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A B S T R A C T

Viewscapes are the visible portions of a landscape that create a visual connection between a human observer and
their 3-dimensional surroundings. However, most large area line-of-sight studies have modeled viewscapes using
bare-earth digital elevation models, which exclude the 3-D elements of built and natural environments needed to
comprehensively understand the scale, complexity and naturalness of an area. In this study, we compared
viewscapes derived from LiDAR bare earth (BE) and top-of-canopy (ToC) surface models for 1000 exurban
homes in a region of the Rocky Mountains, USA that is experiencing rapid low-density growth. We examined the
extent to which the vertical structure of trees and neighboring houses in ToC models – not accounted for in BE
models – affect the size and quality of each home’s viewscape. ToC models consistently produced significantly
smaller viewscapes compared to BE models across five resolutions of LiDAR-derived models (1, 5, 10, 15, and 30-
m). As resolution increased, both ToC and BE models produced increasingly larger, exaggerated viewscapes. Due
to their exaggerated size, BE models overestimated the greenness and diversity of vegetation types in viewscapes
and underestimated ruggedness of surrounding terrain compared to more realistic ToC models. Finally, ToC
models also resulted in more private viewscapes, with exurban residents seeing almost three times fewer
neighbors compared to BE models. These findings demonstrate that viewscape studies should consider both
vertical and horizontal dimensions of built and natural environments in landscape and urban planning appli-
cations.

1. Introduction

Viewscapes are the visible portions of a landscape that visually
connect human observers to their 3-dimensional surroundings
(Burcher, 2005). The premise that humans make important visual
connections with the environment is central to both the theory and
practice of landscape and urban planning. Viewscapes have been con-
sidered across a range of domains, from the design of built environ-
ments in landscape architecture (Garnero & Fabrizio, 2015; Lindsey,
Wilson, Yang, & Alexa, 2008) and assessment of the visual character
and impacts of roadways through parks and scenic areas
(Chamberlain &Meitner, 2013; Martin, Ortega, Otero, & Arce, 2016), to
hiding unsightly land uses, such as landfills (Alexakis & Sarris, 2014;
Geneletti, 2010), or scars from extraction of natural resources, such as
forest clear-cutting for timber harvest (Chamberlain,
Meitner, & Ballinger, 2015; Domingo-Santos, de Villaran, Rapp-
Arraras, & de Provens, 2011). Recently, Vukomanovic and Orr (2014)
modeled viewscapes over large areas to understand preferences that
motivate housing developments in rural regions.

Viewscapes are modeled using line-of-sight principles (Fig. 1) with
varying levels of complexity and precision depending on the purpose
and scale of the application. For example, landscape architects and city
planners may directly measure features of a built or natural environ-
ment from one vantage point and a single line-of-sight direction of
major interest, such as assessing amenities seen from a hill of a pro-
posed park or a new neighborhood. Resulting viewscapes may be vi-
sualized as digitally manipulated photographs (Pasewaldt, Semmo,
Trapp, & Döllner, 2014) or immersive virtual environments (Huang,
Jiang, & Li, 2001; Tabrizian et al., 2016). For landscape-scale applica-
tions that require numerous vantage point locations and cover larger
areas (e.g. several square kilometers), viewscapes are typically modeled
in a geographic information system (GIS) using 360-degree line-of-sight
algorithms. These algorithms identify all grid cells of a digital elevation
model (DEM) surface that are visible from a given location.

Most large area line-of-sight studies modeled viewscapes using bare-
earth models, which exclude the 3D structural elements of vegetation
and human infrastructure needed to comprehensively understand the
scale, complexity and naturalness of an area (e.g. Fisher & Tate, 2006;
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Wilson, 2012). Moderate resolution (e.g. 10-m, 30-m) photogrammetry-
derived DEMs are the most commonly used data in landscape-scale
studies, but as finer-resolution DEMs (1-m) have become available, they
are increasingly used to derive viewsheds and improve viewscape re-
search (Wu, Pan, Yao, & Luo, 2007). Frontiers in LiDAR (Light Detection
and Ranging) remote sensing are enabling researchers to map both
vertical and horizontal patterns in locational data (Wehr & Lohr, 1999).
LiDAR remote sensing collects 3D point clouds of the Earth’s surface by
measuring the travel time of laser pulses between the sensor and earth
objects (Wehr & Lohr, 1999). Using multiple-return LiDAR data, Singh,
Chen, McCarter, and Meentemeyer (2015) and Singh, Davis, and
Meentemeyer (2015) recently measured the spatial distribution of tree
biomass and invasive understory plants in urban forests to understand
threats to green infrastructure in a rapidly urbanizing region. Re-
cognizing the need to integrate this vertical dimension of vegetation
into viewshed analyses, Guth (2009) argued that LiDAR data offer great
potential for explicitly considering visual obstructions by vegetation
and infrastructure and improving visibility across digital elevation
models (DEM). Two studies have begun to explore the utility of LiDAR
for modeling 3-D viewscapes, but were limited to a small sample of
forest field plots on undevelopable federal land (e.g. Murgoitio,
Shrestha, Glenn, & Spaete, 2013) or considered the role that 3D view-
scapes play in a coastal real estate market without comparison to tra-
ditional bare-earth models (Hindsley, Hamilton, &Morgan, 2013).

In this study, we compare viewscapes measured from LiDAR-de-
rived bare earth (BE) and top-of-canopy (ToC) surface models for 1000
exurban homes situated in a foothills region of the Rocky Mountains,
USA that is experiencing rapid population growth with low-density
development. We examine the extent to which the vertical structure of
built and natural features in ToC models affect the size and quality of
each home’s viewscape. We develop spatial models that characterize
terrain ruggedness and the greenness and diversity of natural vegeta-
tion in each viewscape. We further examine differences between ToC
and BE viewscapes across five resolutions of LiDAR data (1, 5, 10, 15,
and 30-m) to determine if results are consistent across scales. As LiDAR
remote sensing and advanced techniques for line-of-sight models be-
come increasingly accessible, this study can help guide decisions re-
garding whether or not to consider both vertical and horizontal di-
mensions of viewscapes in landscape and urban planning applications.

2. Methods

2.1. Study region

Boulder County forms part of the Colorado Front Range (COFR) on
the eastern side of the Western Continental Divide of North America
(Fig. 2). Protected open space, farms and ranches, and suburban re-
sidential development surround the city of Boulder (Lenth,
Knight, & Gilgert, 2006). Vegetation of the COFR varies along en-
vironmental gradients of topography, geology and climate, with

grasslands and shrublands dominating low elevation landscapes and
forests starting at approximately 1800-m altitude to the west of the city.
Lower montane forests commonly include stands of ponderosa pine
(Pinus ponderosa), sometimes mixed with Douglas fir (Pseudotsuga
menziesii) in more mesic areas (Burns &Honkala, 1990). Above 2500-m
in upper montane forests, lodgepole pine (Pinus contorta), aspen (Po-
pulus tremuloides), limber pine (Pinus flexilis), and Douglas-fir commu-
nities often co-occur (Veblen & Donnegan, 2005).

The American West is the only U.S. region where rural population
growth is increasing faster than growth in metropolitan areas (Lenth
et al., 2006). Expansive exurban development has accompanied these

Fig. 1. Viewscape conceptual diagram. Portions of
the landscape represented by blue, dashed lines are
visible from the home of interest (black). Landscape
features, such as houses (blue) and trees (green), are
visible in these parts of the landscape; gray features
and portions of the landscape represented by black,
solid lines are obstructed by vertical elements, such
as trees or peaks, and are not visible as they lie
outside the line-of-sight. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 2. Study area. Points represent 1000 randomly selected exurban homes in Boulder
County, CO, situated in the forested foothills above the lower tree line (1800-m eleva-
tion).
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