

This dissertation focuses on the parameterization of riparian vegetation and on 
the retrieval of the vegetation properties by TLS for hydro-environmental 
modelling purposes. The first objective is to detect the main vegetation 
characteristics affecting the hydraulic drag with the focus on woody vegetation 
of different scales and densities, and to improve the parameterization of 
vegetation in the hydraulic models. The second objective is to investigate the 
estimation of the characteristic reference areas for mixed floodplain vegetation 
from multi-station TLS for both woody and herbaceous vegetation.  

Recently, the modelling of the flow resistance caused by woody foliated 
vegetation has reached substantial attention, which has led to new flow 
resistance equations (e.g. Järvelä 2004; Whittaker et al. 2013; Västilä and 
Järvelä 2014). Subsequently, several alternative parameters for the resistance 
estimation are proposed. However, it is not fully known whether the resistance 
formulas and the proposed parameters are applicable for plants of different 
scales and densities. TLS enables the collection of high-resolution topographic 
and vegetation data required in the flow models. Many of the studies applying 
TLS for the characterization of floodplain vegetation focus on woody vegetation, 
and the estimation of the properties of varying bushy and grassy types of 
vegetation are less explored. LS analyses generally focus on removal of points 
from low vegetation, as it complicates the ground detection, but for hydraulic 
applications obtaining detailed information about such vegetation and its 
distribution is important. It is evident from the above (Section 1.1.3) that for 
determining physically-based and spatially accurate vegetation characteristics 
for hydro-environmental modelling applications, methods are required for 
analysing registered multi-station or multi-platform point clouds.  

 
The publications form two pairs where I and II focus on the parameterization of 
riparian vegetation for the estimation of vegetative drag. The publications III 
and IV focus on the applicability of terrestrial laser scanning (TLS) for 
determining floodplain topography and the vegetation properties. 
 
Two key questions concerning the estimation of drag forces of vegetated rivers 
and floodplains are addressed in the study:  

 
A) How to reliably estimate the drag of woody riparian vegetation of different 
scales and vegetation densities? (Publications I and II) 
B) How to obtain the location-based vegetation characteristics efficiently in the 
field? (Publications III and IV) 

 
An individual leaf has different resistance characteristics than leaves attached 
to the plants. Similarly, individual plants affect the flow differently than a patch 
of plants or plants in a fully vegetated reach. For vegetation aligned in groups of 
plants, the sheltering effect may reduce the resistance of individual plants.  The 
following objectives arise:  
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A.1) to determine the impact of foliage and its horizontal and vertical 
distribution on the vegetative drag (Publication I)  
 

A.2) to determine the effect of scale on the parameterization of woody 
riparian vegetation in modelling drag (Publication II) 
 

For high-resolution hydraulic modelling applications, the spatial vegetation 
characteristics need to be known accurately. 3D data of the distribution of 
vegetation can be obtained efficiently with laser scanning techniques. However, 
the extraction of the relevant data from the large data sets imposes a challenge 
for practical applications. In addition, the vegetation cover blocks the laser pulse 
and causes difficulties in estimating ground level for the digital terrain model 
(DTM). The following objectives arise: 

 
B.1) to determine how the type of vegetation including its seasonal change 

impact the accuracy of the TLS estimate of floodplain ground level (Publication 
III) 

 
B.2) to develop a method to derive the total plant areas of herbaceous and 

foliated woody vegetation for different levels of submergence (Publication IV) 
 

Each of the publications I-IV utilizes a novel data set gathered for this 
dissertation. The dissertation brought new insight into the effect of both plant 
density and plant scale on the vegetative drag (Publications I and II). The drag 
force measurements of trees of different sizes with several alternative 
parameterizations and analyses of the reconfiguration under load, comprised a 
more extensive dataset than those found in the existing literature (Publication 
II). Consequently, a drag force formulation was derived, and its performance 
was evaluated against published parameter values (Publication II). TLS 
analyses were compared to manual vegetation and floodplain ground-level 
sampling, bringing new information to the reliability of TLS as a method to 
obtain the vegetation characteristics and floodplain ground level for different 
seasons and low floodplain vegetation of both woody and herbaceous type of 
vegetation (Publications III-IV).  
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1.3 Publications 

 
Publication I investigated the impact of density and distribution of leaf area on 
the vegetative drag. A dataset was gathered in which the leaf area index (LAI = 
AL/AB) was widely varied: (1) the distances between the plants were altered, and 
(2) the one-sided plant areas of the individual specimens were doubled and 
tripled. In addition, the new dataset was compared with previous experiments 
in which the vertical leaf area distribution was varied.  
 
Publication II investigated the suitable parameterization of woody riparian 
vegetation of different scales in estimating the drag forces. Experiments were 
conducted in a towing tank for four tree species together with detailed 
characterization of tree properties. The focus was on the effect of plant scale on 
the vegetative drag and reconfiguration. The suitability and reliability of 
different parameterizations of woody riparian vegetation for physically-based 
drag force models was tested.  

 
Publication III focused on the application of TLS in determining floodplain 
topography and vegetation properties. The publication demonstrated 1) the 
impact of vegetation and its seasonal change to the accuracy of the TLS 
estimates of floodplain ground level, 2) the effect of point cloud density on the 
TLS-based ground level, and 3) the applicability of TLS to estimate vegetation 
height and the volumetric blockage factor for different levels of submergence. 
The TLS-based ground level and vegetation estimates were evaluated against 
manual cross-sectional and vegetation surveys.  
 
Publication IV continued the research of Publication III for obtaining the 
properties of floodplain vegetation. The focus was on developing an approach 
for deriving the characteristic reference areas of both herbaceous and woody 
vegetation. Detailed experimental data was used to obtain linear regressions 
between TLS-based point cloud attributes and manually surveyed total plant 
areas for both herbaceous and woody vegetation.  Finally, a novel concept was 
proposed to derive the total plant area (Atot) for larger areas of similar vegetation 
type from linear regressions between TLS-based point cloud attributes and Atot 
of small sub-areas. 
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2. Methods 

Figure 1 shows the methodology adopted in the dissertation. The main 
methodology is described in the following sections, and the more detailed 
descriptions can be found in the referred publications (I-IV). 

 

 

 The methodology adopted in the dissertation to investigate the characterization of 
riparian plants for hydro-environmental modelling purposes.  

2.1 Hydraulic investigations 

2.1.1 Flume experiments 

The flume experiments (Publication I) were carried out at the hydraulic 
laboratory of the Leichtweiß-Institute for Hydraulic Engineering and Water 
Resources, Technische Universität Braunschweig, Germany. The tilting flume 
was 32 m long, 0.6 m wide and 0.4 m deep. The study was conducted with 23 
cm high foliated artificial vegetation elements simulating natural poplars. The 
properties of the artificial elements were found to be similar to the branches of 
natural poplars (Dittrich et al. 2012) by analyses of the lever arm and drag of the 
artificial elements compared to natural poplar twigs (Schoneboom 2011). 

The methodology for investigating the characterization of 
riparian plants for hydro-environmental modelling purposes 

Parameterization of drag Obtaining vegetation characteristics

Laboratory investigations

Artificial elements

Drag force sensors
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1) varying distances 
between plants
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of the plants 

Natural trees 
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- 0.9-3.4 m tall trees
- four species
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Terrestrial laser scanning, TLS
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Artificial elements were used to ensure that the plant characteristics were 
similar for each specimen, thus excluding the variability in plant properties of 
natural poplars. The individual elements consisted of a 3 mm thick coated wire 
stem, four branches with three leaves each made of fully flexible dyed textile, 
and a rigid blossom on the top (Figure 2a). The total one-sided area of a single 
element (  = cm2) corresponded to the sum of the one sided leaf area 
(  =  cm2) and one-sided stem area ( , stem + blossom =  cm2). The 
leaf area index ( ) values ranged between 0.2 and 3.2, and thus the 
densest setups were close to the mean values in broadleaf forests and 
floodplains (Publication I).  

The total plant areas and the leaf areas (Publication I) were varied by changing 
the plant area of the individual specimens, i.e. combining the artificial plant 
elements (1-element plants 1X, 2-element plants 2X and 3-element plants 3X, 
Table 1, Figure 2a). In addition, the effect of altered vertical leaf area was 
investigated for the plant elements, which had the branches removed from the 
top (1) to the base (4) (data from Schoneboom 2011). The plants with varying 
vertical leaf area were labelled as 123 , 12 4, 12  and 1  (Table 1, Figure 
2a). The dots denote the removed branches consisting of three leaves each, and 
the numbers denote the branches from top (1) to base of the plant element (4). 
The spacing of the plants in a staggered arrangement was altered from 15 to 40 
cm (Figure 2b). 

 

 

 a) The drag force sensor and the studied plant elements: 1-element plant 1X, 2-element 
plant 2X and 3-element plant 3X, and plants with varying vertical leaf area distribution labelled 
as 123 , 12 4, 12  and 1 . The dots denote the removed branches and the numbers 
denote the branch from top (1) to base of the plant element (4), and b) plant arrangements 
15S, 20S, 30S and 40S at the test section. The lighter-coloured symbols denote the plants 
attached to the drag force sensors. (Publication I).   
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The drag forces acting on up to 10 plants (Figure 2b) were directly measured 
from the plants with drag force sensors (DFS, Figure 2a) mounted below the 
flume bottom. The plants were arranged in a staggered pattern in a 10-12.5 m 
long flume section, and the drag force sensors were placed in a 1.5 m long test 
section in the middle of the plant arrangement. The sampling rate was set to 
200 Hz and the standard error corresponded to ±0.01N. The drag forces were 
recorded for a 60 s sampling interval. Each measurement was conducted three 
times, and a high degree of consistency was found between the three 
measurements. The total plant area per ground area ( ) was altered by 
changing   of the individual plants and by altering the plant spacing (Figure 
2b, see Table 1 for the investigated setups).  

The frontal projected areas ( ) of the plants under flow action were estimated 
from photographs taken with a submersible digital camera. All of the 
experiments were conducted with steady uniform flow conditions, with the 
plants just submerged (Figure 2a), to enable analysing the effect of leaf area on 
the vegetative drag. The flow conditions were achieved by adjusting the water 
level, discharge, and bed slope. The water levels varied in the experiments due 
to bending of the plants (Figure 2a). The water depths, and the water surface 
slopes, were measured by five piezometers installed along the flume. For the 
setups in Table 1, flow resistance and drag forces were measured for four to 
seven mean flow velocities ranging between 0.11 and 0.92 m/s. The 
corresponding mean water depths in the test section varied from 0.26 to 0.18 
m.  

Table 1. Description of the investigated setups: spacing , number of plant elements NX, one-
sided leaf area , leaf area index LAI, total one-sided area  + , leaf to stem area ratio 

 and number of plant elements/m2. (Publication I).  

axay NX AL (cm2) LAI Atot (cm2) AL/AS Elements/m2 

15x15S 
1X* 373.6 1.66 393.7 18.6 44.44 
2X 747.2 3.32 787.4 18.6 88.89 

20x20S 

1X* 373.6 0.93 393.7 18.6 25.00 
2X 747.2 1.87 787.4 18.6 50.00 
1X 123 * 237.8 0.59 257.9 11.8 25.00 
1X 12 4* 264.3 0.66 284.4 13.2 25.00 
1X 12 * 128.5 0.32 148.6 6.4 25.00 
1X 1 * 66.0 0.17 86.14 3.3 25.00 

30x30S 
1X* 373.6 0.42 393.7 18.6 11.11 
2X 747.2 0.83 787.4 18.6 22.22 
3X 1120.8 1.25 1181.1 18.6 33.33 

40x40S 
1X 373.6 0.23 393.7 18.6 6.25 
2X 747.2 0.47 787.4 18.6 12.50 
3X 1120.8 0.70 1181.1 18.6 18.75 

*Schoneboom (2011) 

2.1.2 Towing tank experiments 

The towing tank experiments were conducted for four tree species totalling 23 
specimens of 0.9–3.4 m in length (Table 2, more detailed description in Table 1 
in Publication II) in a 130 m long, 11 m wide and 5.5 m deep towing tank at the 
ship laboratory of the Aalto University (Publication II). The drag forces were 
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directly measured from the trees with a frequency of 80Hz using load cell setups 
consisting of three load cells (Figure 3). To allow for accurate force 
measurement, two different load cell types were applied depending on the size 
of the specimen (for large trees, 1 -1000 N measurement range and for smaller 
trees, 0.1 – 100 N). Each of the load cells, and the load cell combination, were 
calibrated and validated with known weights. The measurement error of the 
load cells based on the validation was ±0.1% for the large tree load cells and 
±0.2% for the small tree load cells. The trees were mounted upside-down to the 
measurement system with an aluminium cylinder of 35 mm in diameter, and 
the natural curvature of the main stem was directed downstream, opposite to 
the towing direction. 

 

 

 The drag measurement system with side and rear views (Publication II). The picture a) 
illustrates the specimen (SC7) from the side view camera with a velocity of 0.3 m/s and b-c) 
from the rear view with b) 0 m/s, c) 0.3 m/s and d) 0.6 m/s (data from Publication II). The 
percentages denote the percentage of height compared to zero velocity (a) and percentage 
in the frontal projected area in zero velocity (b-d).  

The submerged side and rear view cameras were used to collect underwater 
video recordings. The side and rear view cameras were attached at a distance of 
3 m and 5.5 m, respectively, from the specimens. The length scale for the image 
analysis of the underwater projected area  was adjusted to the side of the tree 
(Figure 3). The measured tree height in still air was used as a length scale for 
analysing the deflected height of the tree. The investigated velocity ranges were 
0.1-1.5 m/s for the foliated specimens and 0.1-2.5 m/s for the defoliated ones. 
The foliated specimens were already streamlined close to a maximum at a 
velocity of 1.5 m/s; hence, larger velocities would have caused breakage or 
changes in the material properties.  The specimens were towed in one direction, 
and after each run the carriage was brought back to the starting position. The 
next run was conducted after there was no disturbance in the water caused by 
the previous run.  

The one-sided areas of the tree stems (branches and trunk) were obtained 
from manual measurements assuming that the stems and branches were 
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cylindrical elements (see Weissteiner et al. 2013, 2015). Due to the large size of 
the trees, the specific leaf area (the leaf to dry mass ratio, , Bréda 
2003) was applied to estimate the total leaf area of the tree. The trees were 
divided to four height sections (quartiles), and the leaf and stem dry mass was 
estimated for each section. The leaf areas were measured from the second 
highest section from the top by scanning the leaves with a flatbed document 
scanner. To ensure the accuracy of , the leaves from this second quartile 
were divided to three different samples, and  was determined for each 
sample. For the investigated specimens, the difference between the  of a 
sample and the average of three samples varied from 0% to 6%. The total plant 
area  was estimated from the manually measured  and . 

Table 2.  The investigated species and the range of the heights and plant areas of the specimens 

2.1.3 Drag force equations 

For this dissertation, the drag force formulations were derived based on 
rearranging of friction factor Eqs. (5) and (6) in terms of drag (Publication II). 
Based on Eq. (5), the drag coefficient for rigid cylinders CD in Eq. (2) 

corresponds to a dimensionless number  for woody flexible 

vegetation. However, derived from the drag force Eq. (3) including the 
reconfiguration exponent, the friction factor based on drag force Eq. (1) and the 
friction factor Eq. (5) leads to 

(8) 

The Eq. (8) leads to  having units of (m/s)-  (Publication II). 
Combination of  should not change while the exponential relationship 

between force and velocity remains the same, but would simplify drag force 
equations (9-11) below (Publication II). If the reconfiguration exponent changes 
for different ranges of velocities, the and the share  are both altered 

(Publication II). The drag force formulation based on Eq. (5)  for a single tree 
becomes 

(9) 

The stem and foliage drag based on Eq. (6) are written as 

 (10) 

 
 
(11) 

Species Common  Heigth Atot  AL  AS  AL/AS 
 name No. (m) (m2) (m2) (m2) (-) 
Alnus  
glutinosa  

Common 
Alder 

6 1.2 – 3.0 0.43 – 3.0 0.41 – 2.8 0.023 – 0.19 11-26 

Salix  
caprea  

Goat Willow 9 1.0 – 3.4 0.44 – 2.2 0.42 – 2.0 0.023 – 0.47 9.6-18 

Betula  
pendula  

Silver Birch 4 0.9 – 2.8 0.49 – 2.0 0.47 – 2.2 0.018 – 0.15 12-27 

Betula  
pubescens  

White Birch 4 1.5 – 3.2 0.44 – 1.0 0.42 – 0.96 0.025 – 0.06 11-17 
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The measured foliage drag was evaluated from the measured stem drag and 
bulk drag as  (e.g. Armanini et al. 2005; Wilson et al. 2010; Västilä 
and Järvelä 2014). The level of flexibility and streamlining in Eqs. (9-10) is 
described by the reconfiguration parameter . For rigid elements, the  
resulting to the classical drag force Eq. (3), and  close to  denotes efficient 
reconfiguration of the specimens.   

The suitability of different plant parameterizations for physically based 
modelling applications, and the performance of Eqs. (7), (9) and (10) for trees 
of different sizes is evaluated in section 3.2. 

2.2 Terrestrial laser scanning of vegetation properties and 
floodplain topography  

2.2.1 TLS campaigns 

TLS was carried out both in the laboratory for the trees in connection with the 
towing tank experiments (Section 2.1.2, Publication II) and in the field 
(Publications III and IV). Field investigations were conducted in Sipoo in 
Southern Finland (latitude , longitude ) at a  m long reach of a 
compound, two-stage, channel with a bankful width of  m and floodplain 
width of  m (Västilä et al. 2015b). The vegetation in the five investigated  
m long test reaches consisted of naturally established mixed grasses, two 
reaches of sown pasture grasses,  m tall willows, and bare soil (Figure 4). The 
test reaches Willows-M and Bare-M were maintained free of grasses by cutting, 
whereas the other three reaches were left to natural succession.  

 

  The TLS campaigns 2011-2012 at the field site with locations of the scan stations and 
cross-sections (Publication III). 

Altogether four measurement campaigns were conducted at the channel 
(Figures 4 and 6, Table 3). Initially, the site was laser scanned in August 2011 
with a pulse-based scanner Leica ScanStation 2 and in November 2011 and May 
2012 with ScanStation C10 (Publication III). The ScanStations have an 
integrated camera,  field of view, a range up to  m, a scan rate up 
to  points/s, and a  mm spot size (at  m distance). The scan 
resolution was set to  cm at a distance of  m from the scanner in November 
2011 and in May 2012. To estimate the impact of scan resolution on the TLS-
based ground level, the August 2011 scans were partly conducted with a higher 
resolution of  cm at a distance of  m. To decrease occlusion, the scans were 
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performed from the channel banks from both sides of the channel. Spherical 
targets were used for the registration and georeferencing, with local coordinates 
surveyed with a total station (Figure 4) (averaged error of x,y,z coordinates  
mm).  

To analyse vegetation characterization in more detail, an additional field 
campaign was conducted with Faro Focus 3D in August 2013 (Publication IV). 
Three of the test reaches were scanned from multiple locations (from both banks 
and the floodplain, Figure 6). The Faro laser scanner has a  field of 
view, a range up to  m, a scan rate up to  points/s and a beam 
divergence of  mrad. The scan was performed with a point spacing of  cm 
at a distance of  m. In a laboratory, TLS was conducted for six  m tall 
trees, with three foliated Alnus glutinosa and Salix caprea specimens 
(Publication IV). To ensure complete coverage, the trees were laser scanned 
from three directions with the Leica ScanStation C10. The scanning resolution 
used was 1 cm at a distance of  m. The individual scans were co-registered in 
Leica’s Cyclone software using spherical targets with the co-registration error of 

 mm. 

Table 3. The field TLS datasets 

 
 
 

 

2.2.2 TLS analyses of floodplain topography  

To create a digital terrain model (DTM) of the ground surface, the lowest 
elevations were selected from the point cloud with window sizes of  and 

cm and a triangular irregular network (TIN) was created from each dataset 
(Publication III). To evaluate the optimal window size at the floodplain area, 
including the right bank slope, a DTM raster of  cm in resolution was created 
with the natural neighbour interpolation. These TLS analyses were compared to 
manual cross-sectional measurements (Västilä et al. 2015b) with horizontal 
distances of  m and a vertical accuracy of approximately  mm. The 
cross-sections were located in the middle of the test reaches at  m distance from 
each other, and are referred to as cross-sections  and  for each test reach (e.g. 
Grasses-D , see Figure 4). The difference between the TLS-based DTM and the 
manually measured cross-sectional elevations was evaluated with the mean 
absolute error (MAE, Publication III). 

The impact of the point cloud density on the ground detection was estimated 
for the Willows-M and Grasses-D by creating DTMs for the original point clouds 
and for the point clouds decreased to , , and % of the original. 
Consequently, the error was evaluated from MAE in comparison to the manual 
reference measurements. Similarly, the differences in MAE of DTM for the 
registered point cloud in comparison to the individual point clouds from the left 
and right bank scan stations were evaluated for the two test reaches. 

Year Month Instrument  Publication 
2011 August Leica ScanStation 2  III 
2011 November Leica ScanStation C10  III, IV 
2012 May Leica ScanStation C10  III, IV 
2013 August Faro Focus 3D  IV 
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2.2.3 TLS analyses of vegetation properties 

Manual vegetation samples were gathered from 4-6 randomly selected 
quadrates of  cm2 in the test reaches Grasses-U, -N and -D for 
Publication III in connection with the TLS campaign of August  and by 
Västilä et al. (2015b) during the monitoring of the field site. The dry mass and 
mean heights were analysed from the samples. The vertical distribution of one-
sided plant area was estimated for  cm height increments using image 
analysis. A digital surface model (DSM) of the vegetation on the floodplain was 
obtained by selecting the highest points in  cm and  cm rasters (Figure 5). To 
derive vegetation heights, TLS-derived DTM was subtracted from DSM. 
Subsequently, the volume occupied by the vegetation was estimated for  cm 
height increments. 
 

 

 a) Volumetric approach to determine vegetation height and the portion of vegetation 
volume in 10 cm height increments (Publication III). b) A voxelized branch and c) a 
photograph of a branch of S. caprea specimen (SC3) (Publication IV).   

 

 Field campaign 2013: a) locations of the scanner and vegetation sampling quadrates, 
b) the TLS campaign at the reach in dry conditions, and c) example of sampled vegetation 
photographed for the estimation of Atot. (Publication IV) 

For detailed analyses of vegetation characterization, all of the vegetation was 
gathered from two  m2 quadrates in each of the scanned test reaches during the 
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August 2013 TLS campaign (Figure 6). The total plant area ( ) was estimated 
from photographs of the vegetation samples using image analysis. To obtain 
ground level, these quadrates were scanned after the removal of vegetation, and 
DTM of the sampling quadrates was obtained by selecting the lowest elevations 
in a  cm grid. For the  m2 quadrates in the floodplain, the vegetation heights 
were derived in  cm,  cm and  cm grid resolutions.  

For the TLS analyses of trees (Publication IV), the point cloud was sampled to 
a voxel grid (Figure 5b). Firstly the incorrect points appearing e.g. from the 
edges of leaves were filtered with a statistical filtering removal SOR (Rusu et al. 
2008). The filtering removes the outliers, i.e. points whose mean distances are 
outside an interval defined by the global distances mean and standard deviation. 
Fifty points were used for the mean distance estimation and the standard 
deviation multiplier threshold used was one (Publication IV). The filtered point 
cloud was subsampled by a minimum distance of  cm between the points and 
sampled to  and  cm voxel grids with the centroids of the voxels recorded. 
A linear regression was derived between the manually sampled  and voxel 
count ( ) of the trees. The vertical distribution ( ) of the total plant area of 
trees was estimated for eight vertical height sections by applying the linear 
regression. 
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3. Results 

3.1 Parameterization of woody riparian vegetation 

The flume experiments conducted by varying the leaf area of artificial poplars 
in an array were adopted to investigate the applicability of  and  
as vegetation density measures (Publication I). The spatially averaged drag 
forces as a function of mean flow velocity (Publication I) are shown in Figure 7 
for all the investigated setups of Table 1, Figure 2. 
 

 

 Spatially averaged drag forces  as a function of mean flow velocity for the different 
investigated setups (Table 1). 3X and 2X denote the multi-element plants and 1X denotes 
the one-element plants. 123 -1  refer to the plants with varying vertical leaf area. The 
dots ( ) denote the removed branches, and the numbers denote the branches from top (1) 
to base of the plant element (4). (See Figure 2 and 3 for the plant setups). (Publication I). 

The normalization of the drag forces with total plant area is depicted against 
velocity in Figure 8.  The analyses revealed that the normalized drag forces fell 
close to a single curve for all the investigated setups and plant elements.  
of the multi-element plants (2X and 3X) fell, however, below the one-element 
plants (1X), particularly for velocities larger than 0.4 m/s (Figure 8c-d). The 
difference between the one- and multi-element plants was larger for the 
normalized underwater frontal projected area (15-30% difference in Figure 7 in 
Publication I) than for the   (10-15%, Publication I).  
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 Spatially averaged drag forces  of the vegetation elements normalized with the total 
one-sided area, Atot for all the investigated setups with the spacing of a) 15 cm, b) 20 cm, c) 
30 cm and d) 40 cm. The leaf to stem area ratio  of the 1X, 2X and 3X plants was 18.6. 
For the plants with varying vertical leaf area distribution   ranged from 3.3 (1 ) to 
13.2 (12 4). The error bars denote the ±1 standard deviation. (Publication I). See Figure 2 
for the plant setups. 

For the dataset with all the different setups (20S-40S, 1X, 2X, 3X, 123 , 12 4, 
12 , 1  in Figure 2) and leaf to stem area ratio ( ) from  to  
(Table 1), the Pearson correlation was 0.83 ( ) for  vs.  and  
( ) for vs.  (Figure 8). The effect of the foliage and stem on the 
drag is explored in Figure 8b for the plants with varying vertical leaf structure, 
and thus a varying leaf to stem area ratio ( ). For velocities of  m/s, 
the differences between the plants of varying vertical leaf area distribution were 
small. For the velocities higher than 0.3 m/s, the plants 1  with the lowest 

 of 3.3 deviated the most from the  relationship in comparison 
to the one- and two-element plants (  ). On the other hand, all the 
plants with  from  to  (1X, 2X, 12 4, 123 ) fell close to the same 
curve. For all 20S setups in Figure 8b, the correlation was 0.89 (p<0.01) for 

 vs. u and 0.94 (p<0.01) for vs. . 
For the experimented natural trees of different sizes (Publication II), the 

parameterization of the drag forces was further evaluated in terms of the 
coefficient of variation ( ) by investigating the variation in the drag forces 
normalized with the different characteristic dimensions (Figure 9). Due to the 
differences in the size of the trees, the range of measured forces was large 
(Figure 2 in Publication II), and for instance at a velocity of 1.0 m/s the 
measured forces in foliated condition ranged between  N to  N (Figure 10c). 
Despite the large range of forces, the  normalized with total plant area showed 
small variation in terms of  , which indicated that the total plant area is a 
suitable parameter for estimating the drag forces. For all the measured trees in 
the towing tank (   from  to , Table 2) the normalization of the drag 
forces with total plant area ( ) appeared the most accurate (the lowest 
mean ), although the difference to  and  was small. The 
normalization of the drag force with leaf area ( ) showed similar 
interspecies variation as , but was characterized by a slightly larger 
intraspecific (within a single species) variation, which was likely caused by 
differences in  between the specimens. Overall, in terms of the variation of 
the normalizations (  in Figure 9), the area-based parameterization appeared 
to be more suitable than the volume- or biomass-based ones.  and  
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had both the smallest interspecies and intraspecific variation compared to the 
normalizations with biomass and volume. 

  

 

 The coefficient of variation for the normalizations with a) the characteristic areas ( ) and 
volumes ( ), and b) the dry ( ) and wet masses ( ). (Publication II). 

To further evaluate the difference of  or  for the measured trees 
(Publication II), linear correlation was tested between  and  for the lowest 
measured velocity of  m/s, for the velocity of  m/s when most of the 
reconfiguration had occurred (see Figure 11), and for the velocities of  m/s 
and  m/s. The measured drag forces correlated linearly with , and the 
Pearson correlation was  averaged for velocities of , ,  
m/s (Figure 10) and  m/s. Similarly, for the defoliated specimens, significant 
correlation was found between  and ( ). For  and  the 
correlation was slightly lower than for  and  ( ). 

 

 

 Bulk drag force FD as a function of total plant area Atot for a) u = 0.1 m/s, b) u = 0.5 m/s 
and c) u = 1.0 m/s. (data from Publication II). 

The reduction of the frontal area and the deflected height of the trees is depicted 
in Figure 11 with the share of the foliage drag to the total drag ( ) against 
velocity (Publication II). At the lowest measured velocity of  m/s the foliage 
contributed % to the total drag (Figure 11a). This share decreased steadily 
to a velocity of  m/s and remained approximately  for velocities of  
m/s and higher. The frontal projected area in relation to the frontal area at zero 
velocity ( ) was around  at  m/s and decreased rapidly 
to circa  at  m/s (Figure 11b). In comparison, for the artificial plant 
elements (Publication I), the streamlining appeared to reach a maximum at 
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 m/s. The deflected height of the foliated specimens ( ) decreased almost 
constantly to a velocity of  m/s (Figure 11d) (Publication II). In contrast to 
the foliated specimens (Figure 11d), the decrease in of the defoliated 
specimens was more pronounced at  m/s than at the lower 
velocities (Figure 11c).  
 

 

  a) The contribution of foliage to the total drag , b) the relative foliated projected 
area , the relative height of the specimen underwater for c) defoliated specimens 

 and d) foliated specimens . (Publication II).  

The species-averaged reconfiguration parameters ( ) were derived from the 
power law regression (Eq. 3, Figure 12) of the drag force and velocity 
(Publication II).  showed less efficient reconfiguration of the foliated tree than 
the foliage alone with  on average  (Figure 8 in Publication II). The 
foliage drag ( ) showed an almost linear relationship with , as  was on 
average  (Figures 3b and 8b in Publication II). By deriving power-type 
regressions for the defoliated  vs.  (Figure 12b) separately for the velocity 
ranges of m/s and  m/s, it can be observed that  varies between 
low ( m/s) and high (  m/s) velocities.  Figure 11c showed that the stem 
deflects less at velocities of m/s than at higher velocities, which may 
explain the piece-wise behaviour of  vs. observed from the data in Figure 
12b. The  relationship appeared close to a linear for velocities larger than 

 m/s ( ), whereas for  m/s the stem drag vs. relationship was 
closer to that for a rigid element ( ) (i.e. less negative . The 
different deflected height ratio of the defoliated and foliated specimens (Figure 
11c and d) was attributed to the large impact of foliage on drag at low velocities.   

The results showed that other factors in addition to the reduction in frontal 
projected area contributed to the reconfiguration, as the underwater frontal 
projected area divided by the frontal projected area in still water (  in 
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Figure 11b) suggested more rigid behaviour (i.e. less negative exponent value) 
than : The exponent of  power-type regression was  (from 
data in Figure 11b) whereas  was around  (from data in Figure 12a). This 
difference of the rate of change in under flow and power-type 
regressions may be partially caused by the leaves behind the frontal area 
impacting the drag (see discussion in Sections 4.1. and 4.3.). 

 

 

 The species-averaged normalized drag forces for a) foliated specimens and b) 
defoliated specimens. The measured velocities were 0.1-1.5 m/s for foliated and 0.1-2.5 m/s 
for defoliated specimens. For visual clarity, the data points are slightly shifted horizontally, 
but equal velocities were measured. Error bars denote ±1 standard deviation. (Publication 
II). 

 

 The  values for the trees of different heights (and leaf to stem area ratio  
between  and ), for a) bulk drag and b) stem drag. The lines denote the species-
averaged values. (Publication II). 

The values for the trees of different sizes (Publication II) were independent on 
the tree height, as did not deviate notably for specimens of different heights 

(Figure 13). For the measured tree specimens of heights m, the  
varied between  and , and the smaller trees (  m) were characterized 
by a larger share of leaves compared to the stem (Figure 7a in Publication II). 
Thus, the  values of the measured trees appeared independent of both  

and tree height.  
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3.2 Determination of drag forces 

 
The measurements of different characteristic dimensions enabled the 
evaluation of the applicability of Eqs. (7), (9) and (10) for the experimented trees 
of this dissertation (Publication II). The suitability of published parameter 
values was tested for the measured trees of different sizes (height of  m, 
Publication II). The defoliated specimens were experimented at a velocity range 
of  m/s and the foliated specimens at  m/s (Publication II), 
hence the predicted drag is plotted for the corresponding velocity ranges in 
Figure 14. Figure 14a shows the predicted drag forces with the parameter values 
derived from the friction factor Eqs. (5) (foliated) and (6) (stem) for  m tall 
twigs from a flume study (Västilä and Järvelä 2014). The predicted foliated  
(Eq. 9) was well in accordance with the measured drag force data (Figure 14), 
and thus indicated that the twig parameter values by Västilä and Järvelä (2014) 
could be applied for full scale trees. The averaged error of the predicted foliated 
bulk FD vs. measured FD was  for A. glutinosa,  for B. pendula and 

 for S. caprea (the parameter values for S. x rubens were used for S. 
caprea) (Figure 14a). 

 

 

 a) The predicted foliated drag FD and stem drag FS against the presently measured FD 
and FS using parameter values for circa 23 cm tall twigs of Västilä and Järvelä (2014). The 
parameter values of FD were derived using AL as the characteristic reference area, and 
hence, the FD was estimated using AL. b) The predicted FD and FS using Eq. (7) with the 
parameter values of Whittaker et al. (2013). (Publication II). 

The predicted stem drag of Eq. (10) for defoliated specimens was over twice the 
measured one (Figure 14a). This was caused by different velocity ranges used 
for the parameterization of the literature values than in the present study, and 
is discussed in more detail in Section 4.3. The reconfiguration parameter  of 
the measured full scale trees differed for low velocities ( ,  m/s, 
Table 4) and high velocities ( ,  m/s, Table 4), which was likely 
caused by the differing reconfiguration for low and high velocities (Figure 11c). 
The results thus indicated that different   and  values are required 

for low and high flow velocities (Publication II). Such clear velocity dependence 
of the foliated bulk drag was not found, although  slightly changed for higher 
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values of  (  for  m/s and  for  m/s as 
an average of all specimens of S. caprea and A. glutinosa).  

The drag forces of foliated specimens predicted with Eq. (7) by applying the 
parameter values of Whittaker et al. (2013) were  lower, and for the 
defoliated specimens 49% lower than the measured ones (Figure 14b, 
Publication II). 

Table 4. The species-averaged parameters for stem drag and bulk drag with AS and Atot, 
respectively, as the reference area. The  corresponds to  and  to . 

 refers to the reconfiguration parameter at low velocities -  m/s and  at 
high velocities -  m/s. (Publication II).

 Bulk Stem 
Species CD  CDS CD,S,high CD,S,low S S,high S,low 
A. glutinosa 0.047 -0.83 0.37 0.40 0.61 -0.62 -1.03 -0.20 
B. pendula 0.052 -0.84 0.43 0.42 0.62 -0.66 -0.96 -0.36 
B. pubescens 0.048 -0.78 0.37 0.41 0.61 -0.69 -0.88 -0.19 
S. caprea 0.045 -0.76 0.34 0.36 0.59 -0.66 -1.05 -0.22 

 

3.3 Floodplain topography by means of TLS 

Three factors behind the accuracy of TLS derived DTM were explored: 
vegetation type, its seasonal change, and the point cloud density (Publication 
III).  The test reach averaged mean absolute error, MAE, between the TLS-based 
DTM for all the window sizes and the reference cross-sections is shown in Figure 
15. As the test reach conditions varied strongly depending on the season, the 
ground-level in most of the cross-sections was generally better detected in May 
after spring snowmelt than in the autumn, although dense grass debris caused 
occasional deviations, particularly in Grasses-N. The sparse Bare-M and 
Willows-M had similar MAE both in May and November. In August, before the 
grass-cutting with the test reach maintenance, grasses in Bare-M and Willows-
M caused larger errors in the ground level than in November after the 
maintenance (more details in Publication III).  

The optimal window size in which laser pulses returned from the ground 
(Publication III) was investigated for the test reaches with different vegetation 
cover and in different seasons (Figure 15). The purpose was to analyse the 
ground point resolution expected in applying TLS for different vegetation 
conditions. The results of Figure 15 indicated that the ground level can be 
obtained with  cm (  cm window size) at the beginning of the 
growing season for floodplain areas with  or dry mass per ground area 

 = (kg/m2) (Grasses-D and Grasses-U). In contrast, for the most 
densely vegetated sub-reach with Grasses-N ( ), MAE was  cm for the 
largest investigated window size of  cm. In November, the TLS scans of the 
maintained sub-reaches produced reasonable ground level estimates, but for 
the grassy sub-reaches the MAE was larger than  cm. As the lowest reach-
averaged MAE was 4 cm for a window size of cm (DTM of May point cloud), 
the overall accuracy was not sufficient for high-resolution analyses of floodplain 
topography, e.g. monitoring erosion and deposition processes amidst variable 
vegetation. 
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 DTM mean absolute error averaged for the sub-reaches in November, August and May 
(Publication III). The mean absolute error was defined between the TLS based DTM and 
manually measured points of the cross-section.   

The sufficient point cloud density (Publication III) to estimate the ground level 
of vegetated floodplains is investigated in Figure 16 by reducing the densest 
point clouds of Grasses-D and Willows-M in to  and  of the original 
( ). Compared to the 25% of the original (  pts/m2), the higher point 
cloud density improved the DTM accuracy on average  and up to 38% (  
cm). This change in MAE was small particularly for the window size of  cm 
and larger. The reduction of the point cloud in to of the 
original decreased the ground level estimation accuracy by  cm, on average 

. The improvement of employing higher scan resolution was the largest for 
Grasses-D-2 (  cm with the  cm window size). Comparing the registered 
( %, combined from the scans from both banks) and the individual point 
clouds ( , scanned from the left and right banks), showed on average  
higher MAE for the individual than the registered ones (Figure 16b and Figure 
16c). 

  

 

 a) The mean absolute errors (MAE) at different point cloud densities (6%, 11%, 25%) 
of the original (100%) scan for Willows-M and Grasses-D in August, and MAE of the 
registered (100%) point clouds in comparison to the individual point clouds from the left and 
right bank scan stations for b) Willows-M and c) Grasses-D (Publication III). 
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3.4 Vegetation properties by means of TLS 

This section investigates the application of TLS for obtaining the vegetation 
properties in the field for both herbaceous vegetation and woody vegetation 
(Publications III and IV). The TLS-based grass mean height ( ) with  cm 
grid-resolution was - and on average  higher than the  estimated 
from the photographs of the manual reference surveying (Publication III). 
These differences between TLS and the manual samples were partly attributed 
to the spatial variability of the vegetation cover, and to the implemented grid 
resolution. As the horizontal vegetation distribution varied significantly in the 
sub-reaches (Publication III), the  cm grid resolution of DSM overestimated 
the vegetation heights. Increasing the DSM resolution to  cm improved the 
TLS-based height estimate, as it decreased the TLS-based mean heights  
and on average  (Publication III). The resulting difference between TLS-
based  with  cm resolution and manual surveying was on average .  

The comparison between the TLS-based fractional vegetation volume ( ) 
and fractional grass plant area ( ) is depicted in Figure 17. The results implied 
that the cumulative vertical vegetation distribution of grasses may be estimated 
from the TLS-based cumulative volume. The cumulative percentages of the  
in comparison to  from the manual sampling were similar for Grasses-N and 
Grasses-U, although for the lowest vertical height sections of Grasses-D there 
was up to  difference between manual sampling and TLS.   

 

 

 Cumulative percentages of the TLS-based plant volume and the one sided plant area 
from manual sampling (man.) for 10 cm height increments in: a) Grasses-U, b) Grasses-N, 
c) Grasses-D. (Publication III). 

The relationship between point cloud attributes and manual samples was 
further evaluated for the quadrates of the 2013 TLS campaign and for the TLS 
of the trees in laboratory (Figure 18). A linear regression between TLS-based  
and manually sampled was derived in Figure 18a for the investigated 
manually sampled  m2 quadrates consisting of herbaceous vegetation (test 
reaches , Figure 6). Similar linear regression existed between the TLS-based 
herbaceous vegetation volume and . The applied 1 cm grid resolution 
provided more accurate linear regression ( ) than the  cm resolution 
with . The  cm grid reflected better the structure of the herbaceous 
vegetation than the  cm grid, which was not able to fully reproduce the variable 
height distribution and exaggerated the amount of vegetation cover.  
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 a) Manually determined Atot/AB as a function of TLS-based mean heights (Hm) per 
ground area for the six field quadrates. b) Manually measured Atot as a function of the count 
of 1 cm voxels. (Publication IV) 

For the investigated specimens of S. caprea (SC) and A. glutinosa (AG), a linear 
regression was found for and  cm TLS voxel count ( ) (Figure 18b). The 
linear regression constrained to zero resulted to  with 

. Applying 5 cm as well as 10 cm voxels, a similar  value was found, 
but the slope of the linear regression deviated from that of the 1 cm voxels 
(  and  for  and  cm voxels, 
respectively). The linear regressions of vs.  were similar for the 
investigated S. caprea and A. glutinosa specimens, although the regressions can 
be expected to vary for different species due to variability in tree morphology. 
The goodness of fit was larger for the trees in laboratory than for the herbaceous 
vegetation in the field site. The Pearson correlation was statistically significant 
for both but larger for the woody vegetation ( ) than for the 
herbaceous vegetation ( ). This was likely caused by the varying 
distances of the scanner to the sampling quadrates in the field site (Figure 6).  

Figure 19 shows the cumulative vertical distribution of the total plant area 
from TLS and manual sampling for the six investigated specimens ( ). 
The applicability of the linear regressions was tested for four vertical quartiles 
( ) divided evenly over the specimen height in Figure 19. The TLS-based 

 was divided in Figure 19 to eight quartiles to depict the vertical plant 
distribution over height for the investigated specimens of S. caprea (SC) and A. 
glutinosa (AG). The TLS-based cumulative total plant areas ( ) estimated 
for the vertical sections using the linear regression in Figure 18b were  
larger than the manually measured ones (Figure 19), while the absolute 
difference was .  

 The TLS-based height and  surveying based on the linear regressions 
(Figure 18) allows for determining patches of vegetation as polygonal shapes or 
gridded values, thus separating individual patches of different heights as well as 
more homogeneous vegetation cover along the sub-reaches (Figure 12 in 
Publication III and Figure 8 in Publication IV). The proposed work-flow for the 
TLS-based estimation of the characteristic vegetation areas is outlined in Figure 
20 in Section 4.2.  
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 Cumulative vertical distribution of the total plant area from TLS and manual sampling 
for the three specimens of a) A. glutinosa (AG) and b) S. caprea (SC). The open symbols 
denote the manual measurements, and the filled symbols denote the TLS measurements 
with 1 cm voxels. (Publication IV).  
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4. Discussion 

4.1 Parameterization of riparian vegetation for hydraulic analyses 

The results of Publications I and II indicated that the one-sided total plant area 
should be used in the hydraulic analyses rather than the frontal projected area 
( ). The differences in the drag forces of the plant setups of different densities 
(10-15%) were smaller than the differences in the projected area (15-30%, 
Publication I). Thus a straightforward connection between the drag and 
streamlined frontal projected area assumed in the classical drag force approach 
was not evident. Most likely, other factors in addition to the streamlined , 
such as the shaded leaves behind it, affect the drag forces (Publication I). These 
observations with systematically varied vegetation densities confirmed the 
assumption of Fathi-Moghadam and Kouwen (1997) that the momentum 
absorbing area is larger than the actual frontal projected area.  

In comparison to the one-element plants, a moderate decrease of the drag 
forces corresponding to an individual plant element was found for the multi-
element plants (Publication I). This observed average difference of 10 to 15% 
suggested that the interactions between the multi-element plants slightly 
decreased the drag. The difference may be due to the sheltering effects observed 
to decrease the bulk drag coefficient of cylinders in an array (e.g. Li and Shen 
1973; Nepf 1999; Poggi et al. 2004). The upstream plant causes sheltering to the 
downstream plant for plants adjusted to an array or a group of plants (Li and 
Shen 1973). This sheltering effect has been observed in a wind tunnel study to 
be larger for leafy branches than for defoliated ones (Takenake et al. 2010) and 
can thus cause more drag reduction for the multi-element plants with high leaf 
area. On the other hand, Dittrich et al. (2012) and Schoneboom et al. (2010) 
found that the drag forces were 1.25 times larger for plants adjusted to a 
staggered arrangement than for an isolated single plant. Similarly, the drag 
forces of the sparsest measured vegetation setup ( = , Table 1) showed 
lower drag for velocities of  m/s and  m/s than the plants in the same 
spacing with doubled and tripled plant area (two- and three- element plants, 
Publication I). These contradictory observations of the sheltering may be caused 
by more efficient reconfiguration of the isolated or sparsely distributed plants, 
as the 1X setups appeared more rigid by excluding the sparsest one-element 
plants 40S 1x ( ) than all the 1X setups combined (15S-40S 1X) (

). 
The parameterization of the drag forces was further analysed for the natural 

trees by investigating the suitability of the investigated characteristic 
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dimensions for determining drag forces ( , , V, , , , Publication II). 
Based on the normalization of the drag forces, the total plant area appeared 
suited for the trees of different sizes with  from 27 to 9.7.  was over 
tenfold compared to , and thus smaller caused more stem drag than  
caused foliage drag, which further indicated that the stem drag should be 
accounted for in the analyses (Publication II). The analyses of the artificial 
poplars with different vertical leaf area distribution confirmed this assumption 
(Publication I). However, the difference between  and  as characteristic 
reference areas in the drag force equations (Section 2.1.3, Section 4.3) was small 
for fully foliated specimens, as the leaves constitute a large share of the plants 
total area (e.g. up to 78% for the willows of Armanini et al. 2005 and 90-96% 
for the presently measured trees). The foliage drag of the trees showed 
comparable results with studies for individual leaves in that the leaf shape and 
surface roughness impact the drag exerted by foliage (Albayrak et al. 2012; 
Vogel 1989). The leaves of the S. caprea were smoother and more elliptic shaped 
than those of the other investigated species, and the values were generally 
30-50% higher for the other species (Figure 3, Publication II). The  values 
were on average smaller for S. caprea and showed less variation than for the 
other investigated species, even though differences in the flexural rigidity at 
mid-stem ( ) between the investigated species were not found (Publication 
II).  

The stem reconfiguration parameter appeared to be similar for trees of 
different sizes, in contrast to the flexural rigidity at mid-stem ( ) (Whittaker 
et al. 2013 and Zinke 2013, Figure 10b in Publication II). Currently, the drag 
force formula (Eq. 7 of Whittaker et al (2013) considers foliage through , and 
stem through and , and plant area and drag coefficient as  parameter 
which lumps together.  appeared to correlate with the stem and total 
area (Figure 12 in Publication II), which implied that   could be replaced as a 
product of a constant and characteristic area, e.g. . More recently, 
(Whittaker 2014; Whittaker et al. 2015) modified the drag force formula, and 
replaced the volume with the frontal projected area. In the present study, the 
total and stem areas were found to be better resistance predictors than volume 
or . Consequently, it may be viable to modify Eq. (7) to include  

(Publication II), where  is defined as  or  for foliated and defoliated 
conditions, respectively. Eq. (7) is based on a modified Cauchy number, which 
for flexible aquatic vegetation (Luhar and Nepf 2011) include   (where  is 
blade width and is blade length).  As  only considers the bending of the 
stem, Eq. (7) could be improved by incorporating the flexural rigidity of the 
leaves in the formulation (Albayrak et al. 2012; Miler et al. 2012). 

 

4.2 Vegetation characteristics and floodplain topography from 
terrestrial laser scanning for hydraulic analyses 

The results of Publications I and II indicated that the total plant areas (leaf + 
stem areas) are feasible characteristic reference areas for foliated woody 
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vegetation. Subsequently, an approach was proposed (Figure 20) to relate TLS-
based point cloud attributes and vegetation characteristics of small sub-areas, 
and to upscale for larger areas of similar vegetation cover (Publication IV). 
Obtaining the manually surveyed reference areas in the field is destructive and 
laborious, particularly for woody vegetation, and hence the reference area was 
more viable to estimate from high-resolution TLS with 1 mm voxelization rather 
than manually collecting the samples (Figure 10 in Publication IV). The 
difference between the 1 mm TLS and manual samples was circa  (Figure 
10, Publication IV). 

 

 

 Obtaining vegetation properties: Proposed work-flow of processing multi-station TLS 
point clouds for hydro-environmental modelling applications. (Publication IV).  

For deriving spatial information about physically based vegetation 
characteristics, TLS proved to be a promising technique in comparison to 
conventional methods, although different methods are needed to analyse woody 
and herbaceous type of vegetation (Figure 20). The method based on mean 
height was adequate for herbaceous vegetation, whereas voxels were applied for 
woody vegetation (Publications III and IV). The voxels were feasible for the 
trees, for which the scanning was subject to a small occlusion effect. Dense 
herbaceous vegetation considerably occludes the laser beam (Publication IV, 
Guarnieri et al. 2009, Coveney and Fotheringham 2011), which prevented the 
application of voxels. However, as herbaceous vegetation grows fairly uniformly 
over height in contrast to woody vegetation, it is adequate to employ the mean 
height estimated from the highest elevations in a grid cell.  

The developed approach (Figure 20, Publication IV) is not limited to TLS, but 
can be used for point clouds obtained from different LS and surveying methods 
depending on the data resolution. Structure-from-motion photogrammetry is a 
low-cost tool advantageous for generating point clouds in remote riverine 
environments (Westoby et al. 2012). Boat-based mobile laser scanning 
(BoMMS) provide centimeter resolution point data with a boat speed of 1-2 m/s 
(Vaaja et al. 2013), and the BoMMS data set can be improved with point clouds 
from low-altitude unmanned aerial vehicle (UAV) based photogrammetry 
(Flener et al. 2013). The use of multisource data is superior to sole TLS, though 
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combining these data requires accurate relative orientation (Rönnholm et al. 
2009). For areas of dense vegetation cover, methods that provide point clouds 
measured from above the vegetation, such as MLS mounted on a backpack or 
on UAV (Kukko et al. 2012), are able to provide detailed point cloud data of the 
vegetation and floodplain topography more efficiently than ground-based TLS. 
To decrease the occlusion in a dense canopy, Hosoi and Omasa (2012) altered 
the angle of the TLS laser beam by applying mirrors. The developed method 
(Figure 20, Publication IV) is expected to be useful in the data-analyses of the 
multisource LS point clouds, as it does not require known scan resolutions or 
known scan positions (i.e. directions). The determined  in a grid cell 
(Figure 8 in Publication IV) for different levels of submergence allow for 
determining the spatially averaged drag forces (Section 4.3). Such vegetation 
information in vertical and horizontal distributions is useful in 2D and 3D flow 
and sediment transport models, where the lack of vegetation data is often a 
limiting factor (e.g. Zinke et al. 2008).  

The required point cloud density and the resulting grid resolution depend on 
the vegetation type and size. For large trees (  m) the voxel sizes of  and  
cm appeared adequate, whereas for the small (  m) trees in the field, a  cm 
voxel size was needed (Publication IV). For varying herbaceous vegetation, a  
cm grid resolution is suitable to estimate vegetation height, but coarser 
resolution may be adequate for more homogenous vegetation cover (Radtke et 
al. 2010). For large areas where it is not possible to conduct TLS or MLS for the 
whole area, it may be feasible to combine the TLS-based total plant areas with 
ALS data by employing statistical analyses (e.g. Manners et al. 2013). 

The TLS-based mean height applied in the present study for estimating Atot 
(Publications III and IV) pertained to grassy reaches, where individual plants 
grow fairly uniformly over the height. For herbaceous vegetation and 
macrophytes, the average vegetation density in terms frontal area per volume is 
implemented in the drag force equation (Nepf 1999; Huthoff et al. 2007). The 
results suggested (Publication III) that the fractional TLS-based volume of 
herbaceous, grassy, vegetation may be used to predict the vertical plant area 
distribution for different levels of submergence (Figure 17). For grassy 
vegetation, a model based on the cross-sectional blockage factor successfully 
predicted the effect of floodplain vegetation on the resistance (Västilä et al. 
2015a).  This dissertation was among the first investigations to show that the 
area definitions for estimating vegetative resistance (e.g. Järvelä 2004; Luhar 
and Nepf 2013; Västilä et al. 2013) are obtainable from the TLS-based point 
cloud attributes for both herbaceous and woody type of vegetation (Publications 
III, IV). The linear regressions derived in this study between the  and voxel 
count (Figure 20) provide a starting point for parameterization of trees, as the 
derived regressions are expected to be applicable in other areas of similar type 
of woody vegetation.  

The estimation of vegetation characteristics requires accurate ground level 
detection (e.g. from either a validated TLS derived DTM or from other surveying 
methods), and a classified point cloud with different vegetation types separated 
to representative classes. The dense vegetation cover caused errors in the 
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ground detection in the autumn, but the results improved by scanning the area 
after snowmelt (Publication III). Due to the errors in ground level amidst dense 
grassy vegetation (Publication III), for high resolution erosion and deposition 
monitoring in densely vegetated areas TLS needs to be supplemented with other 
surveying methods. An important factor to be considered in gathering LS data, 
is the optimal point cloud density (Vaaja et al. 2013), as the large size of the 
point clouds is challenging for the data-processing. Moreover, the field TLS 
datasets demonstrated a common characteristic for TLS measurements 
regarding the high spatial variability of the point cloud density (Publications III 
and IV). The results revealed that increasing the point cloud density from 
~  pts/m2 did not markedly improve the ground level estimate.  

The optimal window size for estimating the ground level was further 
investigated in Publication III. The  and  cm window sizes appeared the 
most suitable, whereas the 10 cm window size was too small for dense vegetation 
areas even with the highest applied scan resolution. In comparison, Guarnieri 
et al. (2009) defined the optimal filtering window size as  cm in a vegetated 
marsh area. Additional surveying methods of the ground level, such as RTK-
GPS, can be incorporated to the point clouds. However, this approach requires 
a relatively large number of GPS measurements (Coveney and Fotheringham 
2011), which are time-consuming to accomplish. Improvements are achieved 
with novel laser scanning techniques, such as full-waveform laser scanners (e.g. 
Pirotti et al. 2013), but even these applications do not guarantee ground 
detection in areas with dense vegetation.  For areas with sparse vegetation 
(Bare-M or Willows-M in the present study, Figure 4), the use of classification 
methods implemented in TLS software (see e.g. Soininen 2004; Brodu and 
Lague 2012; Brasington et al. 2012) would improve the DTM accuracy as the 
ground and vegetation points are clearly distinguishable in these areas. 
However, for areas of dense vegetation cover minimum TLS elevation methods 
are feasible (Guarnieri et al. 2009).  

The proposed method for deriving the characteristic reference areas (Figure 
20) requires that the vegetation points are classified to different vegetation 
types either by manual or automatic classification. After the vegetation types are 
distinguished, the mean height or voxel based linear regressions suitable for 
each vegetation type are applied to derive the plant areas. The geometry-based 
classification tools designed to distinguish between different types of elements 
(Brodu and Lague 2012) may be feasible for classifying vegetation types. In a 
larger scale (e.g. 2×2 m grid) MLS point clouds can be classified as bare, field, 
shrubs, and canopy layer by exploiting point cloud statistics (mean height, 95th 
percentile, Saarinen et al. 2013). Laser pulse intensity values are used to classify 
trees and its species (Holmgren and Persson 2004; Kaasalainen et al. 2007), or 
the stem (wood material) and foliage of woody vegetation (Béland et al. 2014). 
Canopy surfaces and tree positions derived from terrestrial and airborne LS as 
well as the combination of LiDAR, radar and multispectral data provide useful 
information for defining areas of different vegetation type (Forzieri et al. 2011; 
Forzieri et al. 2009; Forzieri et al. 2012; Liang and Hyyppä 2013). 
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4.3 Determination of drag forces exerted on woody vegetation 

 
The results of Publication I and II suggested that the vegetative drag force can 
be estimated with a single drag force formula for different scales of interest (Eq. 
12, Figure 21), which is based on the Järvelä (2004) friction factor.  
 

(12) 

In Eq. (12) the effect of reconfiguration is described through the term . 

The parameter values can be derived for a defoliated or a foliated tree from 
laboratory investigations, and applied in reach scale. Figure 21 shows the 
characteristic reference areas ( ) for the different drag force analyses (foliated 
tree, stem, foliage and individual leaf). For fully foliated specimens for which 
the leaf area dominates the drag, the results indicated that should be 
lumped together to estimate the bulk  (Publications I and II).  The drag caused 
by individual leaves was not investigated in this study, but has been evaluated 
in other studies (Albayrak et al. 2012; Albayrak et al. 2014; Vogel 1989).  

The drag force in Eq. (12) can be upscaled to a reach scale by applying the 
characteristic plant area per unit bed area (Aberle and Järvelä 2015). 
Consequently, a novel method was developed (Sections 3.4 and 4.2) to estimate 
the total plant area per ground area. The performance of Eq. (12) and the drag 
parameterization of trees based on the gathered data and literature is discussed 
next.  

 

 Determination of drag forces in different scales 

For fully foliated woody vegetation, the bulk drag force (Eq. 9) could 
satisfactorily predict the resistance of the artificial poplars with the same 
parameter values ( ) for a wide range of vegetation densities (

) (Publication I). For the whole investigated velocity range of 0.1-1.5 m/s 
in Publication II, the bulk  with  as reference area produced reasonable 
results for the trees with parameter values obtained for twigs by Västilä and 
Järvelä (2014). These observations confirmed the hypotheses behind the towing 
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tank study (Publication II) that results obtained in flume studies for twigs could 
be applied for larger trees. 

Based on the experimented natural trees, the bulk drag did not depend on the 
plant scale, as  appeared similar for the trees of different sizes (Publication II). 
In comparison to literature, the reconfiguration was less effective for young ~70 
cm Salix caprea where , but more efficient with  equal to  for  
cm high Salix triandra  viminalis (Järvelä 2006; Järvelä 2004; Järvelä 
2002b). In comparison to full-scale trees (Whittaker et al. 2013),  was similar 
to S. atrocinerea and S. alba of  m in height, and A. glutinosa specimens 
where  was around  and . Although the reconfiguration parameter 

 is implemented in several studies (Järvelä 2004; de Langre 2008; Västilä et 
al. 2013; Whittaker et al. 2013), this study was the first to show that the same 
values of bulk and stem  were applicable for a range of trees of different 
heights and sizes.  

 The experiments with the analyses of the streamlined  and the deflected 
tree height revealed the dependence of the  relationship on the 
reconfiguration and bending of the specimens (Publication II). The deflected 
height ratio of the defoliated specimens changed at around  m/s, which 
did not appear for the foliated specimens.  The  relationship was almost 
linear for velocities higher than  m/s, but for velocities below  m/s a closer 
to squared  relationship existed. The leaves enhanced the reconfiguration at 
low velocities, indicating that the share of the stem drag in the bulk drag was 
lower than observed without foliage due to more efficient reconfiguration of 
foliated trees at low velocities compared to the defoliated specimens. The 
analyses in Section 3.2 revealed that for fully foliated trees the actual foliage 
drag at low velocities does not correspond to the  (as in e.g. Wilson 
et al. 2010; Dittrich et al. 2012; Whittaker et al. 2013; Västilä and Järvelä 2014), 
which resulted from the strong effect of foliage on the reconfiguration of the 
foliated stem (Publication II). Notably, this result does not exclude the use of 

, as the combined effect of bulk  and  is nonetheless 
accounted for in determining the parameters for  from 
measurements. Early in the spring with the trees having less foliage than later 
in the growing season, modelling the leaves and stem separately (Västilä and 
Järvelä 2014) may be particularly useful. The foliage drag differs from the sum 
of the drag of individual leaves due to streamlining and interactions of leaves 
attached to a tree (Albayrak et al. 2014; Vogel 1989), and similarly the 
interaction of the leaves affect the stem drag in foliated conditions.  

Aberle and Järvelä (2013) noted that  is sensitive to the first measured 
velocity . Chapman et al. (2015) obtained similar results for flexible 
cylindrical elements by estimating  for three different velocities 0.1 m/s, 0.216 
m/s, and 0.3 m/s. For the foliated trees in this study,  was slightly affected by 
the velocity range and changed from  for =  m/s to  for the velocity 
range of  m/s. Oplatka (1998) observed a close to a linear  relationship 
( ) from experiments conducted with  m/s increments up to  m/s. 
Wilson et al. (2010) identified a transition zone between low (  m/s) and 
high velocities for both foliated and defoliated specimens (data in Xavier 2009). 
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This observation of a clear change in  relationship for foliated specimens in 
addition to the defoliated ones may be attributed to smaller  in Xavier 
(2009) compared to the present study, but this assumption cannot be verified 
as  was available for only three specimens of Xavier (2009) (Figure 10 in 
Publication II). Freeman et al. (2000) observed for broadleaf deciduous shrubs 
(  m) that the streamlining started to reach a maximum at a velocity 
of  m/s when  began to increase exponentially (squared) with flow velocity, 
but for  m/s  increased almost linearly. Such a change to exponential 
increase of  with velocity was not found for the trees in this study. In addition 
to the moderate changes in the reconfiguration at high velocities, the small 
quick undulations of the specimens and its leaves may have reduced the drag 
with increased flow (Albayrak et al. 2012; Nikora 2010). 

The effect of tree size on the drag estimation should be further studied for 
different levels of submergence. The parameter values for foliated FD are less 
likely to change than for , as the leaves have a significant impact on the 
reconfiguration (Figure 11). Previous research has shown that the partially 
submerged stems are likely more rigid compared to fully submerged flow 
conditions (Armanini et al. 2005). The vertical flow velocity distribution is 
significantly affected by the vertical leaf area distribution causing the flow 
velocity to accelerate in the zones of low leaf area (Jalonen et al. 2012). For twigs 
in a flume, the reconfiguration of the leaves has been observed independent of 
the level of submergence (Västilä et al. 2013), and thus the same parameter 
values in Eq. (12) are expected to be applicable for different levels of 
submergence. To estimate the foliated bulk drag, the vertical distribution of  
and  need to be estimated as a linear profile cannot be assumed (Aberle and 
Järvelä 2013; Publication IV).  
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5. Conclusions 

The dissertation had two main objectives considering the flow resistance of 
vegetated rivers and floodplains. Firstly, it investigated the parameterization of 
woody vegetation for determining drag forces and secondly, the applicability of 
terrestrial laser scanning for obtaining the vegetation parameters of herbaceous 
and woody vegetation required in the hydro-environmental modelling 
applications. The conclusions for the specific objectives are highlighted below. 
 
The effect of plant scale and vegetation density on the estimation of drag forces 

 
The leaf area (AL) and the total plant areas ( ) were the key parameters for 
estimating the drag forces of foliated woody vegetation.  was feasible 
independent of the density and distribution of the foliage for specimens with 
leaf to stem area ratio larger than 13 (Publication I). The frontal projected area 
was not an adequate parameter, as the leaf area hidden behind the frontal 
projected area exerted drag and should therefore be taken into account in 
hydraulic analyses. The distances between the plants did not have a significant 
impact on the drag of the individual plants at comparable flow velocities, i.e. the 
interactions between the plants remained approximately constant for the 
investigated conditions. For vegetation with low leaf to stem area ratio the 
impact of the stem should not be neglected in estimating the drag (Publications 
I and II). 

A drag force formulation was proposed for woody foliated vegetation with the 
total plant area and for the stem drag with the stem area as characteristic 
reference area (Publication II).  can be used to estimate the foliated drag for 
trees of different heights (  m) with  (Publication II). The 
study was the first to show that the reconfiguration parameter  is independent 
of the tree height (  m), even though the flexural rigidity of the main 
stem increases with height (Publication II). At low velocities (  m/s), the 
stem drag of foliated trees reduced in comparison to that under the defoliated 
condition. Hence, the bulk drag approach considering the combined effect of 
foliage and stem was feasible for fully foliated bushes and trees for which the 
foliage dominates. For woody vegetation with , the foliage and stem 
drag should likely be considered separately (Publication I). This may be the case 
for trees larger than experimented in this study, as variation in the ratio of leaf 
area to the stem area was found for trees of different sizes, and the share of leaf 
area appeared to increase for the smallest specimens (Publication II).  



Conclusions 

52

For low velocities, the reconfiguration of the stem was less pronounced and 
 relationship became closer to a squared than at velocities higher than  

m/s. For estimating the stem drag this piece-wise  relationship needs to be 
taken into account. The foliage drag at low velocities appeared somewhat larger 
than estimated by   in contrast to what is assumed in several 
studies, as the stem drag of foliated trees at low velocities reduces in comparison 
to the defoliated condition due to more efficient reconfiguration of the stem 
caused by the foliage.  

 
TLS-based estimation of floodplain topography: how the type of vegetation 
including its seasonal change impact the accuracy of the ground level estimate  

 
The ground level can be estimated for areas with  lower than  with 

a mean absolute error of circa 3 cm and an optimal window size of 30 cm 
(Publication III). The dense vegetation cover causes errors in the ground 
detection (  cm) in the autumn, but the results improve by scanning 
the area after snowmelt (  cm for all the sub-reaches excluding one 
with  = 9). The scanning resolution needs to be assessed according to the 
study objectives. Increasing the point cloud density to higher than 

pts/m2 did not markedly improve the ground level estimate. For the 
point clouds with higher point cloud density, the DTM accuracy improved from 

 to  depending on the window size and the test reach. Due to the errors 
in ground level amidst dense grassy vegetation, for high resolution erosion and 
deposition monitoring in densely vegetated areas TLS needs to be 
supplemented with other surveying methods. Particularly, LS conducted from 
above the vegetation may improve the DTM considerably, even with lower point 
cloud densities than utilized in this dissertation.  

 
TLS-based method to derive the total plant areas of herbaceous and foliated 
woody vegetation for different levels of submergence 

 
An approach was developed to relate attributes of the TLS data and the 

vegetation characteristics of small sub-areas to enable upscaling to larger areas 
of similar vegetation type (Publication IV). Two alternatives are viable for 
determining the relationships between the TLS-based attributes and total plant 
area ( ) of the sub-areas: by millimetre resolution TLS or by collecting 
manual vegetation samples.  In performing the sub-area measurements, the use 
of TLS is preferable over laborious and destructive manual sampling, in 
particular for woody vegetation. 

Different methods are required for woody and herbaceous type of vegetation. 
For herbaceous vegetation, the mean heights of the digital surface model were 
sufficient for determining . For woody vegetation, a linear regression based 
on the voxel count was feasible to estimate both  and its vertical distribution. 
The voxel size of  cm is required for describing small thin trees, but for the 
larger trees  and  cm voxels are adequate. In estimating the mean heights of 
the herbaceous vegetation, the  cm grid size is required as the  cm grid is not 
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capable of reproducing the varying height distributions. Due to the variability 
in the herbaceous vegetation cover, the linear regression derived between  
and TLS-based mean heights is considered as site specific. 

 
Overall, the results of the LS-based monitoring of vegetation properties 

combined with physically-based characterization of drag forces are useful in 
various hydro-environmental modelling applications, such as predicting water 
levels, determining flow velocities for the investigation of sediment and nutrient 
processes or investigating environmental flows in vegetated rivers. 

The comprehensive tree property and force data comprised a novel data set 
more extensive than those in the existing literature, and thus allowed evaluation 
of different plant parameterizations for physically-based modelling. Comparing 
TLS to manual surveying provided new knowledge of the TLS for determining 
floodplain topography in areas of varying vegetation cover, and for different 
seasons. The new approach to estimate the total plant areas from TLS provided 
a solution for obtaining high-resolution data of the horizontal and vertical 
distribution of both woody and herbaceous type of vegetation.  

It remains to be investigated to what extent the parameter values of  and 
are species-specific and how they depend on growing conditions. For the 

estimation of TLS-based total plant areas, it is expected that the regressions 
acquired for woody vegetation can be extended to other sites with similar 
vegetation type, though it should be investigated how these relationships vary 
for trees of different sizes and ages.  
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