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Terrain/Landscape Monitoring, Dynamics, and Sustainability 
 

Russell Harmon – PI ARO, Helena Mitasova – NCSU Scientific manager 
 

Abstract  
 
Previous research has demonstrated the importance of understanding 3D landscape dynamics 

when addressing land management issues like conservation, environmental compliance, and 
impacts of development. Underestimation of terrain change impact can lead to costly and often 
ineffective land management decisions, especially in coastal areas, regions of extreme climate 
(i.e., deserts, cold regions, and tropics), and in temperate watersheds exposed to large impacts or 
disturbances. Terrain affects all aspects of Army operations. The effective understanding and use 
of terrain is critical to military success on the battlefield. A capability to remotely sense, analyze, 
and interpret the features of and upon the earth’s surface, both natural and anthropogenic, an in-
depth understanding of individual environments at different spatial scales, and the capability to 
predict environmental effects and behavior at any place and time is essential components for 
military success in the 21st century.   
 

The proposed research focused on 3D dynamics of landscapes undergoing rapid transition 
from one state to another, due to anthropogenic or natural forces. The project studied the most 
vulnerable phases in the progression of metastable landscapes, and investigated the important 
differences between sustainability of natural and intensively used lands. The possibility to find or 
define special configurations, rules or general laws of landscape development patterns that lead 
to stable landscapes were explored, with the aim to provide foundation for the development of 
new approaches for management of disturbances and implementation of control measures at a 
minimum cost. The investigation combined observations with a tangible physical laboratory 
model, GIS-based virtual models, and numerical simulations. The observation-based data and 
simulation results were overlayed over the laboratory model to study physical processes and 
conditions the response of landscapes to disturbances, with focus on change in runoff and 
sediment transport. The tangible model was used to generate land management alternatives that 
served as inputs to simulations of landscape response disturbances and modifications, and 
assessment of effectiveness of various approaches to prevention, control, and mitigation. The 
study areas included environments affected by different kinds and degrees of development 
activity and natural impacts, including watersheds and streams in the NC Piedmont and NC 
barrier islands. 

The research provided new insights into the links between terrain dynamics and 
sustainability. New GIS methods and tools for processing and analysis of georeferenced, multi-
temporal topographic data were developed (see the listed publications) and the numerical 
simulation of physical processes such as erosion, sediment transport and deposition were 
improved. Combining a landscape-scale sustainable design system with geospatial analysis in a 
tangeoms environment, has the potential to improve the sustainable design process at military 
installations and across the civilian sector. The whole-system approach to design and analysis 
can reveal design redundancies, avert potential conflicts and lead to new approaches that take 
advantage of the natural properties of the site. In addition to sustainable development, several 
components of the proposed methodology will provide benefits in education, training, as well as 
improved diagnostic and predictive physical modeling. 



 
Project report 
 
Objectives  

Previous research has demonstrated the importance of understanding landscape dynamics 
and short-term terrain change, when addressing land management issues such as conservation, 
environmental compliance, and impacts of development. Underestimation of terrain dynamics 
impact can lead to costly and often ineffective land management decisions, especially in coastal 
areas or watersheds exposed to large disturbances, typical for military installations or rapidly 
developing urban regions. Geospatial analysis of the new, multi-temporal, high resolution lidar-
based DEMs, developed during the course of the previous research, provided new insights into 
impacts of natural and human-induced terrain change over relatively short periods of time. At the 
same time, the widely accepted approach for measuring sustainability has been extended to 
capture the role of landscape in sustainable development by incorporating important rating 
categories with geospatial components, such as location efficiency, land conservation, protection 
of habitats, or preservation of natural spatial pattern of runoff. In-depth understanding of 3D 
landscape surface dynamics and its interaction with human activities, is essential for high 
environmental and energy performance of developed landscapes, including military installations, 
and may lead to fundamentally new approaches to sustainable land management. 

The project addressed the following objectives: (a) development of quantitative metrics to 
improve our understanding of the dynamics of landscapes undergoing a rapid transition from one 
state to another and identification of the phase in the progression of metastable landscape states 
that is the most vulnerable; (b) study the dynamic responses that characterize a sustainable 
landscape and identify conditions when a landscape becomes vulnerable to small changes, (c) 
combine numerical simulations, GIS-based virtual models and physical laboratory models to  
elucidate poorly understood aspects of landscape dynamics that affect sustainability, (d) explore 
how the new knowledge about properties of sustainable landscapes can provide basis for the 
development of a new generation of (self)adaptive or just-in-time best management practices 
(BMPs) that can improve effectiveness of land management at military installations at minimum 
cost. 

 
Approach  
The investigation of landscape dynamics and its relation to sustainability employed an innovative 
system that combined tangible 3D physical laboratory model, GIS-based virtual models, and 
numerical simulations (Figure 1). The geospatial monitoring and modeling results for each phase 
of landscape development were integrated within a GIS, analyzed and coupled with the physical 
laboratory models with the aim to study the physical processes and conditions that influence 
landscape sustainability under different conditions and types of disturbances. Special focus was 
on interactions between phases of land development, terrain change, runoff characteristics, and 
sediment transport. Tangible landscape model was used to undertake laboratory experiments 
coupled with virtual simulations to study the landscape dynamics at the study sites for a wide 
range of alternative development or military training scenarios, specially targeted at answering 
the sustainability questions defined as objectives of this project. In the following sections, the 
individual components of the proposed approach are explained in more detail along with the 
selection of study sites.  
 



 
Figure 1. Landscape dynamics and sustainability analysis and simulations system.  

 
The key model components were based on integration of multitemporal lidar-based topographic 
surveys, high accuracy photogrammetric data, and ground based 3D laser scanning. Baseline 
land use / land cover change, soil properties and infrastructure data (transportation, utilities) were 
derived from multitemporal series of high resolution orthophotography and local government 
data. Climate and environmental data (precipitation, runoff, sediment, soil moisture, etc.) that are 
essential for modeling of landscape dynamics were acquired from existing sensor networks, such 
as the Econet stations. This allowed us to create multitemporal 3D models for study areas and 
analyze recent landscape evolution. The multitemporal models also served as a baseline for 
generating innovative alternatives for each development phase to investigate the best approaches 
to achieve sustainability. To capture critical terrain change such as stream bank collapse a series 
of 3-D surveys, using ground-based laser scanner was performed (Figure 2).  
 

 
Figure 2. Analysis of collapsing stream bank in a location of past millpond (left) using data 



acquired by terrestrial laser scanning. Spatial and temporal distribution of mass loss from the 
bank derived from the series of terrestrial scans (right), see more details in Starek et al. 2013. 

 
Figure 3. Tangeoms: tangible geospatial modeling system based on coupling of 3d laser 

scanner, projector, 3D model and GIS. 
 
The key component of the project focused on simulations of landscape response to various 

configurations of disturbances, modifications, and control measures. This component employed a 
exploratory environment called tangeoms (Ratti et al., 2004; Mitasova et al., 2006) that 
integrates both landscape ‘representation’ and ‘control’ within a single tangible physical model 
that is coupled to its virtual digital representation. A tangeoms system consists of a user-
interactive flexible landscape model, a laser scanner, and a projector (Figure 3). The laser scans 
the 3D topographic model, which can be modified by hand, and the impact of the terrain 
modification on a selected parameter (e.g. slope, water flow direction, shadowing) is then 
projected as a variable color map on the surface of the model in real time. The system permits 
visualization of the impact of terrain modifications while they are performed, so the user can 
continue to make adjustments until the desired outcome is achieved. The unique capability to 
easily change the terrain surface roughness, as well as add models of structures and buildings, 
permits exploration of design alternatives for the placement of facilities and special activity 
areas, storm water and sediment control structures, and numerous other creative landscape design 
tasks that require human input and the analysis of alternatives (Figure 4). More than one user can 
make changes on the landscape model simultaneously without the need of special equipment 
such as glasses or complex navigation devices, which facilitates natural, face-to-face 
communication and keeps the focus on the project design rather than the technology.  

To provide the functionality needed for the proposed applications, it was necessary to expand 
the system beyond landscape elevation surface by including additional landscape attributes and 
investigate the issues of scale and accuracy. Impact of the physical model scale was assessed for 
various types of terrain modifications including placing of structures and incorporation of land 
surface properties. Results of fast, approximate algorithms were compared with slower, highly 
accurate methods to assess the trade-off between real-time response and accuracy.  
 



 
 
Figure 4. Coupling of tangeoms with GIS provides tools for a comprehensive landscape analysis: 
(I-left) original landscape and its parameters, (II-right) modified landscape with buildings and 
terraces leading to new parameters, buildings were extracted by map algebra and assigned 
appropriate parameters for modeling. The color maps (that were projected over the models) 
represent: (a) elevation, (b) slope, (c) solar irradiation during summer solstice,  (d) water flow,(e)  
erosion.  

 
Significance and Army Value 

The research provided new insights into the links between terrain dynamics and 
sustainability. New GIS methods and tools for processing and analysis of georeferenced, multi-
temporal topographic data were developed (see the listed publications) and the numerical 
simulation of physical processes such as erosion, sediment transport and deposition were 
improved. Combining a landscape-scale sustainable design system with geospatial analysis in a 
tangeoms environment, once mature, has the potential to significantly improve the sustainable 
design process at military installations and across the civilian sector. The whole-system approach 
to design and analysis can reveal design redundancies, avert potential conflicts and lead to new 
approaches that take advantage of the natural properties of the site, beyond what is known and 
practiced today. In addition to sustainable development, several components of the proposed 
methodology will provide benefits in education, training, as well as improved diagnostic and 
predictive physical modeling. 
 
Highlights of Accomplishments  
The most innovative component of the project with significant accomplishments was the 
development and applications of tangible geospatial modeling systems (see the published 
papers). The research has provided a foundation for the development of a new, affordable 
version of tangeoms in a follow-up ARO-funded research project with broadly expanded 
applications and implementation of several systems in educational and research settings. When 



coupled with advances in geodesign discipline the system has a potential to transform sustainable 
land management ay installations and beyond. 
In addition to the tangeoms, new methods for analysis of elevation data time series and for 
quantification and visualization of terrain dynamics were developed, including efficient 
extraction of topographic features using cost surfaces and least cost paths. These techniques 
represent a significant contribution to assessment of vulnerability of coastal landscapes. 
New techniques were also developed for processing and analysis of terrestrial lidar scans, 
analysis of changes in microtopography using flow tracing and these techniques have provided a 
foundation for analysis of collapsing stream banks using space-time voxel models. 
 
 Technology Transfer  
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