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EXECUTIVE SUMMARY

Remote sensing offers the possibility to map and monitor a variety of indicators related to sustainable forest

management over large areas, in a spatially explicit and cost effective manner. The wide array of available technologies
and methods, however, can confound even those well versed in the area. Remote sensing is not a panacea, but it is also
often underutilized by forest managers. It is also apparent that no single technology or sensor is universally suitable for
monitoring all attribute values. Nonetheless, remote sensing technologies could be successfully incorporated into many
areas related to sustainable forest management. Following interviews with Forest and Range Evaluation Program members,
a number of subject areas were identified as having potential to benefit from remote sensing technology. In this report,
applications related to archaeological sites, three dimensional visualization, fire mapping, fuel modelling, forest inventory,
habitat mapping, invasive plant detection, land cover mapping, forest health assessment, terrain modelling, water body
mapping, and reconnaissance mapping are discussed.

This report is divided into three sections:
A brief introduction to key remote sensing concepts.

Examples and discussions on the estimation of sustainable forest indicators using remote sensing technologies,
concluding with recommendations for operational deployment and future research.

An appendix listing commonly employed sensors, and their specifications and data availability.




FREP

REPORT #21

TABLE OF CONTENTS
EXECULTVE SUMIMATY 11 ttiitieitieiiie ettt teete ettt etueetueeaueesteennsennseasstussanssenssenssenssssesssssnssensssessenssenssrnssennees 1
gL g s (1ot o] 1 F PP PPPRPOPRPPPRRPPR: 5
General coNCEPLS 1N rEMOLE SENSTNG .uviuuniiruereriereueeetererneeeeneeeueeeenseersesernsserssssesssserssserssssessssesnssssnsssnnnes 6
The electromagnetic SPECLIUM tuuiiuiiiie it eteeeeee ettt e et ettt e eeteeeateseateseransesnssannnsessnsessnsennnsesnnenes 6
SeNSOr tYPE ANd rESOLULION Luuiereieiieeeteeeiee e eee e ete e eteeeeee e et e e et e eateetaeeeraneeeanaernnsensneersnnsesnnsesnnessnnnenen 6
YA LI =T o (T o] SRRt 6
SPECEIAL TESOLULTON 1ueterieetieiiie ettt e eeiee ettt ettt e etaeetneeeeueseennseasnssassssanssssessssesnssesnssssnsnsennnsennes 7
RAATOMELITC TESOLULTON ..ueeitiieiiiee ettt ettt et s e et e e e taaeeeeraneseeannessennnseseennnessassnnenaes 7
L] Lo = LTy LUt o o PN 10
Remote sensing applications for sustainable forest management ......cceuiiiiiiiiiii i e, 11
Three dimensional VisUAlIZation....u.. e eiueiiriiiiiieiieeere ettt e et e et e e s e ebae s eeeaaneees 13
Archaeological STEES @Nd TraTlS . uuuiuuiieiieiiiie ittt et e et e erte e erteeeuaeeanassertnsenanseennssesnnasennnns 14
Fire mapping and fUel MOdelling cuu..eeeeeeei et e et e et e et e e eaeseaaeeeaaeeenneeannnaees 16
FOrest iNVENTOrY and SErUCTUIE «uiueiiiiiiieiee ettt etee et e et e e e e et e et e et eanesaneeaaesannsanesanssnnsennnssnsenns 18
Ha bt MAPPING cevueiiiit ittt ettt et e et e etaeetueeetuaseeanssansssansnssrssnsesnssennssessssessnnsennsenen 20
TNVASTVE PLANES cetuietieitet ettt et et e et e et e e et e eat e eate s etuassasaseeaansasansansnsensnssesnssesnnserenssennnsennns 22
L@NT COVET waeetiieeeetie e ettt e e et e ettt e e ettaaeeeetaaeeseeanaeseeanssssensnssseesnnsssessnssssennnsssessnssnssnsnnsnsernnsnnsenes 23
Mountain pine beetle and other forest health IMPaCES ..cuuviuiiriiiiii e 25
ROGA MAPPING et tttititieriiieeitieteieeetieeetueeeueeeeueeesaseeenssennessrssssessssessssessssessssesssnsessssesnssennssssssssennnsees 27
Terrain MOGELING cevuniite ittt eeee e eete e et ettt e eeteeeeueeeauneesuesannesaranssessssesssssssnsersnssesnnsesnnesnnnns 28
Water body and Stream MaPPiNg .ueeeeeeeeueeeuierieiieeiiieeeteeeteeetteeeeteeetneetneeeruneerensarnsesnnssrsnsesnnsessnneennns 30
RECONNATSSANCE MAPPING 1uerniirrireeiritereteuettteetieeteerueeeneetsereesneennsesesssesssesasssanssensssnsssnessnssnnsennsssnssnns 31
FUBUNE TESEATCH 1ttt ettt s e et e s e tbase s e easaaessebaneesenannssenees 32
(07 1=Te [0 Y R 16 L Tor= Y {0 £ PO UPRPPTRPPPRt 32
(07 1<Te [0 VA A3 Lo L or- Y ] £SO PRPNt 33
(0 1Yo o] AV I N Lo Aok oY £ PPN 33
R (=T (= oY PP PRSP PPPPRPRt 34
Appendix A: Sensor specifications and data availability ..e..eeeeeeeeuneiieiiiiii e 43
(110 T APPSR 43
TKONOS ettt ettt e e ettee e eerteeeeetu e e eeteaeeeeraaeeaeeansseanssesseessssssennnssssesssssseessssneesssssnsensssnnsensnnnnsennnnns 44
QUICKBITG ettt ettt e ettt e e e ettt e e s e e e eetbaa e e e s e e et tbaaaeseseeeanaannssssseeeennsnnssssseseennsnnnnnnsenee 44
SPOT 2 High Resolution Visible (HRV) and SPOT 4 High Resolution Visible Infrared (HRVIR) .....cccevuereevnnnnnne 45




FREP

REPORT #21
SPOT 5 High Geometric ReSOLULTON (HGR)....viiruueiiiiiiiieiiiiie ettt ettt e et e et e e eeeaeesernaeseenaneaes 45
ResourceSat-1 Linear Imaging Self Scanning Sensor (LISS-IIT) ...cceuuueiriiiuereeiiiereiiiieeretenieeeeeenieeeernneeeeens 46
Landsat-5 Thematic MapPer (TM) ceeeeceueeieee et eeie et e et e et e etaneeeenesennesenaesernnssennssennssennssernnseennnsees 46
Landsat-7 Enhanced Thematic Mapper PLUS (ETM+) ...iiiuuniiiiiuiiiiiiiiiieiiien ettt eceeie e ecvae s e raae e eees 47
Advance Land IMager (ALI) ceeeu.ieeuuueeeeieeeeeiiiee ettt e ettaee e ettt e e eetaeeeetaaesetnanessessnnessersnnssersnnsssersnnnnees 48
ResourceSat-1 Advanced Wide Field SENSOr (AWIFS) ...eeuuureeiuneeeiiieeretiieeeeeiieeeeteneseeenieeeeennneeeernneseeens 48
Advanced Very High Resolution Radiometer (AVHRR/3) cccuuuueriiinereeiiieeeeiieeeetieieeeeeineeeeenneeeennnesseennnnnnns 49
Moderate Resolution Imaging Sprectroradiometer (MODIS) .....cecuuueiiiiiieiiiiiiiiiiiiiiieretiiec e e 49
Lo 1 £ Y o PP POP PO PPPPPORPPPPIRN 50
RAAAISAL-2 .eeeeeiiiieeeiiie ettt ettt e e et e ettt e e etaa e e e eaaaeeetaaesseeaaaeseetaaaeeeataneesetanneeenanneserannneerens 50
Aerial imagery, radar and ldar data c.ee.eeeeeieeieeiiie e e e e e e e e e e e e e e e e e aanaes 51




FREP

REPORT #21

INTRODUCTION

The establishment of multi-functional sustainable forestry goals and the associated development of resource values and
indicators is occurring in a number of Canadian provinces, including British Columbia. While forestry’s economic benefits
are significant, extraction must be performed in a sustainable manner for future generations. In response to this need,
the Province of British Columbia, under the auspices of the Forest and Range Practices Act (FRPA), has developed a suite of
resource values to monitor forest health and sustainable management practices. The Forest and Range Evaluation Program
(FREP) has been put in place as a multi-agency program to assess the effectiveness of the FRPA in achieving stewardship
of the identified resource values. Each resource value is assessed by monitoring a number of indicators. To be useful, an
indicator should:

be easy to interpret;

be correlated with changes in ecosystem processes;

have regional applicability;

show low temporal and spatial variability;

be quantifiable using synoptic or automated monitoring;

be responsive to change;

be anticipatory and provide potential for early warning;

have results that can be easily summarized and understood by non-experts; and

be cost effective (Breckenridge et al. 1995; Stone et al. 2000).

Digital remote sensing systems are an evolving set of tools making available products that meet many of the criteria
required of indicators: they provide data covering large areas, often at high spatial resolutions; they are capable of

change detection through repeated observations; and they are becoming increasingly cost-effective. The past decade

has seen a tremendous increase in the number of publicly-accessible imaging platforms designed to deliver data at
ever-increasing spatial, spectral, radiometric, and temporal resolutions, which in turn allows for an impressive suite of
forest-related attributes and indicators to be modelled, predicted, and monitored through time. The promise of remote
sensing technologies lie in their ability to deliver high-quality, spatially-explicit observations over large areas with regular
revisit intervals.

The goal of this report is to identify key areas of interest to the FREP, and then discuss the possibility of employing remotely
sensed data for their estimation and observation through time. This report is divided into three broad sections. First, some
fundamental concepts related to remote sensing are outlined; second, descriptions and examples of how indicators are
typically examined using remotely sensed data are offered; finally, in Appendix A, remote sensing sensor characteristics and
data availability are listed.
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GENERAL CONCEPTS IN REMOTE SENSING

Remote sensing is “...the science, and art of obtaining information about an object, area or phenomenon through the
analysis of data acquired by a device that is not in contact with the object, area or phenomenon under investigation”
(Lillesand et al. 2007, p. 1). Fundamentally, this information is derived from data related to how an object reflects or emits
electromagnetic energy.

Good introductions to remote sensing include Aranoff (2005), Jensen (2006), and Lillesand et al. (2007), while Frankilin
(2001), and Wulder and Franklin (2003) focus on remote sensing of forest ecosystems in particular.

The electromagnetic spectrum

Visible light is the form of electromagnetic energy most people are familiar with. The electromagnetic spectrum, however,
is made up of a range of radiation types with varying wavelengths (usually expressed in micrometres (um)) and frequencies.
As wavelengths increase, spectral regions shift from the ultraviolet to the visible (0.4-0.7 um), then near infrared

(0.7-1.3 pm), mid or shortwave infrared (1.3-3 pm), thermal infrared (3-14 pm), and microwave (1 mm to 1 m) portions of

the electromagnetic spectrum. Radiation reflected or emitted within these regions may be used alone or in combination to
obtain information about an object, area, or phenomenon of interest.

Critically, different objects have unique and distinguishable spectral response curves. For instance, vegetation species-
specific reflectance curves are a result of the variable presence and absence of certain pigments, water and organic
compounds, and internal leaf cell structure. These subtle differences can be measured, quantified, and then used to
discriminate between vegetation and other objects.

Sensor type and resolution

Remote sensing systems vary widely in their specifications and design, but they may be thought of as either passive or
active sensors which capture data at different spatial, spectral, radiometric, and temporal resolutions.

Passive sensors measure electromagnetic radiation reflected from the Sun or emitted by the Earth. These sensors typically
detect visible, near infrared, or shortwave infrared energy reflected by a target, or thermal infrared radiation emitted by a
feature. Active sensors, alternatively, provide their own illumination source. Radiation is emitted by the sensor towards a
target of interest, and the reflected radiation is then measured. Advantages of active sensors include the ability to collect
data at night, sometimes through cloud, and the ability to use portions of the electromagnetic spectrum that are difficult
to detect using passive sensors, such as microwaves.

The concept of resolutions in remote sensing is a crucial factor in determining which technology will be most appropriate
for achieving a given objective. Sensors, be they active or passive, are usually summarized by their spatial, spectral,
radiometric, and temporal resolutions.

Spatial resolution

Spatial resolution defines the detail that is discernable on an image, and for passive sensors depends on the instantaneous
field of view (IFOV; the cone angle within which incident radiation is focused on the detector) and the height of the sensor
above ground. Depending on the size and spatial variability of features on the ground and the spatial resolution of the
sensor, an image may be comprised of pure pixels, where a single pixel covers only one target (e.g. a part of a single tree
crown), and mixed pixels comprised of numerous features within a single pixel (e.g. several tree crowns within a single
pixel). Thus, the larger the number of pure pixels within an image, the greater the ability to discriminate spatial detail
(Figure 1, Table 1). Spatial resolutions vary tremendously across sensor systems; the highest resolution aerial imagery may
have a pixel sizes of only a few centimetres, while satellite systems may range in resolution from decimetres to kilometres.
Critically, a tradeoff exists between spatial resolution and the size of an area that is covered by a single image. A single
Landsat Thematic Mapper (TM) scene, for example, covers an area 185 by 185 km in size with a spatial resolution of 30 m,
while the NOAA/AVHHR covers a far larger area of 2,394 by 2,394 km, but with a pixel size of 1.1 km at nadir (Appendix A).
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Spectral resolution

Spectral resolution refers to the number and width of spectral bands a sensor has. Multispectral sensors, which have
relatively low spectral resolution, tend to have several relatively “fat” bands, usually several tens of nanometres wide.
Increasing the number of bands while reducing their width leads to an increase in spectral resolution. These sensors,
referred to as hyperspectral sensors (or imaging spectrometers), typically have hundreds of very narrow continuous bands.
These systems can identify targets that have specific reflectance and absorption characteristics over very narrow portions
of the electromagnetic spectrum that are otherwise undetectable using multispectral sensors. So for instance, whilst a
multispectral sensor may be used to discriminate between deciduous and coniferous forests, a hyperspectral sensor may
be employed when it is necessary to isolate individual tree species. Contrast these to panchromatic sensors, which have

a single band and record a very wide portion of the electromagnetic spectrum. Panchromatic bands sacrifice spectral
resolution in favour of spatial resolution, as detecting very large amounts of incident energy allows for much smaller
instantaneous fields of view.

Radiometric resolution

Radiometric resolution refers to the number of digital levels that a sensor employs to express the variability in brightness
of a scene (or the ability of a sensor to detect shades of gray), and is summarized by the number of bits captured per pixel
(Figure 2). An 8 bit pixel means that a sensor captures 28 or 256 shades of grey, so that the digital numbers of a given
pixel would range from 0-255; an 11 bit sensor captures 211 or 2,048 shades of gray, so that its digital numbers will range
from 0-2,047. The more levels detectable, the more detail captured. Radiometric resolution is an important concept, as it
may place limits on a sensor’s ability to discriminate the variability in a phenomenon with enough detail to be useful to
forest managers.
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0
Metres

Figure 1 The effects of pixel size on the ability to discriminate ground features. Here, a QuickBird panchromatic image of a
harbour in Ucluelet, British Columbia, has been resampled from its original 0.80 m spatial resolution to 5 m (equivalent to SPOT
5 panchromatic), 10 m (equivalent to SPOT 5 multispectal) and 30 m (equivalent to Landsat TM and ETM+). Reducing spatial
resolution results in a larger number of mixed pixels and a reduced ability to discriminate features.
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Table 1

Typical use of aerial and satellite imagery based on spatial scale or resolution. The table is synthesis of information

Sfound in Wulder (1998) and Franklin and Wulder (2002). Sensors are described in Appendix A.

Sensor type or photo scale

1:500 to 1:2500
1:2,500 to 1:10,000

1:10,000 to 1:25,0000

1:25,000 to 100,000

Digital frame camera or
airborne video

Airborne
multispectral scanners

High resolution satellite
imagery (examples
include GeoEye, IKONOS,
and QuickBird)

Moderate resolution satellite
imagery (examples include
Landsat, SPOT, IRS, JERS, ERS,
and Radarsat)

Low resolution satellite
imagery (examples include
MODIS, GOES, NOAA AVHRR,
SPOT VEGETATION)

Approximate spatial resolution (m)

0.001 to 0.026
0.026 to 0.12
0.12 to 0.31

0.31 to 1.24 Base on a standard aerial
film camera with 150 mm lens

>0.04

>0.3

0.5 to 1 m panchromatic
2 to 4 m multispectral

10to 60 m

250 mto 1 km

Appropriate use

Identification of individual range plants and
grassland types

Identification of individual tree and large shrubs

Identification of major cover types and species in
pure stands

Recognition of large individual trees and broad
vegetation types

Identification of individual trees and large shrubs

Identification of large individual trees and stand-
level characteristics

Recognition of large individual trees and broad
vegetation types. Large scale mapping applications.

Separation of extensive masses of evergreen
and deciduous forests and other stand level
characteristics. Mapping phenomena that occur
over tens or hundreds of metres. Moderate scale
mapping applications.

Mapping phenomena that occur over hundreds
or thousands of metres. Ideal for small scale or
province-wide mapping applications.
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Figure 2 Radiometric resolution refers to the number of digital levels that a sensor employs to express the variability in
brightness of a scene. Here, a QuickBird panchromatic image of a harbour in Ucluelet, British Columbia, has been resampled
from its original 11 bit pixel depth to 1, 2 and 8 bits.

Temporal resolution

Finally, temporal resolution refers to the amount of time required for a remote sensing system to return to an area for data
acquisition. Some space-borne sensors, such as the Landsat series of satellites, can only image targets at nadir (or directly
below the sensor). Thus, they are limited by their orbital characteristics and the width of the swath they image, resulting in
longer return periods (16 days for Landsat). Other space-born sensors such as Systeme Probatoire d’Observation de la Terre
(SPOT) IKONOS, and QuickBird, are referred to as “agile” and have the ability to rotate and view targets off-nadir. As a result,
though they may pass over an area relatively infrequently, they are able to capture images of areas not directly below the
satellites by pointing their sensors toward them.

10
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REMOTE SENSING APPLICATIONS FOR SUSTAINABLE FOREST MANAGEMENT

Interviews with FREP team members indicated that a large number of individual indicators are relevant to numerous
resource values. The presence of roads, for instance, was of concern to virtually all of the FREP teams interviewed. Thus,
rather than address each resource value individually, the following section is divided into a series of topics or themes that
were identified as being of interest to one or more of the FREP teams. The themes include three dimensional visualization,
archaeological sites and trails, fire mapping and fuel modelling, forest inventory and structure, animal habitat, invasive
plants, land cover, mountain pine beetle and forest health, roads, terrain modelling, water bodies and streams, and
reconnaissance mapping. Table 2 summarizes the themes discussed in this report, the operational status of associated
applications, and makes recommendations on which technologies are most appropriate for their estimation. Note that
specific sensors are described in Appendix A.

Table 2  Summary of the themes and applications discussed in this report. Note that specific sensors are described in

Appendix A.

Theme

Three dimensional
visualization

Archaeological sites
and trails

Fire mapping and
fuel modelling

Application

Synoptic large area
visualizations

Small area,
highly detailed
visualizations

Surface feature
extraction

Trail identification

Subsurface feature
extraction

Fuels inventorying

Predictive services

Active fire mapping

Post fire mapping

Recommended
remote sensing
technology

Moderate to high
resolution satellite
imagery, moderate
resolution terrain
model

Aerial imagery, lidar

Aerial imagery, high
resolution satellite
imagery, lidar

Lidar

High to moderate
resolution satellite
imagery, lidar

Moderate to low
resolution satellite
imagery

Moderate to low
resolution satellite
imagery

Moderate resolution
satellite imagery

Potential Platform | Methodology

()

Landsat Thematic
Mapper, Spot 5

Existing Aerial
Photography,
Airborne LiDAR for
DEM Derivation

Existing Aerial
Photography,
Airborne LiDAR for
DEM Derivation

Airborne LiDAR for
DEM Derivation

Landsat Thematic
Mapper
ASTER

MODIS

MODIS

Landsat Thematic
Mapper

Visual
Interpretation

Visual
Interpretation
Terrain Derivation
from ground hits

Visual
Interpretation
Terrain Derivation
from ground hits

Terrain Derivation
from ground hits

Image Classification
Spectral Moisture
and Vegetation
Indices

Spectral Moisture
Indices

MODIS Rapid
Response

Normalized Burn
Ratio

Status in
British Columbia

Can be operational
with some research

Operational in some
limited, select,
areas.

Broad scale
application unlikely.

Needs research,
unlikely to be
operational

Needs research

Not possible

Operationalin US,
with some research
can be operational
in BC
Operational in US,
with some research
can be operational
in BC

Operational

Can be operational
with some research

11



FREP

REPORT #21
Theme Application Recommended Potential Platform | Methodology Status in
remote sensing (s) British Columbia
technology
Forest inventory and | Manual Aerial imagery Existing Aerial Aerial Photographic | Operational
structure interpretation of Photography Interpretation
basic inventory
attributes
Automated Optical satellite QuickBird / Tkonos | Image Classification ' Operational in some
classification data, lidar, radar Hyperspectral Spectral Un-mixing | limited, select,
Imagery Structure Indices areas.
RADARSAT Can be operational
LiDAR with some research
Habitat Mapping Broad scale habitat | Moderate resolution | Landsat Thematic Image Classification | Can be operational
satellite data Mapper Spectral Vegetation | with some research
SPOT XS Indices
SPOT 5
Land cover Moderate resolution | MERIS (300m) Image Classification | Operational
satellite data Landsat Thematic Earth Observation
Mapper (30m) for Sustainable
Development (EOSD)
Chemical/pigments | Airborne Airborne Spectral Image Requires significant
constituents hyperspectral data | Hyperspectral Classification research to be
AISA, AVIRIS, CASI2 operational
Vertical vegetation | Lidar Airborne LiDAR Structure Indices Can be operational
structure with some research
Invasive plants Species Airborne Airborne Spectral Image Requires significant
identification hyperspectral data | Hyperspectral Classification research to be
AISA, AVIRIS, CASI2 operational
Land cover Land cover Moderate resolution | MERIS (300m) Image Classification | Operational
classification satellite imagery Landsat Thematic Earth Observation
Mapper (30m) for Sustainable
Development (EOSD)
Mountain pine Tree level mapping | High resolution QuickBird / Ikonos | Object Based Image | Can be operational
beetle and forest satellite or airborne | Airborne Digital Classification with some research
health data Camera (eg.
Terrasaurus)
Stand level mapping | Moderate resolution | Landsat Thematic Image Classification | Operational
satellite imagery Mapper Spectral Vegetation
SPOT XS Indices
SPOT 5
Road mapping Manual High resolution Existing Aerial Visual Operational
interpretation optical data Photography Interpretation
QuickBird / Ikonos
SPOT 5
Automatic High resolution QuickBird / Ikonos | Automated linear Requires significant
extraction optical data SPOT 5 feature extraction research to be

operational

12
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Theme Application Recommended Potential Platform | Methodology Status in
remote sensing (s) British Columbia
technology
Terrain modelling Photogrammetry Aerial photography, | Existing Aerial Standard Digital Operational
satellite imagery Photography Photogrammetry
QuickBird / Ikonos | Photogrammetry

Radar Airborne or IFSAR ERS - 2 Digital Operational with

spaceborne radar Shuttle Radar Photogrammetry constraints
Topography Mission
(STRM)

Lidar Airborne small Airborne LiDAR Terrain Derivation Operational with
footprint, discrete from ground hits constraints
return lidar

Theme Application Recommended Potential Platform | Methodology Status in
remote sensing (s) British Columbia
technology
Water body and Water body Airborne or SPOT 5 Image Classification | Operational
stream mapping delineation spaceborne optical | Airborne
infrared imagery Multispectral
Imagery

Bathymetry Sonar, bathymetric | SHOALS Terrain Derivation Operational
lidar from hits

Temperature Airborne thermal Airborne Thermal Image Thresholding | Can be operational

Reconnaissance
mapping

scanner

Typically optical
data of various
spatial resolutions

Scanners

Existing Aerial
Photography
QuickBird / Ikonos
Digital Camera
Imaegry

SPOT 5

Landsat Thematic
Mapper

Temperature Indices

Visual Overlay and
Interpretation

with some research

Operational

Three dimensional visualization

In most of British Columbia, landscape planning occurs over topographically varied mountainous areas, and, as a result, is

a three-dimensional endeavor. Visual resource management, where scenic landscapes are identified and classified, is also a
critical component of the FREP program. As a result, three dimensional visualization, where an image is draped over digital
elevation data to provide a perspective view of a landscape, is an emerging tool with a number of forest management
applications. Visualization techniques may also be used to help those not familiar with two dimensional maps recognize and
locate familiar traditional-use sites (Sheppard et al. 2004), or to lend to a better understanding of the distributions of and
relationships between terrain, geology, soils, and vegetation (Maune 2001).

From a remote sensing perspective, a variety of satellite image data may be used for 3D visualization, and their selection
depends on the purpose and level of detail required in the visualization (Discoe 2005). Medium resolution sensors such

as Landsat or SPOT may be appropriate for the examination of larger landscape units, whilst finer resolution data such as
QuickBird, IKONQS, or large-scale aerial imagery may be used for smaller areas. It can, however, be difficult to translate
accurate forest management/design information from a two dimensional image to a three dimensional landscape.

In particular, the use of widely available but coarse scale digital elevation models (DEMs; e.g. TRIM 20-30 m data) may not
adequately capture fine terrain features, and may be difficult to combine with more accurate data such as those collected
in the field using a global positioning system (GPS) (Bergen et al. 1998). Since bare-Earth DEMs contain only terrain
elevation data, when image features such as trees are draped over them, vegetation may appear flattened and unrealistic
(Discoe 2005). At large distances or coarse scales, however, individual trees are not discernable, only their pattern and
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texture are detected. For example, general forest growth and large-scale changes due to fire and insect infestation may be
modelled. At finer scales, closer viewpoints, or when more detail is required, individual plants may need to be represented
and remotely sensed data may not convey this necessary realism. In this case, three dimensional modelling tools such as
Visual Nature Studio (from World Construction Set) may be preferred for inserting higher quality three dimensional tree
objects into virtual landscape models, thereby simulating accurate forest cover.? Thus, while imagery may convey much
about the forest, the realism of individual trees is a challenge for even the highest spatial resolution remotely sensed data
(Orland 2005).

Visual quality assessments in particular require very high spatial resolution data for 3D simulations of ground level vistas
and fly-throughs, which are typically performed on a given landscape unit or catchment. The need for extremely high
spatial resolution imagery has necessitated the use of ground-based 35mm film or digital cameras, which still provides
more detail than is available from any high spatial resolution satellite and most airborne data.

Discussion

Within the context of British Columbia, visual quality assessments are becoming a critical indicator of forest management
practices. At the land unit or catchment scale, these visualizations are required to be developed from a ground level
perspective which limits standard applications such as Google Earth, which only provides a bird-eye view. The need for
extremely high spatial resolution imagery has necessitated the use of ground-based 35mm film or digital cameras. In this
respect, satellite remote sensing cannot be seen as a replacement technology at this stage.

A number of other researchers concerned with other indicators, in particular Culture, indicated landscape visualization as
very useful for helping elders identify cultural use sites, as they provide a more realistic representation of the traditional
areas. This use of visualizations, at this broader or synoptic scale, could be increased, and satellite remote sensing data and
existing software (such as ESRI ArcScene) could be more extensively used for this purpose.

Archaeological sites and trails

Archaeology has become an interdisciplinary field with branches in a variety of physical and social sciences such as
forestry, botany, geography, anthropology and sociology.? As a result, modern archaeologists are interested in various
features ranging from overgrown trails to buried cities, each requiring unique remote sensing systems and approaches.
Although few examples exist within the province of British Columbia, numerous studies have demonstrated the successful
application of remotely sensed data for archaeological applications (Table 3). The operational remote sensing techniques
and technologies presented in this section are divided into two categories, specifically surface feature extraction and
subsurface feature extraction.

Table 3  Examples demonstrating the application of remotely sensed data for archaeological applications.

Reference Dataset Objective Study area
Lasaponara and Lanorte QuickBird-derived Detection of archaeological | Italy

2007 vegetation indices crop marks

Crow et al. 2007 Lidar Examined the ability of lidar | England

to detect archaeological
features, including circular
and linear features, and
charcoal platforms, beneath
mixed woodland

Holcomb 2001 Radarsat-1 imagery Employed imagery as a Gobi Desert, Mongolia
reconnaissance tool to
indentify Palaeolithic
subsurface features

1 World Construction Set’s Visual Nature Studio: www.3dnature.com
2 Archaeological Remote Sensing: http://wwwghcc.msfc.nasa.gov/archeology/remote_sensing.html
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Surface Feature Extraction

Surface feature extraction involves detecting archaeological features based on above-ground land cover observed
from remotely sensed data. These techniques may involve either direct extraction of an exposed archaeological
feature, or inferential extraction where land cover provides an indication of features underlying the surface substrate.
Passive airborne and satellite imagery are most commonly used for these types of applications.

A common technique for archaeological remote sensing involves the analysis of landscape pattern using edge-detection
algorithms. In a recent study, Lasaponara and Masini (2007) applied a Gaussian smoothing kernel to enhance the edges

of a panchromatic QuickBird image fused with normalized difference vegetation index (NDVI) data derived from the red
and near-infrared multispectral bands. Results from this analysis provided an image with exaggerated vegetation edges
which were used to manually interpret selected features that resembled the linear patterns of archaeological sites buried
beneath the soil. This technique has been applied in several European countries whose archaeological patterns tend to be
characterized by linear features

Forested areas of British Columbia have presented many barriers to the remote sensing of archaeological sites since dense
forest canopies inhibit the direct observation of ground and below ground features. However, emerging light detection and
ranging (lidar)-derived data may reveal patterns on the forest floor indicative of archaeological sites or trails. Lee et al.
(2005), for instance, investigated the detection of trails beneath dense forest canopies. This is an area of active research,
however, and requires very sophisticated analytical techniques.

Subsurface Feature Extraction

Subsurface feature extraction applications of remote sensing in archaeology have received attention from both the public
and the archaeological community in past decades. These remote sensing devices tend to include field based instruments
operated in areas of known buried archaeological features; some studies, however, have demonstrated the ability of active
synthetic aperture radar (SAR) shuttle and satellite mounted sensors for detecting buried archaeological features in areas
with dry soils.

Field based instruments for archaeological geophysics employ active sensors that penetrate the ground to reveal anomalies
which often represent archaeological features. Electromagnetic conductivity and resistivity instruments emit an electrical
current and measure either the ease in which the energy passes through the soil or the local resistance. Ground penetrating
radar, on the other hand, emits long wavelength electromagnetic radiation and measures the velocity at which this energy
travels through the ground. These field instruments can detect features between 0.2 and 5 m below ground depending on
soil mineralogy, clay content, ground moisture, surface topography, and vegetation.

Spaceborne radar sensors have been used to detect subsurface archaeological features such as buried cities. The long
wavelength radiation that radar sensors emit can penetrate dry soils up to several metres, enabling successful
archaeological application in arid environments (Holcomb 2001). Due to the moist soil conditions in many areas of
British Columbia, such techniques would likely be constrained to drier areas in the province’s interior. In addition, the
spatial resolution of satellite mounted radar sensors requires that targets be relatively large and located close to ground
surface for successful extraction.

Discussion

Within the context of British Columbia, the use remote sensing technology to help detect unknown archeological sites

(e.g. old structures, grave sites, and cultural trails) is extremely limited. This is due to the small size and extent of these
features, which cannot be readily detected using satellite based remote sensing technology. There may be potential to use
airborne remote sensing datasets at very high spatial resolutions (e.g. <1m), these datasets, however, would need to be
collected on a case by case basis, limiting their wide application. The second issue is the fact that within British Columbia,
soils tend to be relatively moist and covering vegetation dense, making detection of subsurface features extremely unlikely,
even using radar- or lidar-based technologies.

One area where potential does exist is the identification of culturally important vegetation types such as cedar, birch,
grasslands, bogs and so on. The combined use of high spatial resolution imagery to infer species, and lidar to extract
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structural characteristics, may provide an approach for detection and monitoring. Similarly, monitoring vegetation buffer
condition around culturally important sites is also feasible using satellite data such as SPOT-5.

Fire mapping and fuel modelling

Fire mapping and fuel modelling using remote sensing technology can involve fuel inventorying, seasonal fire planning and
predictive services, active fire mapping, and post-fire mapping.

Fuels Inventorying

Wildland fuels inventorying is the quantification of the structure and composition of fuel accumulation and its predicted
relationship to wildland fire. Many fire managers and researchers are particularly interested in the use of moderate to
high spatial resolution multispectral imagery and lidar data to map forest fuel conditions. Fire growth models, such as
Prometheus, that utilize the Canadian Forest Fire Behavior Prediction (FBP) System as their basis require many fuel data
inputs.® Some components include:

species composition,

density of tree species,

percent leafless of trees,

percent dead and standing,

crown base height (CBH) in metres, and
crown fuel load (CFL) in kg/m2.

Depending on the level of discrimination required, species composition and plant health can be estimated using
multispectral sensors such as Landsat, MODIS (Moderate Resolution Imaging Spectroradiometer), ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer), and QuickBird (Table 4). Measurements of forest structure
(height, canopy closure, density of trees, and surface fuels) is best suited to lidar. Multispectral imagery can also be used
to map weakened, diseased, or dead stands that pose a significant fire hazard. The United States is currently funding the
Landfire (Landscape Fire and Resource Management Planning Tools Project) project, which uses Landsat imagery to produce
consistent and comprehensive maps and data describing vegetation, wildland fuel, and fire regimes across the entire
United States.*

Predictive Services

Remote sensing technologies have also been applied in a predictive sense by producing daily or weekly broad-scale maps of
current fuel conditions, using MODIS and AVHRR 1km data. MODIS imagery has been found to not only aide in fuel moisture

mapping but also fuel heating, a critical variable for forest fire managers (Pinheiro et al. 2007). RADARSAT-1 has also been

tested with some success in boreal regions to measure dead fuel moisture (Abbott et al. 2007).

Table 4 Satellites with potential to map fuels, predict fire occurrence, map current and ongoing fires, and map post-fire
damage. See also Appendix A.

Satellite-Sensor Name Description Fire Mapping Use Reference

Landsat Moderate spatial resolution Fuels inventorying, predictive | Eidenshink et al. 2007; Lentile
multispectral sensor, long services, active fire mapping, | etal. 2007
historical archive post fire mapping

AVHRR Low resolution sensor, long Fuels inventorying, predictive | Fraser et al. 2000; Li et al.
historical archive and rapid services, active fire mapping | 2000; Pu et al. 2007
repeat time

RADARSAT-1 C-Band RADAR backscatter Predicative services Abbott et al. 2007

linked to fuel moisture, day or
night acquisition, irrespective

of cloud cover

3 Prometheus Wildland Fire Growth Model: www.firegrowthmodel.com
4 Fire and Resource Management Planning Tools Project: http://www.landfire.gov/index.php
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Satellite-Sensor Name Description Fire Mapping Use Reference
MODIS 250 to 1 km spatial resolution, | Fuels inventorying, predictive | Fraser et al. 2000; Justice et
36 spectral bands available, services, active fire mapping, | al. 2002; Giglio et al. 2003;
data available since late 1999 | post fire mapping Kaufman et al. 2003; Giglio
2005; Pinheiro et al. 2007
ASTER Higher resolution than Fuels inventorying, post fire | Giglio et al. 2003; Csiszar et
Landsat, Limited availability | mapping al. 2006; Csiszar et al. 2006
QuickBird High spatial resolution Fuels inventorying, post fire | Lasaponara and Lanorte 2007;
multispectral sensor mapping Mutlu et al. 2008
Lidar Airborne laser altimeter Fuels inventorying (Mutlu et al. 2008); (Canfield
measures vegetation height et al. 2005)

and vertical structure

Active Fire Mapping

Mapping of active fires, fire burned areas, and hotspot detection are the most advanced and operational of all the
components described here. The most commonly used data for these applications in North America are the suite of MODIS
products (specifically Products 2 and 3, and Rapid Response; Tables 5 and 6).°¢ Hotspot detection is employed in Canada
and the United States to detect fires in near real time. MODIS is the most common as it is available daily and burned

area maps are available soon after fire start. Currently the Canadian Forest Service has implemented the interactive fire
mapper.” This website utilizes MODIS, AVHRR (Advanced Very High Resolution Radiometer), and ATSR (Along Track Scanning
Radiometer) sensors in combination to map hotspots or thermal anomalies. In conjunction with CCRS (Canadian Center

for Remote Sensing) the interactive fire mapper website provides current hotspot information, estimated fire perimeters,
and year-long burned area polygons. Burned area polygons are derived using MODIS 250 metre resolution grids along with
hotspot detections for a given year using the HANDS (Hotspot and NDVI Differencing Synergy) method described in Fraser
(2000). Another growing concern among local, provincial, and federal governments is wildland fire smoke. In a study
conducted in North America using MODIS images, the rate of smoke emissions were estimated by mapping fire intensity and
multiplying the total burned area by combustion efficiency to model total smoke dispersion (Kaufman et al. 2003).

Table 5 MODIS Fire Products and general information (Justice et al. 2002; Giglio 2005))

MODIS fire products Resolution | Description !Repeat Relative accuracy
interval
Rapid Response 1 km Active fire hotspot locations | 2-4 hours Least accurate
coupled with 250 m resolution
background image
Level 2 1 km Identifies active fires and 12 hours Medium accuracy
other hotspot anomalies
Level 3 1 km A 1-km gridded composite of | 8 days Most accurate
fire pixels detected in each
grid cell
Table 6 A list of MODIS web addresses and product descriptions
URL Available Product
http://vulcan.geog.umd.edu/alerts/alerts.phtml Subscribe for e-mail fire alerts
http://earthobservatory.nasa.gov/MissionControl/overpass.html Satellite overpass predictor
http://rapidfire.sci.gsfc.nasa.gov/realtime/ Download current MODIS fire images
http://www.fs.fed.us/eng/rsac/index.html Download active fire maps

5 MODIS Fire and Thermal Anomalies: http://modis-fire.umd.edu/MOD14.asp
6 Rapid Response: http://rapidfire.sci.gsfc.nasa.gov/
7 NRC Canadian Wildland Fire Information System: https://nofcl.cfsnet.nfis.org/mapserver/cwfis/index.phtml
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Post Fire Mapping

Post fire mapping can be important in terms of understanding and measuring the post-fire impact on water quality, and
ecosystem health and recovery. Remote sensing tools for post-fire mapping include MODIS 250 m resolution data providing
initial maps of burned areas. Landsat-derived indices such as the differenced normalized burn ratio (dNBR) allows for 30m
resolution mapping of burned perimeter and fire severity (Lentile et al. 2007; Eidenshink et al. 2007). Landsat burned

area and severity maps have been used successfully worldwide and continue to be the most common form of burn severity
products currently used in North America. Finally, ASTER imagery, with a 15 metre panchromatic and 30 metre multispectral
sensor, has been found to be very useful in fire mapping and severity assessment (Csiszar et al. 2006).

Discussion

Information on fire location and the estimation of burn severity was recognized as important by a number of attribute
value teams, including karst and wildlife habitat. The use of MODIS hotspots, which provides near real time mapping of
fire hot spots across Canada at 1km spatial resolution, and the subsequent mapping of fire boundaries using MODIS were
recognized as tools which the resource value teams could use more readily. The current impediment to operational use is
simply access to and integration of this data into the province’s existing data warehouse. Developing scripts to integrate
this type of information could be an immediate project depending on overall interest.

Forest inventory and structure

Manual interpretation of aerial photographs

Remote sensing technologies have a long history in measuring forest structural attributes for forest inventory (Dralle and
Rudemo 1996; Leckie et al. 1998; Zagalikis et al. 2005). Table 7 highlights a number of the critical attributes that have
been successfully predicted using remote sensing technology. Aerial photography, for example, has been used extensively
to map individual tree attributes such as height, crown area, species, basal area, wind throw, ground elevation, and forest
types. The accuracy of estimates is influenced by user experience, complexity of the forested area, spatial resolution of
the photographs, and the interpreter’s knowledge of the surveyed forest (e.g. likely tree species). By deriving height and
stand density it is also possible to estimate site index. The advantages with approaches based on aerial photography are
that data acquisition is relatively inexpensive, it requires little post-acquisition processing, and the photographs can be
captured at high spatial resolutions (e.g. 15 cm). The limitations relate primarily to the subjectivity of interpretations and
the time consuming nature of interpretation work.

Automated classification

By targeting particular reflection or absorption features across multiple wavelengths (typically between 0.4 and 2.5 pm),
passive optical sensors have been used to quantify physiological stress events (e.g. insect attack), classify tree species

or forest classes, and map wildfire disturbances (White et al. 1996; Coops et al. 2004a; Asner et al. 2008a). In addition,
hyperspectral data has proven useful in the extraction of detailed forest attribute information (Niemann and Goodenough
2003); including vegetative species discrimination (Cochrane 2000; Goodwin et al. 2005; van Aardt and Wynne 2007).
Research has also indicated that forest structural complexity can be inferred from spatial patterns of reflectance (Coops
and Catling 1997; Lévesque and King 2003) .

Satellite based passive optical imagery is typically less expensive and better suited for regional applications than airborne
data. Earlier imagery captured from sensors such as Landsat Thematic Mapper have been demonstrated to accurately
quantify the extent, location, and timing of landscape disturbances such as clear fell harvesting or insect attack (Wulder et
al. 2006c¢; Kennedy et al. 2007). Empirical relationships with field data have also been developed to derive leaf area index
(LAI) and assess patterns of forest regeneration (Chen and Cihlar 1996; Schroeder et al. 2007). Due to the broad spectral
bands and coarse spatial resolutions typical of moderate resolution satellite imagery, mapping of vegetation has generally
targeted communities rather than individual tree species. Similarly, satellite based radar (e.g. RADARSAT-1 and -2) can be
used for regional assessments of forest structure at considerable cost savings (Ticehurst et al. 2004).
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Table 7: Examples of forest attributes estimated using remote sensing data.
Reference Dataset Variable(s) Accuracy Study area
Sandvoss et al. 2005 Aerial Cover patter, crown Variable Example from vegetation
photography closure, tree layers, resources inventory manual
(typically vertical complexity,
1:20,000) species composition,
age, height, density,
snag frequency
Zagalikis et al. 2005 Aerial Tree height, basal area, | +/- 10% Rosarie Forest, northeast
photography volume, biomass, and Scotland
(1:10 000) density
Leckie et al. 2005 Multiband passive | Tree species 40 to 72% Vancouver Island,
optical imagery British Columbia, Canada
(CASI)
Dobson et al. 1995 Radar Vegetation height 2.4 m (RMSE) Racho Supersite, Michigan
(SIR-C/X-SAR) Trunk biomass 1.1 kg/m2 (RMSE)
Vepakomma et al. 2008 Multi-temporal Canopy Gaps 96.5% Teaching and Research
lidar (wind throw) Forest, Canada
Hyyppé et al. 2000 Lidar Stem volume 2m2/haor 10.2% | Kalkkinen, southern Finland
Basal area (Standard Error)
18.5m3/ha or
10.5%

(Standard Error)

Small footprint lidar has received considerable attention over the last two decades and can provide an accurate means to
quantify a range of forest structural attributes (Lefsky et al. 2002). Commonly extracted attributes include maximum tree
height, height to green canopy, crown diameter, crown area, canopy height and canopy cover (Coops et al. 2004b; Goodwin
et al. 2006). Using allometric equations, it is also sometimes possible to estimate secondary attributes such as stocking
density, diameter at breast height (DBH), and stem volume per unit area (Hall et al. 2005). Lidar, through its ability to
penetrate small gaps in the forest canopy, has been suggested to be sensitive to coarse woody debris and understorey
structure (Riafio et al. 2003; Seielstad and Queen 2003); however, this requires further research and is likely to be affected
by the structure of the overstorey canopy (Maltamo et al. 2005). Additionally, lidar technology can provide high resolution
digital elevation models under forest canopies, which supplies valuable information for activities such as road planning,
harvest planning and hydrological modeling.

Another active remote sensing technology is radar. This data has been used to estimate biomass, stem volume, and
vegetation heights, as well as derive ground elevation and forest classes (Schuler et al. 1996; Hoekman and Quinones 2000;
Hyyppd et al. 2000) . However, the ability to estimate biomass has been found to saturate at high levels (e.g. 150 Mg/ha;
Waring et al. 1995) and its vertical accuracy theoretically cannot be below 1 m (Hill et al. 2000).

Discussion

The manual interpretation of aerial photography for the majority of indicators of interest is already operational.

The automated classification of these indicators using satellite imagery may sometimes be possible, but a more likely
scenario would be the adoption of proxy indicators for synoptic monitoring over large areas. For example, broad species
classification from Landsat 30 m imagery, or data transformations related to vegetation amount and vigour may provide
broad indices of canopy function or health.

For more localized studies, such as the mapping of riparian vegetation species and structure, high spatial resolution
imagery can be utilized at the individual tree scale. These approaches commonly use an object based classification scheme
combined with special classification techniques to provide species associations comparable to that developed by TEM.

As listed above, there are a number of research studies which demonstrate the applicability of the method.
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Lidar technology provides valuable information on forest structure and is already used operationally in Scandinavia,
as it holds more promise than competing radar technologies. A number of ongoing studies are underway within

MFR investigating the operational use of lidar technology for mapping both forest structure and terrain elevation.

At the TFL scale, the use of lidar data to develop both terrain and forest height maps can be considered operational.
Specifications exist as to the required density and footprint size suitable for the operational use of lidar technology in
forestry, and a number of operational examples exist, including in the state of Delaware, USA, and in western Alberta.

A number of key indicators within the forest structure and inventory theme comprise areas of ongoing research using
remote sensing technology. These key indicators include coarse woody debris, wind throw, and snag identification.

The sampling of coarse woody debris after two to six years following forest operations remains a major indicator for the
biodiversity assessment team. Two critical measures of course woody debris (length and diameter) are collected along
transect surveys within cut blocks. Aerial photography is currently used to provide general plot layout information, and

is also used to orient and gain familiarity with an area prior to field survey. Given these cut block locations are known in
advance, the use of other remote sensing data could be investigated. For example, if high spatial resolution

(e.g. < 2 m) satellite data or lidar data were available, the data could be processed to extract a variety of layers to use for
base stratification and improve the efficiency of a sampling program, including information on forest health, exposed soil,
terrain condition and accesss.

Habitat mapping

Habitat mapping is of interest to several FREP teams. Because each specific species has different indicators of habitat
quality and home range sizes, the scale of analysis using remote sensing technologies may range from several to thousands
of hectares. Common amongst the different species of interest, however, is the need to assess the quality of habitat both
within and surrounding their home ranges.

Remote sensing can be an important data source for information on habitat quality and quantity. Principally, these
attributes provide information on such factors as land cover physiognomy, vegetation structure and condition, forage
characteristics, specific nutrient concentrations, overall productivity, and biomass. From these attributes, information on
the distribution of shelter, shade, and nesting resources for wildlife, as well as the capacity to meet metabolic needs, can
be assessed. Table 8 highlights a number of critical attributes that have been successfully predicted using remote sensing
technologies and have high relevance for habitat studies.

Table 8 Examples of habitat attributes that have been estimated using remote sensing technologies.

. Core Habitat Sensor . .
Focal Species Attributes Methodology Platform Location Resolution | Reference
Boreal Bird Land Cover Supervised Landsat TM | Finland 30m Luoto et al. 2004
Populations Classification
Mexican Spotted Owl | Land Cover Supervised Landsat TM | Mexico 30m Peery et al. 1999
Classification
Kirtland's warbler Land Cover Supervised SPOT-2 Bahamas 20m Miller and Conroy
Classification 1990
Grizzly bear Land Cover Combined Landsat TM | Alberta 30m Franklin et al. 2001
Classifications
Amphibian richness Biomass GVI NOAA Europe 1km Rodriguez et al. 2005
/ Primary AVHRR
Production
Barren-ground Biomass NDVI NOAA Arctic Tundra | 1km Stow et al. 2004
caribou / Primary AVHRR
Production
Chinook salmon Energy Water FLIR North-Eastern | 20 — 60 cm Torgersen et al. 1999
Temperature (Forward Oregon, US
Looking
Infra-red)
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Broad scale habitat and biodiversity trends from remote sensing

There is strong evidence that contemporary climate drives broad-scale species richness gradients of both plants and
animals (Hawkins et al. 2003). For plants, it is widely accepted that energy and water together drive diversity and form
(Leathwick et al. 1998; Francis and Currie 2003). For animals, energy either alone or in combination with water has been
linked to large-scale variation in diversity, depending largely on the location in the world the study is focused (Hawkins
et al. 2003). The NDVI is the most common and widely-applied of these vegetation indices as an estimator of ‘greenness’
(Francis and Currie 2003; Stow et al. 2007), and acts as a surrogate for a large number of vegetation attributes, including
biomass, leaf area index, phytomass, amount of green cover, productivity, photosynthetic activity, and leaf nitrogen
content (Turner et al. 1992; Huete et al. 1994; Asner and Wessman 1997).

Stow et al. (2004), for example, used the annual median and rate of change of NDVI to estimate the quality and quantity of
green forage that was available to the Porcupine caribou herd in Alaska and the Yukon. Similarly, Nilsen et al. (2005) linked
satellite measured greenness with measures of faunal diversity by comparing variations in the mean and seasonal greenness
over a two year period with the home ranges of 12 carnivore species in the northern hemisphere. Results indicated that

the accuracy of prediction for eight of the 12 species’ home range sizes was improved through the inclusion of satellite
estimated greenness.

Land cover as indicators of habitat

Issues of habitat suitability require information on contemporary land cover condition. In most cases, remote sensing
technology is used to predict land cover, which is then used to infer spatially-explicit habitat suitability for a wide range
of wildlife species. One of the most common approaches to predicting land cover information from remotely sensed

data is through the use of image classification, which involves the categorization of pixels to generate a number of land
cover classes, based on their similar spectral and/or spatial properties (Peery et al. 1999). For British Columbia, remote
sensing-based land cover maps such as the Earth Observation for the Sustainable Development of Forests (EOSD) have been
generated over extensive areas and are publicly available.?

Remote sensing technology has also been used to map land cover in support of a wide array of species, including birds
(Gottschalk et al. 2005), large carnivores (Waller and Mace 1997) and ungulates (Huber and Casler 1990). It should be noted
that using an inappropriately large number of detailed forest classes can result in significant misclassification of key
classes critical for habitat mapping. Caution should be exercised when attempting to classify highly-detailed land cover
types, which may not appear spectrally distinct from other classes in satellite data (Huber and Casler 1990).

Chemical/pigment constituents and their impact on habitat

An important application for remote sensing technologies, in addition to the classification of land cover and habitat,

is the detection of different vegetation characteristics based on underlying pigment and chemical constituents.

These differences in the composition of vegetation are often difficult to detect, since the changes are often subtle and
gradual, with species having many similar spectral characteristics. These surveys, however, can be successfully undertaken
using hyperspectral data, which have a very fine spectral resolution (Norris et al. 1976; Mollot and Bilby 2007; Asner et al.
2008a; Asner et al. 2008b). Hyperspectral data are primarily available from airborne sensors, such as the Airborne Visible/
Infrared Imaging Spectrometer (AVIRIS), the Compact Airborne Spectrographic Imager (CASI) or the Airborne Imaging
Spectroradiometer for Applications (AISA), one of which is owned by the University of Victoria.

Vertical vegetation structure

Information on vertical vegetation structure is difficult to quantify from passive remote sensing technology, and yet is

a key mechanism underlying many wildlife—habitat models. Manual survey of vegetation structure becomes prohibitive
in terms of time and cost if sampling needs to be of sufficient density to characterize fine-grained heterogeneity at a
landscape extent (Bradbury et al. 2005). The derivation of vegetation structure data from airborne lidar has several clear
advantages over field surveys in the construction of habitat models. First, the vertical resolution and sampling density

8 Earth Observation for Sustainable Development of Forests: http://eosd.cfs.nrcan.gc.ca/
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of the data is equivalent to or better than that which can be achieved by field measurement; second, the vertical and
horizontal resolution available from lidar is scalable to landscape levels; and finally, the predicted attributes from these
data allow heterogeneity in vegetation structure to be expressed at a variety of spatial scales, ranging from a small
foraging patch or territory to a landscape (Bradbury et al. 2005; Vierling et al. 2008).

Kasischke et al. (1997) undertook a detailed review of the application of radar in ecological studies and highlighted a wide
range of applications, including land cover classification, measurement of above ground woody biomass, and delineation

of wetland inundation. Beaudoin et al. (1994) utilized multi-polarized P-band data to document significant correlations
with forest biomass, and found backscatter amount to be sensitive to a variety of ground surface attributes such as plant
undergrowth, relief, and soil conditions. Despite this success, a number of other studies have found radar to be unresponsive
to biomass when a certain threshold has been reached. For example, Rauste et al. (1994) found that L-band radar reached
saturation at 70 mg/ha. The recent launch of advanced satellite-based platforms, such as the Canadian Radarsat-2
instrument, promises future advances on this front.

Despite the overriding evidence that active remote sensing instruments may be better-suited for extracting vegetation
structural information, a number of authors have reported considerable success using passive high-spatial-resolution
optical imagery from either satellite or airborne systems (Wulder et al. 2004). These include estimation of individual crown
closure, prediction of stem density and stand height, and classification of relative stand age or stage of development.
Employing high-spatial-resolution imagery to extract structural attributes also lends itself to the use of textural
attributes, which can provide information on stand crown gaps (Blackburn and Milton 1997) and foliage estimation (Wulder
et al. 1998). Additionally, the derivation of image variance and semivariance to provide measures of stand structure, and
the fitting of spatial statistical models such as semivariograms to represent forest structure, has also been successful
(Lévesque and King 2003). In this latter approach, the semivariogram range, sill, and nugget are fitted to image objects and
subsequently interpreted.

Discussion

In many respects, assessment of habitat and biodiversity using remotes sensing technologies is a proven application.
However, because observations are necessarily species specific and cover a broad range of spatial scales, the development
of universal indicators of habitat suitability may not be an achievable goal. In conducting this survey, it is apparent that
there are a number of species of interest, including amphibians, marbled murelettes, goshawks, badgers, moose, and caribou,
and they are found in a in a wide variety of locations, including Fort St. James, Cascades, South Island, and Haida Gwaii.
Currently, models are generated using existing TEM and VRI data. Various studies in BC have demonstrated that state of the
art remote sensing data can complement TEM structural data, for example, by using lidar and/or QuickBird high resolution
imagery. Similarly, Landsat is a proven technology for determining land cover, which is often used to stratify areas for
investigation. Furthermore, time series of Landsat images can be used to predict disturbance history and stand age.

In addition to using remote sensing attributes themselves to predict habitat, remote sensing can also play a role in threat
assessments; for example, monitoring forest health, mountain pine beetle impacts, road density, forest encroachment, and
land use changes are all well established applications. Habitat assessments are currently performed by consultants and
their methods are poorly understood. One way to overcome this problem may be to develop specific collaborative projects
with universities with a technology transfer component using funding sources such as the Forest Science Program.

Invasive plants

Most broadband medium resolution sensors have limited ability to distinguish between vegetation species as is necessary
when identifying invasive plants. When utilizing medium spatial resolution broadband data (e.g. Landsat or SPOT) for
species mapping, different vegetative types often times do not reflect discernibly unique spectral properties (Franklin et
al. 2003). Furthermore, medium spatial resolution pixels, such as the 30 x 30 m pixels associated with Landsat data, result
often in mixed pixels containing more than one target species type of interest.

Recently, the advent of high spatial resolution hyperspectral systems has been shown to significantly improve vegetation
discrimination. Hyperspectral data, which consists of a large number of very narrow spectral bands, often makes the
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discernment of an area’s species composition through spectral response discrimination more effective than is possible
with multispectral sensors. To date, numerous studies have employed hyperspectral data to remotely sense invasive
plants (Table 9).

Table 9  Examples of invasive plant surveys undertaken using hyperspectral data.

Reference Dataset Emphasis Accuracy Study area
Morisette et al. 2006 | MODIS data; field plots Saltcedar (Tamarix spp) 90% Continental United States
habitat suitability map
Glenn et al. 2005 HyMap hyperspectral data | Leafy spurge (Euphorbia | 84-94% Swan Valley, Idaho
esula L.) detection (overall)
Miao et al. 2006 CASI-2 hyperspectral Yellow starthistle r2=0.88 Central Valley Grasslands,
data (Centaurea solstitialis) California
abundance
Mundt et al. 2005 HyMap hyperspectral data | Hoary cress (Cardaria 86% (overall) | Ada County, Idaho
draba) discrimination
Williams and Hunt AVIRIS hyperspectral Leafy spurge (Euphorbia | 75-97% Crook County, Wyoming
2004 data esula L.) detection (overall)
Underwood et al. AVIRIS hyperspectral Iceplant (Carpobrotus 98-99% Vandenberg Air Force Base,
2003 data edulis) and jubata grass | iceplant; California
(Cortaderia jubata) jubata grass
detection not quantified

Although the spectral and spatial resolution inherent to hyperspectral data allows for detailed, species-level
discrimination, these data are often geographically restricted to the extents of the airborne transects in which they are
typically collected. Certain invasive species mapping endeavors require broader geographic predictions of distribution,
and therefore, sometimes necessitate the use of coarser spatial resolution data. However, the ability to actually predict
the distribution of an invasive species on broad geographic scales is dependent on the spectral and spatial characteristics
of the target in question and whether or not these characteristics are predictable or can be statistically related to coarser
spatial resolution data. Table 9 provides an example of a successful nationally implemented invasive species range
prediction initiative conducted with medium spatial resolution data used in conjunction with tens of thousands of field
plots (Morisette et al. 2006).

Discussion

For a number of reasons, remote sensing of invasive plants is a much promised but so far undelivered application. First, the
local nature of invasive plant mapping necessitates high spatial resolution data and small study areas, which increases
cost. Critically, in most cases, the invasive species identified in British Columbia occur on verges and road sides, which
should facilitate their detection. However, the key problem is the capacity of remote sensing to distinguish invasive species
from surrounding vegetation, which is difficult using broad spectral band sensors. One potential way forward is to target
detection to flowering events or other phenological behavior. In summary, broad maps of invasive species produced using
remotely sensed data are unlikely to appear in the near future. Highly focused, location specific studies using hyperspectral
imagery are more likely to be successful. These studies, however, carry with them significant operating costs.

Land cover

The demand for timely information representing the distribution, composition, and status of land-cover at both regional
and national levels is increasingly growing (Wulder et al. 2003). Accurate, detailed and up to date depictions of land-
cover are essential for a variety of applications. Digital remotely sensed data can be utilized to provide information on
past and current land-cover distributions. The type of land-cover information obtainable from remotely sensed data is
dependent on spatial scale. The selection of an appropriate spatial resolution represented by particular remotely sensed
data is dependent on informational goals and needs. For analysis involving general land-cover characteristics, medium
spatial resolution (e.g. 30 m) multispectral data are most appropriate and most typically employed. These data are readily
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available, allow for long-term continuity, and can provide synoptic coverage of targeted study areas (Cohen and Goward
2004). Although there are numerous sensors which can provide medium spatial resolution remotely sensed data, the most
commonly utilized are those carried aboard the Landsat series of satellites. The Landsat program has been at the core in the
development of operational remote sensing applications (Cohen and Goward 2004). The archival legacy of Landsat

(> 30 years) offers the longest running time series of systematically collected remotely sensed data and has been
specifically designed to facilitate mapping and monitoring of land-cover at a spatial resolution appropriate for general

land cover mapping. With the recent announcement by the United States Geological Survey (USGS) that the entire Landsat
archive will be freely available to the public, applications using Landsat are expected to proliferate (Woodcock et al. 2008).

Over the last decade, medium spatial resolution remotely sensed data have increased in affordability and availability.
Simultaneously, major technological and methodological advances have occurred, allowing for the acquisition and analysis
of large data volumes as never before (Rogan and Chen 2004). The potential variety of applications for these data has

never been richer. To date, common vegetation related applications have included the abstraction of general cover,
landscape connectivity and fragmentation, invasive species, timber volume, successional stage, biodiversity, wildlife
habitat and rare and endangered plant species (Woodcock et al. 2001; Cohen and Goward 2004). Although all applications
of these data are important, the mapping and subsequent monitoring of land-cover has proved to be one of the most
successful and important. Hierarchical multi-level mapping schemes have laid the foundations for comparability between
different mapping endeavours through the use of compatible multi-scale classification schemes (Anderson et al. 1976).
Despite differences inherent to classification schemes, they all share a commonality in that the variety and detail of classes
obtainable is entirely dependent on factors such as the characteristics of the remotely sensed data utilized (e.g. spatial
resolution), as well as the land-cover distribution occurring within the targeted landscape. Regardless of the particular
scheme utilized, when employing moderate spatial resolution remotely sensed data to predict land-cover distribution, some
classes are bound to remain coarse in their representation (e.g., water bodies), whereas others can be appropriately broken
down into their finer detailed constituents (e.g., forested land being comprised of coniferous vs. broadleaf and further
broken down based on canopy/crown closure criteria).

An example of a successfully implemented land-cover mapping endeavor is the Earth Observation for Sustainable
Development of Forests (EOSD) program. Through a collaborative effort of federal, provincial, and territorial governments,
universities, and industry, a circa 2000 land-cover map representing the forested area of Canada was produced using
primarily Landsat data (Wulder et al. 2003). Another example of an operational land cover mapping initiative is the

US National Gap Analysis Program (GAP). The goal of GAP is to identify ‘gaps’ in conservation areas by producing maps
depicting the distribution of dominant vegetation types and using these maps to predict the distribution of vertebrate
species (Jennings 2000). Relying on Landsat data combined with a suite of finer detail reference information, this
cooperative effort among regional, state, and federal agencies, as well as private groups, has produced state level products
readily available for public use. For more examples of currently implemented land-cover mapping initiatives, refer to

Table 10.

Table 10: Examples of large area land cover classification programs in North America.

Program Reference Dataset Emphasis Study area location
EOSD Landsat imagery Forested area condition | Forested areas of
Canada
GAP Landsat scenes Dominant vegetation State level products for
supplemented by type and distribution the United States

digital environmental
data, field data, and
expert knowledge

NLCD 1992 Landsat imagery Categorical land cover | State level products for
distribution the United States

NLCD 2001 Landsat imagery Categorical land cover | State level products for
distribution the United States
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Although current medium spatial resolution sensors, such as those carried aboard Landsat 5 and 7 are facing difficulties
in continuing to supply data, the Earth Observing-1 (EO-1) Advanced Land Imager (ALI), launched in 2000, will ensure
excellent data continuity for temporal studies of natural resources focused on general land-cover characteristics (Bryant
et al. 2003). Specifically, the EO-1 ALI will pave the way for specifications related to sensors carried aboard the Landsat 8
platform, tentatively scheduled for launch in 2011 (Woodcock et al. 2008; Wulder et al. 2008). This will enable the long-
term continuity of land-cover products derived from medium spatial resolution remotely sensed data.

Although proven to be operationally useful for the abstraction of general land-cover characteristics, including programs
implemented at ecosystem, watershed, and wildlife specific habitat scales, the spatial and spectral resolutions of Landsat-
like data limit, and in many cases prohibit, the feasibility of operationally monitoring finer scale attributes. For example,
although the categorization and quantification of broad vegetative ecosystems may be accurately determined using
these data, due to the spatial and spectral resolution of Landsat imagery, species-specific mapping of species specific is
generally an unrealistic goal. However, larger constituents found within landscape mosaics can be accurately abstracted
and categorized, such as wetlands, and in many cases, riparian zones.

Discussion

Land cover mapping based on moderate resolution satellite imagery can be considered an operational application.

The EOSD, for example, was developed with input from MFR and includes numerous classes which are mapped across the
forested regions of Canada. Although land cover categories are typically broad and not species specific, they nonetheless
provide information which may be useful for stratification purposes, change detection, landscape fragmentation
assessments, and so on.

Mountain pine beetle and other forest health impacts

A variety of remotely sensed data can be utilized to assess the impacts of mountain pine beetle infestations. Data sources
include aerial photography, high-spatial resolution digital aerial and satellite imagery, and moderate-spatial resolution
satellite. Used individually, these data sources have potential to provide accurate spatial information about the severity
and extent of infestations, albeit at different scales (Wulder et al. 2006c). The information obtained from remotely sensed
data is dependent on the type of information required and the spatial resolution of the image. According to the type

of imagery used, remotely sensed data can guide a range of planning levels from strategic to operational, by providing

very precise spatial information to guide salvage logging of small infestations, or guide cut block layout to address large
infestations (Wulder et al. 2006b). When deciding which source of remotely sensed data to use it is important to first define
the variable of interest. If tree-level variables for operational planning are required, high-spatial resolution imagery should
be utilized as it provides the ability to detect individual tree crowns. However, if forest stand level information for strategic
planning is required, then moderate spatial resolution imagery may provide sufficient information (Wulder et al. 2006c).

Aerial photography has been the most commonly used data to map a number of damaging agents at various scales (Wulder
et al. 2006c). When acquired at a suitable scale, aerial photographs are able to resolve individual tree crowns, which is of
importance when attempting to discern the subtle changes in crown foliage colour indicative of poor tree health (Ciesla
2000). More recently high-spatial resolution digital aerial imagery has become available which are able of discerning
objects as small as 0.05 m.

Recent research indicates that if trees captured by digital imagery can be visited in the field, measurements from

each tree may be linked directly to the same trees in the imagery. For example, if diameter at breast height and crown

area is measured on each tree, it is possible to build a relationship between the two variables and then generate such
measurements for every tree within an image. If diameter can be generated, individual tree volumes can be acquired

across the imagery. Therefore, estimates of stand volume or biomass affected by mountain pine beetle infestation can be
generated using digital aerial imagery. Research at UBC is currently being conducted to determine how the proportion of
pine trees greater than 0.15 m diameter at breast height, tree age (measured during ground surveys), and stand density can
be combined with location and elevation data to provide estimates of susceptibility of stands to infestation according to a
stand susceptibility index (Shore and Safranyik 1992).
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High-spatial resolution digital aerial imagery and aerial photography provide highly accurate spatial data, but only over
relatively limited geographic extents. Satellite imagery such as QuickBird and IKONOS, however, is used to define the
severity and extent of mountain pine beetle infestations over larger areas at resolutions as low as 0.66 m (Table 11).

Table 11. Examples of red attack detection using remote sensing technologies.

Reference Dataset Variable Accuracy Study area size and

location
Franklin et al. 2003 Landsat TM Red-attack 73% Fort St. James Forest
detection (single- District
date)
Smith 2006 Landsat T™M Red-attack 67% - 78% Prince George Forest
detection (multi- Region
date)
White et al. 2005 IKONOS Red-attack 71% (low attack) Central interior of
detection 92% (high attack) British Columbia (near
Prince George)
Wulder et al. 2006a Landsat ETM+ Red-attack 86% Western Montana, Lolo
detection National Forest

High-spatial resolution satellite imagery provides the ability to detect small groups of trees infested by mountain pine
beetle, and may be used to detect individual trees before infestations expand. A study completed in lightly and moderately
infested trees near Prince George, British Columbia indicated that the IKONOS satellite sensor had the ability to detect
red-attack stands. Attacked stands were categorized into light and moderate infestation classes. When compared to
independent validation data collected from aerial photography, the accuracy of red-attack detection from IKONQS imagery
was shown to be 71% for lightly infested stands and 93% for moderately infested stands (White et al. 2005).

Moderate-spatial resolution data can be used to detect the severity and extent of infestations over broad geographic
areas. Data such as that provided by the Landsat TM and ETM+ sensors provides the opportunity to conduct landscape-
scale monitoring of mountain pine beetle red-attack and has been successfully utilized for a number of applications
(Franklin et al. 2003; Skakun et al. 2003; Wulder et al. 2006c). In the Fort St. James Forest District, for example, single-date
Landsat imagery was used to generate an estimates of red-attack detection with an accuracy of 73.3% (+ 6.7%) (Franklin
et al. 2003). Wulder et al. (2006a) used a single Landsat image in conjunction with slope and elevation surfaces to detect
mountain pine beetle infestation. These data were analyzed using a logistic regression approach to map red attack damage
in the Lolo National Forest in Montana, USA. With this method, red-attack was mapped with accuracy of 86% (+ 7%).

Furthermore, time-series analysis based on the use of Landsat data to monitor the spread of mountain pine beetle
infestation has been applied to a range of studies. For instance, Skakun et al. (2003) employed tasseled cap wetness indices
(Crist and Cicone 1984; Jensen 2006) to detect beetle-related changes in vegetation moisture. Using this approach, Skakun
et al. (2003) reported red attack detection accuracies of 76% (+ 12%) for groups of 10 to 29 infested trees, and 81% (+ 11%)
for groups of 30 to 50 infested trees.

Because a Landsat pixel measures 30 m by 30 m, it may contain an amalgamation of several forest elements typical of a
pine stand, i.e. trees, shadowing, and understorey. This amalgamation of elements may dilute the appearance of red-attack
tree crowns in each pixel and make detailed mapping difficult, because patches of infestation will become clear only

when the majority of trees within a pixel become infested. Thus, while Landsat imagery cannot define individual trees,

it is inexpensive and can provide accurate, synoptic spatial information at the grain and extent appropriate for strategic
land management.

Discussion

As stated, a large amount of research has been undertaken in British Columbia on the assessment of mountain pine
beetle infestation extent and severity. When necessary to conduct surveys at the individual tree scale, high resolution
multispectral satellite imagery may be employed. Stand level mapping, including change detection, may be conducted using
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moderate resolution imagery and standard image derivatives related to forest health. Research is currently being conducted
to ascertain whether data of various spatial and spectral resolutions can be used in combination to derive infestation
estimates over larger areas with greater efficiency. Much of this work is being undertaken by MFR’s remote sensing group,
and their results should be actively incorporated into indicator methodologies.

Road mapping

The presence of roads have implications for fish passage, stream sedimentation, slope stability, and habitat fragmentation
(e.g. Lunetta et al. 1997; Lugo and Gucinski 2000; Borga et al. 2005; Mena and Malpica 2005; Coffin 2007). Road networks
are typically stored as vector lines in a GIS database. However, the information may not be updated with sufficient
regularity to be useful for applications such as environmental impact assessments, particularly in remote areas.

Remote sensing offers the possibility to derive information related to road networks in a timely manner in areas that may
be difficult to access. While many roads are evident on moderate scale satellite imagery, those commonly used in harvest
operations likely necessitate the use of high spatial resolution optical data.

As an example of a very detailed road network survey, the state of Florida has developed the Roadway Characteristics
Inventory (RCI), which is a GIS database containing information associated with signs, pavement condition, bridges, and
drainage structures along highways.® The dataset was derived from 10 cm resolution digital orthophotos and field surveys
(Wolf and Dewitt 2000).

Yagoub (2003) describes methods used to update road networks using Landsat TM, SPOT HRV, IKONOS, and scanned

aerial photographs. While the medium spatial resolution imagery was used for regional monitoring of land use patterns,
the high spatial resolution imagery was employed to manually digitize road networks. Visual interpretation indicators
included colour, size, shape and texture. Attempts to classify roads using the lower spatial resolution data, however, were
confounded by the presence of mixed pixels.

While roads may be manually digitized from imagery (e.g.Yagoub 2003), there is ongoing research into their automated
or semi-automated extraction (Jin and Davis 2005). Mena and Malpica (2005), for example, used 2-3 m resolution optical
imagery and preexisting road vector data to extract image objects, classify them, and then update a GIS database.
While Mena and Malpica (2005) report an accuracy of approximately 70%, they also note that fully automated road
extraction is still an active area of research and not ready for operational implementation.

Discussion

Knowledge about the placement, use, and condition of forest road networks is one of the most crucial information layers
required by the FREP teams. Many indicators, including fish passage, soils, biodiversity, and habitat require frequently
updated information on roads. In some cases, however, the MFR information is up to two decades out of date, making

the contemporary use of strategic, road-related indicators very difficult. For example, in the case of Fish Passage, the
establishment of roads is a critical concern for aquatic habitat, and information on the length of roads versus the length
of streams and the number of culverts is a key strategic indicator. Another example is that of Soils, where roads are related
to indicators of soil and hydrological health. As a result, any methods which allow regular updating of the forestry road
network across the province should be keenly investigated. A number of potential data sources exist. The provincial access
to SPOT-5 imagery will allow most roads within forests to be located and delineated. Similarly, high resolution aerial
imagery allow finer scale attributes such as culverts and road condition to be mapped.

The current issue for the FREP working groups is to develop or adopt a methodology which will allow the extraction of

road attributes annually in a cost effective manner. This could be done manually using on-screen digitization, or semi-
automatically using advanced classification techniques. It is unlikely that any method will be fully automatic; however,
some degree of automation is likely to increase cost effectiveness. To move forward on the issue, a large management

area (such as a TFL or TSA) which has had significant road construction and which is of interest should be used to test
methodologies which extract road networks from available SPOT-5 imagery. The derived networks should then be compared

9 Roadway Characteristics Inventory: http://www.dot.state.fl.us/planning/statistics/rci/
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to local forestry records, field based data, or aerial imagery. Whilst the extraction of road networks from remotely sensed
data may not be viewed as interesting or innovative, the survey clearly highlighted this data gap as a major issue for a

number of resource values.

Terrain modelling

Terrain elevation models are useful for forest engineering, landslide detection (Catani et al. 2005; Dewitte et al. 2008),
flood inundation mapping and hydrologic modelling (Townsend and Walsh 1998; Ludwig and Schneider 2006 ;Sanders
2007), predicting plant and animal species distributions (Lassueur et al. 2006; Sesnie et al. 2008), and as an input for three
dimensional visualizations (Discoe 2005).

Traditionally conveyed using contour maps, elevation information is increasingly being stored in electronic formats,
including vector-based triangulated irreqular networks (TINs) consisting of Delaunay triangles, and raster formats
consisting of an array of digital numbers relating to heights. Maune (2001) provides an excellent review of the technologies
and applications of digital elevation models, including both terrestrial and bathymetric examples, and discussions on
vertical datums and accuracy standards.

Three remote sensing technologies which may be used to map terrain include photogrammetry, radar, and lidar data.
Both optical imagery and radar data may be collected using airborne or spaceborne platforms, while lidar is collected
using aerial platforms. Table 12 provides examples of accuracy assessments conducted on DEMs derived from the

three technologies.

Table 12 Examples of accuracy assessments performed on photogrammetry-, IFSAR-, and lidar-derived digital elevation models.

Reference
Hodgson et al. 2003

Shortridge 2006

Hodgson and Bresnahan 2004

Adams and Chandler 2002

Photogrammetry

Objective

Compare vertical accuracies
between lidar and IFSAR
data collected during leaf on
conditions

Asses accuracy of three arc
second SRTM data

Assess lidar error and develop
error budget

Compare lidar and 1:7,500
scale aerial photography for
detecting short-term coastal
change

Vertical accuracy

Varied by land cover type
and terrain slope. Lidar RMSE
varied from 0.33-1.53; IFSAR
varied from 1.73-15.03 m.

Overall RMSE of 6.53 m, and
90% absolute accuracy of
10.73 m,; large positive bias
in elevation errors

Varied by land cover type and
terrain slope. RMSE ranged
from 0.17-0.26 m

RMSE were 0.26m for the
lidar-derived DEM and 0.43 m
for photogrammetry

Photogrammetric DEMs may be derived from three sources of image data (Maune 2001):

traditional aerial film cameras;

digital airborne cameras, which are rapidly replacing traditional film systems; and
optical satellite systems such as IKONOS, QuickBird, SPOT, and ASTER.

Study area size or location

Watershed in North Carolina,
USA

Michigan, USA

2,000 km2 area comprising
Richland County, South
Caroline, USA

Black Ven mudslide, Dorset,
UK

Regardless of the data source, DEM derivation employs stereo image pairs to extract terrain heights using either manual or

automated techniques.

Airborne imagery may be used to create large scale terrain models (e.g. >1:10,000), but because of the lower spatial
resolution of satellite imagery, spaceborne systems are limited to mapping at smaller cartographic scales, often at

provincial or national levels.
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Accurate bare-Earth DEM development may be hampered in areas of dense vegetation where the ground is not visible.
The imagery can, however, be used for various other purposes, and when compared to lidar, photogrammetry is less data-
intensive, sometimes requires less manual editing, and often generates more pleasing cartographic contours.

Radar

Digital elevation models may be created using radar, which is an active remote sensing system operating in the
microwave portion of the electromagnetic spectrum (e.g. 3-5 cm; Jensen 2006). Terrain height estimates are made using
synthetic aperture radars (SAR). A SAR simulates a very long antennae by using the forward movement of the platform.
Interferometric synthetic aperture radar (IFSAR) is a type of SAR which uses two antennas on the same platform to
collect three-dimensional information relating to terrain (Maune 2001). Essentially, an IFSAR determines the location

of a point by solving the unknown third component of a triangle; the first two components being related to the sensor’s
antennae geometry.

Generally, radar data overestimates true terrain heights in forested areas, as short wavelength radio waves tend to interact
with leaves, while longer wavelengths will interact with larger forest components such as trunks and limbs. However, IFSAR
may offer a cost-effective mapping solution for large area, rapid mapping applications (Maune 2001; Jensen 2006).

Spaceborne platforms include the Canadian Radarsat series, ERS-2 (European Space Agency), and Envisat (European Space
Agency), which are C-band radars, and ALOS (Japan) which is an L-band system. Of note is the Shuttle Radar Topography
Mission, which mapped 80% of the Earth’s land surface in 2000. Fully processed digital elevation data is freely available for
all of British Columbia, and has a spatial resolution of three arc seconds (approximately 90 m).'° The dataset has been shown
to be have a vertical accuracy of approximately 10 m or less (Gorokhovich and Voustianiouk 2006; Shortridge 2006), which
may be considered very high given the near global extent of the mission.

Lidar

Lidar systems estimate distances between a sensor and a target based on half the elapsed time between a laser pulse
emission and the detection of a reflected return. Lidar systems can be separated into two basic types: discrete return and
waveform-recording (Lefsky et al. 2002; Lim et al. 2003). Discrete return sensors record single or multiple returns from

a given laser pulse. As the laser signal is reflected back to the sensor, large peaks are interpreted to represent discrete
objects in the path of the beam (e.g. the forest canopy, understorey, and ground). The sensor then records these peaks

as discrete points in three-dimensional space. Alternatively, full waveform instruments have a higher sampling rate and
record the full height distribution of the surfaces illuminated by the laser. Thus, within a forest canopy, discrete return
instruments produce clouds of points representing intercepted surfaces, while full waveform sensors record the entire
reflected signal for analysis (Lefsky et al. 2002). Generally, discrete return sensors use a small footprint (e.g. the laser’s
circle of illumination on the ground) several decimetres in diameter, while waveform recording sensors employ a large
footprint typically greater than 10 m in diameter. Airborne small footprint, discrete return sensors are employed for
operational mapping purposes. Regardless of the type of system employed, lidar is capable of simultaneously mapping both
vegetation height and vertical structure, and the underlying terrain’s morphology, with high accuracy.

The most critical step in deriving a DEM from a lidar point cloud is the separation of ground and non-ground returns (Xiaoye
Liu 2008). This process, however, is typically performed by the data vendor. Nonetheless, lidar may be the best choice

for terrain modelling in forest environments where the ground cannot be seen for photogrammetric derivation, and the
canopy intercepts radar waves (Hodgson et al. 2003; Sanders 2007; Xiaoye Liu 2008). In fact, under certain conditions, a
lidar derived DEM generated under forest canopy may approach the accuracy of photogrammetrically derived models in
open areas (Kraus and Pfeifer 1998). Broadly speaking, lidar point clouds tend to be dense, often with more than 1 return/
m2 in unvegetated areas. A typical lidar-derived DEM may range in spatial resolution from 0.5-5.0 m and have sub-metre
vertical accuracy.

10 SRTM homepage: http://www2.jpl.nasa.gov/srtm/
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Discussion

The development of terrain models, be they derived from photogrammetry, radar, or lidar, is an operational remote sensing
application. The issues relate to tradeoffs between vertical accuracy, spatial resolution, aerial coverage, and cost.

Large area mapping is best suited to satellite image pairs or radar, while the most detailed mapping initiatives will require
higher resolution imagery or lidar. The finest scale land surface processes of interest to FREP teams, however, such as small
landslide events ranging from 5-10 m3 in volume, may not be reliably detected by any of the technologies discussed here.

Water body and stream mapping

While most water-related or hydrological parameters are estimated using in situ point measurements, remote sensing
technologies offer a detailed, repeatable synoptic view for many associated applications. (Table 13).

Table 13 Examples of stream and water body mapping using remote sensing technologies.

Reference
James et al. 2007

Legleiter et al. 2004

Objective

Identify headwater
streams and gullies
below forest canopy.

Monitoring fluvial

Technology
Lidar

Multispectral and

Results

Identified gullies down to 3 m wide and provided
approximate measures of cross-sectional morphology

Proposed a series of operational guidelines for

systems, including hyperspectral imagery | remote sensing based stream studies. Suggested high
channel morphology radiometric resolution (e.g. 12 bit or greater) is
and in-stream habitat. desirable for bathymetric mapping, and high spectral
resolution for classification of in-stream habitat.
Lafon et al. 2002 Develop bathymetric | SPOT multispectral Mean difference between estimated and measured
maps for a shallow data depths was 20%.

tidalinlet.

Relate distribution
of chinook salmon to
stream temperature.

Airborne forward
looking infrared
(FLIR) sensor

Orgersen et al. 1999 Mapped stream temperature to within 1°C

Water body delineation

The near and mid infrared are the best regions of the electromagnetic sprectrum for discriminating between water and
ground. Water absorbs virtually all incident infrared radiation (Bukata et al. 1995), so that in an optical image it will appear
to be very dark or black. Vegetation and exposed soil, however, reflect large amounts of infrared radiation and appear bright
in comparison. Conversely, the least amount of absorption takes place in the blue portion of the electromagnetic spectrum
(0.4-0.5 pm), so that these wavelengths have the greatest penetration through a water column (Bukata et al. 1995). As a
result, visible light may be reflected by the bottom or by suspended sediment, which can make the interface between land
and water difficult to identify. Thus, infrared imagery is preferred for the accurate delineation of water and land.

Bathymetry

Bathymetry, or the bottom morphology of water bodies, may be mapped using optical imagery, sonar, and lidar data.

Most mapping involving optical imagery utilizes data with wavelengths of 0.44-0.54 pm. To be effective, however, the water
column must be almost free of suspended sediment and organic constituents (Jensen 2006). Legleiter et al. (2004) showed
a ratio of two hyperspectral bands was well correlated with depth for a range of stream conditions.

Sound navigation and ranging (sonar) may refer to four types of sensors: single beam, multiple beam, interferometric, and
side-scan sonars (Maune 2001). Unlike other technologies which rely on electromagnetic radiation to collect data, sonar
relies on acoustic energy which is emitted in short pulses to collect water depths.

Lidar may be used to map shallow near-near shore areas. A common lidar bathymeter is the Scanning Hydrographic
Operational Airborne Laser Scanner (SHOALS), which employs a blue-green laser to detect the bottom, and an infrared laser
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to detect the water surface.” The maximum water penetration depth is two to three times the Secchi depth, to a maximum
of >50 m in very clear water. In extremely turbid conditions, however, a lidar survey may not be possible. Lidar is often
used to map areas too shallow to be efficiently surveyed using sonar, and then later combined with sonar data to create a
complete bathymetric map that includes both near-and off-shore information (Maune 2001) (Jensen 2006).

Temperature

While spaceborne thermal products are available, the generation of accurate stream temperature maps requires high spatial
resolution data (Handcock et al. 2006). Typically sensing in the 8-14 um portion of the electromagnetic spectrum (Jensen
2006), state of the art sensors are capable of discriminating temperature differences of +0.10."2 An important consideration
is the effect of the atmosphere on temperature estimates, which may be biased by as much as 20C at flying altitudes of
300m (Lillesand et al. 2007). Several strategies exist to correct for atmospheric effects, and they are often based on
regressing field-based temperature measurements with image digital numbers.

Discussion

Mapping water bodies essentially falls under the category of land cover mapping, and thus may be considered an
operational remote sensing technology. In fact, water is usually one of the more accurately classified categories in land
cover mapping initiatives. So too, bathymetric mapping is routinely performed by both government and industry.

Mapping stream temperature to assess fish habitat, which is a key indicator for the Watershed Monitoring group, is one
area of possible application. Any survey would likely have to be coordinated with ground-based measurements of stream
temperature for calibration purposes and to correct for atmospheric effects.

Of particular interest to many FREP teams is the mapping of vernal water bodies underneath forest canopies. This is an area
in need of research, and the answer may lie in radar or nighttime thermal surveys. One ongoing initiative is the Canadian
Wetland Inventory, which has been putin place to map wetlands consistently across forested areas of Canada. The initiative
principally employs a combination of Landsat and Radarsat data. While this initiative is focused primarily in the east, it

will eventually be expanded to western Canada. Obviously, whilst small water bodies may not qualify as wetlands, the tools
developed may have relevance for detecting these vernal pools. A full issue of the Canadian Journal of Remote Sensing is
dedicated to this topic.

Reconnaissance mapping

Remote sensing has been used extensively for reconnaissance mapping to stratify an area in support of field activities
(Ahern and Leckie 1987). For example, the identification of acceptable samples for Karst, riparian areas, streams, wildlife
tree and coarse woody debris patches is essential to the planning of resource stewardship monitoring. The ability to apply
remote sensing information to confirm the presence of related features can improve the assessment procedure and save
considerable time in the field.

The choice of data to be employed depends on the feature(s) of interest. Moderate scale satellite imagery have been shown
to be useful for generating basic land cover maps delineating feature such as forest types and water bodies. More detailed
information requirements, however, necessitate the use of high resolution imagery (Table 1). A very useful source of

data that has recently emerged in the public domain is Google Earth.!* Google Earth contains a variety of optical and
terrain elevation data at varying spatial resolutions. It may be a useful tool for initial reconnaissance mapping, and the
professional version allows GIS and GPS data to be imported for more sophisticate applications.

Discussion

Given the range of indicators of interest to the various FREP groups, it is difficult to make broad statements about
reconnaissance mapping other than to say that it has been performed for virtually as long as remote sensing has existed.

11 Optech Inc. http://www.optech.ca
12 TItres TABI-320: http://www.itres.com/TABI_320
13 Google Earth: http://earth.google.com/index.html
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Some teams may only require general land cover information prior to conducting field surveys, while others may require
extremely detailed information on stand structure or terrain condition in order to improve the efficiency of their field
programs. The indicators of interest will ultimately decide the nature and scale of the remotely sensed data necessary for
reconnaissance mapping.

Future research

To assess the areas where future research should be focused in the remote sensing of sustainable forest indicators, a three
level category system was developed and applied below:

Category 1: Indicators which can be measured operationally, or near operationally, from remote sensing technology.
These indicators would only require small demonstration projects to transfer the potential of the technology to the MFR
/ FREP users. This research could be undertaken as small consultancies to private consulting firms, universities, or in
consultation with federal agencies and NGO’s.

Category 2: Indicators which require further research before operational implementation of the methods can occur.

These indicators are ones which would require additional research and development to be undertaken prior to the indicator
being operationally applied using digital remote sensing technology. This may involve developing projects for submission
to the BC Forest Science Program, provide support and assistance to MSC and PhD programs at Universities, or extended
consultative projects up to 5 years in length.

Category 3: Indicators where significant new research is required to ensure practical, sensitive, and cost-effective
implementation. These would be indicators where either a significant investment in research and development is
required to make the indicator operationally effective (in excess of 5 years) or indicators, which in our view, are
unable to be predicted using remote sensing unless there is a significant development (or availability) of new remote
sensing technologies.

Category 1 Indicators:

Incorporation of fire-related products into the province’s data warehouse.

As discussed, a number of remotely sensed datasets related to near real time fire locations, short term fire
boundary definition, and operational monitoring of fuel hazard and post fire burn severity are currently available.
In some cases these datasets simply need to be incorporated into the MFR image databases. In other cases,
currently operational techniques such as those used in the Unites States could be relatively easily transferred to
Canadian conditions.

Ongoing development and monitoring of a province wide, broad scale biodiversity hierarchy.

One area where digital remote sensing and modeling is relatively complementary to ongoing efforts is in the
development of a broad scale biodiversity hierarchy for the Province. Currently the Province has just completed

a broad assessment using three criteria, based on site index, age class, and landscape fragmentation. Both site
index and landscape fragmentation can be readily predicted and monitored through time using remote sensing
technology. Similarly imagery can be used as part of a time sequence to help in the prediction of disturbance and
age class distributions. As a result, remote sensing could play a major role in the ongoing estimation of this index
through time, using the recently produced dataset as critical ground truthing and validation of the approach.

The identification of semi-automated or fully automated road extraction techniques.

As discussed in this report, many FREP attribute values, including fish passage, soils, biodiversity, and wildlife
habitat, require frequently updated information on roads; however, in many cases, road information is inadequate
and does not provide information on the most recent road activity. As a result, any methods which allow regular
updating of the forestry road networks across the province should be keenly investigated. In our view, ongoing
research should be undertaken to quickly establish if the extraction of road attributes can be accomplished in

a cost effective manner using the existing high spatial resolution data available to the Ministry. A research
project could be commenced and a large management area (such as a TFL or TSA) which has had significant road
construction be highlighted and used to test methodologies which extract road networks from available SPOT-5
imagery. The derived networks should then be compared to local forestry records, field based data, or aerial
imagery. Whilst the extraction of road networks from remotely sensed data may not be viewed as interesting or
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innovative, the survey clearly highlighted this data gap as a major issue for a number of resource values.

Incorporation of remotely sensed data into habitat suitability models and risk assessments.

In many cases, remote sensing technology can provide indicators of habitat quality and suitability. However,

in most cases these datasets have been developed for specific applications and over small areas, making the
applications often user specific. As discussed in this report, this is unlikely to change because most species and
species groups have specific habitat requirements, necessitating specialized remote sensing solutions. Critical are
issues related to technology transfer, and informing the relevant MFR staff and FREP indicator teams of the
potential of remote sensing technologies. Through our interviews, key species and species groups have been
indentified, as well as key areas of focus across the province. An ongoing dialog should continue to keep these
FREP teams informed on the capacity of current remote sensing technologies and their relevance to the indicators.
The tables produced in this report may help the FREP teams in this understanding.

Category 2 Indicators:

Estimation of coarse woody debris, wildlife trees, and wind throw amounts.

The prediction of key forest inventory indicators from digital remote sensing technology is an active area of
research for both the remote sensing community and agencies such as MFR. Three areas which hold promise

and could be potentially rapidly moved forward, following a number of small targeted research programs, is the
prediction of wildlife tree class, wind throw, and coarse woody debris. In the case of wildlife tree class, methods
using lidar technology have been developed and tested in the coastal forests of Vancouver Island. The application
of these results could be expanded into other forest types across the province. The use of imagery to help

predict and detect wind throw is another area which is currently the focus of ongoing research. Coarse woody
debris detection and classification remains a non-operational application of remote sensing imagery, however,
potential exists. Lidar data is capable of detecting woody debris on the forest floor, and the more common use of
full waveform, small footprint lidar will help remove some of the current technological issues associated with its
accurate detection. In addition, exploratory projects which link FREP indicator staff concerned with coarse woody
debris and remote sensing scientists would be beneficial to help identify the most critical aspects of coarse
woody debris which require accurate detection.

Stream temperature mapping for fish habitat.

One area where the technology exists yet applications are hard to find is the use of fine spatial resolution thermal
imagery to routinely assess stream habitat. The use of this type of data is common in other applications including
mine site rehabilitation, mining, and urban studies, and many of the tools and techniques could be used in the
assessment of stream condition in forest environments. Whilst any developed technique would not be suitable

to be applied operationally across the province, it would be suitable for high value stream habitat or for the
monitoring of habitat for high value fish species.

Category 3 Indicators:

Archaeological applications, including traditional use sites and trail identification.

The application of remote sensing technology to detect archaeological features, for example trails and areas of
traditional use, is problematic, especially in the wetter forests of coastal British Columbia. In the interior, where
the areas are drier and forests less dense, it may be possible in select locations, however, the routine use of digital
remote sensing technology for this purpose in the near future is unlikely.

Invasive plant mapping.

Similarly, the development of operational tools to utilize remote sensing data to predict invasive species is very
difficult given phenological, technological, and financial constraints. The detection of key species in small
localized areas is potentially possible, but in most cases significant research will be needed to ensure that
invasives can be accurately and routinely separated from their surroundings.

33



FREP

REPORT #21

REFERENCES

Abbott, K.N., B. Leblon, G.C. Staples, D.A. Maclean, and M.E. Alexander, 2007, Fire danger monitoring using RADARSAT-1 over
northern boreal forests. International Journal of Remote Sensing, 28, pp. 1317-1338.

Adams, J.C., and J.H. Chandler, 2002, Evaluation of lidar and medium scale photogrammetry for detecting soft-cliff coastal
change. Photogrammetric Record, 17, pp. 405-418.

Ahern, F.J., and D.G. Leckie, 1987, Digital remote sensing for forestry: requirements and capabilities, today and tomorrow.
Geocarto International, 3, pp. 43-52.

Anderson, J. R., E. E. Hardy, J. T. Roach, and R. E. Witmer, 1976: A land-use and land-cover classification system for use with
remote sensor data. Geological Survey Professional Paper 964.

Aronoff, S., 2005: Remote Sensing for GIS Managers. Esri Press, 524 pp.

Asner, G.P., M.0. Jones, R.E. Martin, D.E. Knapp, and R.F. Hughes, 2008a, Remote sensing of native and invasive species in
Hawaiian forests. Remote Sensing of Environment, 112, pp. 1912-1926.

Asner, G.P., D.E. Knapp, T. Kennedy-Bowdoin, M.0. Jones, R.E. Martin, J. Boardman, and R.F. Hughes, 2008b, Invasive species
detection in Hawaiian rainforests using airborne imaging spectroscopy and LiDAR. Remote Sensing of Environment,
112, pp. 1942-1955.

Asner, G.P., and C.A. Wessman, 1997, Scaling PAR absorption from the leaf to landscape level in spatially heterogeneous
ecosystems. Ecological Modelling, 103, pp. 81-97.

Beaudoin, A., T.L. Toan, S. Goze, E. Nezry, A. Lopes, E. Mougin, C.C. Hsu, H.C. Han, J.A. Kong, and R.T. Shin, 1994, Retrieval of
forest biomass from SAR data. International Journal of Remote Sensing, 15, pp. 2777.

Bergen, S.D., R.J. McGaughey, and J.L. Fridley, 1998, Data-driven simulation, dimensional accuracy and realism in a
landscape visualization tool. Landscape and Urban Planning, 40, pp. 283-293.

Blackburn, G.A., and E.J. Milton, 1997, An ecological survey of deciduous woodlands using airborne remote sensing and
geographical information systems (GIS). International Journal of Remote Sensing, 18, pp. 1919-1935.

Borga, M., F. Tonelli, G.d. Fontana, and F. Cazorzi, 2005, Evaluating the influence of forest roads on shallow landsliding.
Ecological Modelling, 187, pp. 85-98.

Bradbury, R.B., R.A. Hill, D.C. Mason, S.A. Hinsley, J.D. Wilson, H. Baltzer, Anderson, Guy Q. A., M.J. Whittingham, 1.J.
Davenport, and P.E. Bellamy, 2005, Modelling relationships between birds and vegetation structure using airborne
LiDAR data : a review with case studies from agricultural and woodland environments. Ibis, 147, pp. 443-452.

Breckenridge, R.P., W.G. Kepner, and D.A. Mouat, 1995, A process for selecting indicators for monitoring conditions of
rangeland health. Environmental Monitoring and Assessment, 36, pp. 45-60.

Bryant, R., M.S. Moran, S.A. McElroy, C. Holifield, K.J. Thome, and T. Miura, 2003, Data continuity of Earth Observing 1 (EO-1)
Advanced Land Imager (ALI) and Landsat TM and ETM+. IEEE Transactions on Geoscience and Remote Sensing, 41,
pp. 1204-1214.

Bukata, R. P., J. H. Jerome, K. Y. Kondratyev, and D. V. Pozdnyakov, 1995: Optical Properties and Remote Sensing of Inland
and Coastal Waters. 1st ed. CRC-Press, 362 pp.

Canfield, H.E., C.J. Wilson, L.J. Lane, K.J. Crowell, and W.A. Thomas, 2005, Modeling scour and deposition in ephemeral
channels after wildfire. CATENA, 61, pp. 273-291.

Catani, F,, P. Farina, S. Moretti, G. Nico, and T. Strozzi, 2005, On the application of SAR interferometry to geomorphological
studies: estimation of landform attributes and mass movements. Geomorphology, 66, pp. 119-131.

34



FREP

REPORT #21

Chen, J.M., and J. Cihlar, 1996, Retrieving leaf area index of boreal conifer forests using Landsat TM images. Remote Sensing
of Environment, 55, pp. 153-162.

Ciesla, W. M., 2000: Remote sensing in forest health protection. FHTET Report No. 00-03, 266 pp.

Cochrane, M.A., 2000, Using vegetation reflectance variability for species level classification of hyperspectral data.
International Journal of Remote Sensing, 21, pp. 2075-2087.

Coffin, A.W., 2007, From roadkill to road ecology: A review of the ecological effects of roads. Journal of Transport Geography,
15, pp. 396-406.

Cohen, W.B., and S.N. Goward, 2004, Landsat’s role in ecological applications of remote sensing. Bioscience, 54, pp. 535-545.

Coops, N.C., and P.C. & Catling, 1997, Utilising airborne multispectral videography to predict habitat complexity in eucalypt
forests for wildlife management. Wildlife Research, 55, pp. 153-162.

Coops, N.C., C. Stone, D.S. Culvenor, and L. Chisholm, 2004a, Assessment of crown condition in eucalypt vegetation by
remotely sensed optical indices. Journal of Environmental Quality, 33, pp. 956-964.

Coops, N.C., M.A. Wulder, D.S. Culvenor, and B. St-Onge, 2004b, Comparison of forest attributes extracted from fine spatial
resolution multispectral and lidar data. Canadian Journal of Remote Sensing, 30, pp. 855-866.

Crist, E.P., and R.C. Cicone, 1984, Application of the tasseled cap concept to simulated thematic mapper data.
Photogrammetric Engineering and Remote Sensing, 50, pp. 343-352.

Crow, P., S. Benham, B. Devereux, and G. Amable, 2007, Woodland vegetation and its implications for archaeological survey
using LiDAR. Forestry, 80, pp. 241-252.

Csiszar, I.A., J.T. Morisette, and L. Giglio, 2006, Validation of active fire detection from moderate-resolution satellite
sensors: the MODIS example in northern Eurasia. IEEE Transactions on Geoscience and Remote Sensing, 44, pp. 1757-
1764.

Dewitte, 0., J.-. Jasselette, Y. Cornet, M. Van Den Eeckhaut, A. Collignon, J. Poesen, and A. Demoulin, 2008, Tracking
landslide displacements by multi-temporal DTMs: A combined aerial stereophotogrammetric and LIDAR approach in
western Belgium. Engineering Geology, 99, pp. 11-22.

Discoe, B., 2005, Data sources for three-dimensional models. In Visualization in Landscape and Environmental Planning:
Technologies and Applications, I. Bishop and E. Lange (Eds.), pp. 35-49 (New York: Taylor & Francis, 2005).

Dobson, M.C., F.T. Ulaby, L.E. Pierce, T.L. Sharik, K.M. Bergen, J. Kellndorfer, J.R. Kendra, E. Li, Y.C. Lin, A. Nashashibi, K.
Sarabandi, and P. Siqueira, 1995, Estimation of forest biophysical characteristics in Northern Michigan with SIR-C/X-
SAR. IEEE Transactions on Geoscience and Remote Sensing, 33, pp. 877-895.

Dralle, K., and M. Rudemo, 1996, Stem number estimation by kernel smoothing of aerial photos. Canadian Journal of Forest
Research, 26, pp. 1228-1236.

Eidenshink, J., B. Schwind, K. Brewer, Z. Zhu, B. Quayle, and S. Howard, 2007, A project for monitoring trends in burn severity.
Fire Ecology Special Issue, 3, pp. 3-21.

Francis, A.P., and D.J. Currie, 2003, A globally consistent richness-climate relationship for angiosperms. The American
Naturalist, 161, pp. 523-536.

Franklin, J., S.R. Phinn, C.E. Woodcock, and J. Rogan, 2003, Rationale and conceptual framework for classification
approaches to assess forest resources and properties. In Methods and Applications for Remote Sensing of
Forests: Concepts and Case Studies, M.A. Wulder and S. Franklin (Eds.), pp. 279-300 (Boston: Kluwer Academic
Publishers, 2003).

35



FREP

REPORT #21

Franklin, S.E., G.B. Stenhouse, M.J. Hansen, C.C. Popplewell, J.A. Dechka, and D.R. Peddle, 2001, An integrated decision tree
approach (IDTA) to mapping land cover using satellite remote sensing in support of grizzly bear habitat analysis in
the Alberta Yellowhead ecosystem. Canadian Journal of Remote Sensing, 27, pp. 579-592.

Franklin, S.E., M.A. Wulder, R.S. Skakun, and A.L. Carroll, 2003, Mountain pine beetle red-attack forest damage classification
using stratified Landsat TM data in British Columbia, Canada. Photogrammetric Engineering and Remote Sensing, 69,
pp. 283-288.

Franklin, S. E., 2001: Remote Sensing for Sustainable Forest Management. 1st ed. Lewis Publishers, 407 pp.

Fraser, R.H., Z. Li, and J. Cihlar, 2000, Hotspot and NDVI differencing synergy (HANDS): a new technique for burned area
mapping over boreal forest. Remote Sensing of Environment, 74, pp. 362-376.

Giglio, L., 2005: MODIS Collection 4 Active Fire Product User’s Guide. 41 pp.

Giglio, L., J. Descloitres, C.0. Justice, and Y.J. Kaufman, 2003, An Enhanced Contextual Fire Detection Algorithm for MODIS.
Remote Sensing of Environment, 87, pp. 273-282.

Glenn, N.F., J.T. Mundt, K.T. Weber, T.S. Prather, L.W. Lass, and J. Pettingill, 2005, Hyperspectral data processing for repeat
detection of small infestations of leafy spurge. Remote Sensing of Environment, 95, pp. 399-412.

Goodwin, N., R. Turner, and R. Merton, 2005, Classifying Eucalyptus forests with high spatial and spectral resolution
imagery: an investigation of individual species and vegetation communities. Australian Journal of Botany
Australian Journal of Botany, 23, pp. 337-345.

Goodwin, N.R., N.C. Coops, and D.S. Culvenor, 2006, Assessment of forest structure with airborne LiDAR and the effects of
platform altitude. Remote Sensing of Environment, 103, pp. 140-152.

Gorokhovich, Y., and A. Voustianiouk, 2006, Accuracy assessment of the processed SRTM-based elevation data by
CGIAR using field data from USA and Thailand and its relation to the terrain characteristics. Remote Sensing of
Environment, 104, pp. 409-415.

Gottschalk, T.K., F. Huettmann, and M. Ehlers, 2005, Review article: Thirty years of analysing and modelling avian habitat
relationships using satellite imagery data: a review. International Journal of Remote Sensing, 26, pp. 2631.

Hall, S.A., I.C. Burke, D.0. Box, M.R. Kaufmann, and J.M. Stoker, 2005, Estimating stand structure using discrete-return lidar:
an example from low density, fire prone ponderosa pine forests. Forest Ecology and Management, 208, pp. 189-209.

Handcock, R.N., A.R. Gillespie, K.A. Cherkauer, J.E. Kay, S.J. Burges, and S.K. Kampf, 2006, Accuracy and uncertainty of
thermal-infrared remote sensing of stream temperatures at multiple spatial scales. Remote Sensing of Environment,
100, pp. 427-440.

Hawkins, B.A., R. Field, H.V. Cornell, D.J. Currie, J.F. Guegan, D.M. Kaufman, J.T. Kerr, G.G. Mittelbach, T. Oberdorff, E.M.
0'Brien, E.E. Porter, and J.R.G. Turner, 2003, Energy, water, and broad-scale geographic patterns of species richness.
Ecology, 84, pp. 3105-3117.

Hengl, T., 2006, Finding the right pixel size. Computers & Geosciences, 32, pp. 1283-1298.

Hill, .M., L.A. Graham, R.J. Henry, and D.M. Cotter, 2000, Wide-area topographic mapping and applications using airborne
LIght Detection and Ranging (LiDAR) technology. Photogrammetric Engineering and Remote Sensing, 66, pp. 908-
927.

Hodgson, M.E., and P. Bresnahan, 2004, Accuracy of airborne lidar-derived elevation: empirical assessment and error budget.
Photogrammetric Engineering and Remote Sensing, 70, pp. 331-339.

Hodgson, M.E., J.R. Jensen, L. Schmidt, S. Schill, and B. Davis, 2003, An evaluation of LIDAR- and IFSAR-derived digital
elevation models in leaf-on conditions with USGS Level 1 and Level 2 DEMs. Remote Sensing of Environment, 84,
pp. 295-308.

36



FREP

REPORT #21

Hoekman, D.H., and M.J. Quinones, 2000, Land cover type and biomass classification using AirSAR data for evaluation of
monitoring scenarios in the Colombian Amazon. IEEE Transactions on Geoscience and Remote Sensing, 38, pp. 685-
696.

Holcomb, D.W., 2001, Imaging radar and archaeological survey: an example from the Gobi Desert of southern Mongolia.
Journal of Field Archaeology, 28, pp. 131-141.

Huber, T.P., and K.E. Casler, 1990, Initial analysis of Landsat TM data for elk habitat mapping. International Journal of
Remote Sensing, 11, pp. 907.

Huete, A., C. Justice, and H. Liu, 1994, Development of vegetation and soil indices for MODIS-EQS. Remote Sensing of
Environment, 49, pp. 224-234.

Hyyppd, J., H. Hyyppa, M. Inkinen, M. Engdahl, S. Linko, and Y. Zhu, 2000, Accuracy comparison of various remote sensing
data sources in the retrieval of forest stand attributes. Forest Ecology and Management, 128, pp. 109-120.

James, L.A., D.G. Watson, and W.F. Hansen, 2007, Using LiDAR data to map gullies and headwater streams under forest
canopy: South Carolina, USA. CATENA, 71, pp. 132-144.

Jennings, M.D., 2000, Gap analysis: concepts, methods, and recent results. Landscape Ecology, 15, pp. 5-20.
Jensen, J. R., 2006: Remote Sensing of the Environment: An Earth Resource Perspective. 2nd ed. Prentice Hall, 608 pp.

Jin, X., and C.H. Davis, 2005, An integrated system for automatic road mapping from high-resolution multi-spectral satellite
imagery by information fusion. Information Fusion, 6, pp. 257-273.

Justice, C.0., L. Giglio, S. Korontzi, J. Owens, J.T. Morisette, D. Roy, J. Descloitres, S. Alleaume, F. Petitcolin, and Y. Kaufman,
2002, The MODIS fire products. Remote Sensing of Environment, 83, pp. 244-262.

Kasischke, E.S., J.M. Melack, and M. Craig Dobson, 1997, The use of imaging radars for ecological applications—A review.
Remote Sensing of Environment, 59, pp. 141-156.

Kaufman, Y.J., C. Ichoku, L. Giglio, S. Korontzi, D.A. Chu, W.M. Hao, R.-. Li, and C.0. Justice, 2003, Fire and smoke
observed from the Earth Observing System MODIS instrument—products, validation, and operational use.
International Journal of Remote Sensing, 24, pp. 1765-1781.

Kennedy, R.E., W.B. Cohen, and T.A. Schroeder, 2007, Trajectory-based change detection for automated characterization of
forest disturbance dynamics. Remote Sensing of Environment, 110, pp. 370-386.

Kraus, K., and N. Pfeifer, 1998, Determination of terrain models in wooded areas with airborne scanner data.
Photogrammetric Engineering and Remote Sensing, 53, pp. 193-203.

Lafon, V., J.M. Froidefond, F. Lahet, and P. Castaing, 2002, SPOT shallow water bathymetry of a moderately turbid tidal inlet
based on field measurements. Remote Sensing of Environment, 81, pp. 136-148.

Lasaponara, R., and A. Lanorte, 2007, On the capability of satellite VHR QuickBird data for fuel type characterization in
fragmented landscape. Ecological Modelling, 204, pp. 79-84.

Lasaponara, R., and N. Masini, 2007, Detection of archaeological crop marks by using satellite QuickBird multispectral
imagery. Journal of Archaeological Science, 34, pp. 214-221.

Lassueur, T., S. Joost, and C.F. Randin, 2006, Very high resolution digital elevation models: Do they improve models of plant
species distribution? Ecological Modelling, 198, pp. 139-153.

Leathwick, J.R., B.R. Burns, and B.D. Clarkson, 1998, Environmental correlates of tree alpha-diversity in New Zealand primary
forests. Ecography, 21, pp. 235-246.

Leckie, D.G., M.D. Gillis, F.A. Gougeon, M. Lodin, J. Wakelin, and X. Yuan, 1998, Computer-assisted photo interpretation aids
to forest inventory mapping: Some possible approaches. In Proceedings Automated Interpretation of High Spatial

37



FREP

REPORT #21

Resolution Digital Imagery for Forestry, D.A. Hill and D.G. Leckie (Eds.), pp. 335-344 (Victoria: Canadian Forest
Service, 1998).

Leckie, D.G., F.A. Gougeon, S. Tinis, T. Nelson, C.N. Burnett, and D. Paradine, 2005, Automated tree recognition in old growth
conifer stands with high resolution digital imagery. Remote Sensing of Environment, 94, pp. 311-326.

Lee, H., K. C. Slatton, and H. Jhee, 2005, Detecting forest trails occluded by dense canopies using ALSM data. In Institute of
Electrical & Electronics Enginee), pp. 3587-3590.

Lefsky, M.A., W.B. Cohen, G.G. Parker, and D.J. Harding, 2002, Lidar remote sensing for ecosystem studies. BioScience, 52,
pp. 19-30.

Legleiter, C.J., D.A. Roberts, W.A. Marcus, and M.A. Fonstad, 2004, Passive optical remote sensing of river channel
morphology and in-stream habitat: Physical basis and feasibility. Remote Sensing of Environment, 93, pp. 493-510.

Lentile, L.B., P. Morgan, A.T. Hudak, M.J. Bobbitt, S.A. Lewis, A. Smith, and P.R. Robichaud, 2007, Post-fire burn severity and
vegetation response following eight large wildfires across the Western United States. Fire Ecology Special Issue, 3,
pp. 91-108.

Lévesque, J., and D.J. King, 2003, Spatial analysis of radiometric fractions from high-resolution multispectral imagery
for modelling individual tree crown and forest canopy structure and health. Remote Sensing of Environment, 84,
pp. 589-602.

Li, Z., S. Nadon, J. Cihlar, and B. Stocks, 2000, Satellite-based mapping of Canadian boreal forest fires: evaluation and
comparison of algorithms. International Journal of Remote Sensing, 21, pp. 3071-3082.

Lillesand, T. M., R. W. Kiefer, and J. W. Chipman, 2007: Remote Sensing and Image Interpretation. 6th ed. Wiley, 768 pp.

Lim, K., P. Treitz, M. Wulder, B. St-Onge, and M. Flood, 2003, LiDAR remote sensing of forest structure. Progress in Physical
Geography, 27, pp. 88-106.

Ludwig, R., and P. Schneider, 2006, Validation of digital elevation models from SRTM X-SAR for applications in hydrologic
modeling. ISPRS Journal of Photogrammetry and Remote Sensing, 60, pp. 339-358.

Lugo, A.E., and H. Gucinski, 2000, Function, effects, and management of forest roads. Forest Ecology and Management, 133,
pp. 249-262.

Lunetta, R.S., B.L. Cosentlno, D.R. Montgomery, E.M. Beamer, and T.J. Beechie, 1997, GIS-based evaluation of salmon habitat
in the Pacific Northwest. Photogrammetric engineering and remote sensing, 63, pp. 1219-1229.

Luoto, M., R. Virkkala, R.K. Heikkinen, and K. Rainio, 2004, Predicting bird species richness using remote sensing in boreal
agricultural-forest mosaics. Ecological Applications, 14, pp. 1946-1962.

Maltamo, M., P. Packalén, X. Yu, K. Eerikdinen, J. Hyyppd, and J. Pitkdnen, 2005, Identifying and quantifying structural
characteristics of heterogeneous boreal forests using laser scanner data. Forest Ecology and Management, 216,
pp. 41-50.

Maune, D. F. (Ed.), 2001, Digital elevation model technologies and applications: The DEM users manual. pp. 539 (Bethesda:
American Society for Photogrammetry and Remote Sensing).

Mena, J.B., and J.A. Malpica, 2005, An automatic method for road extraction in rural and semi-urban areas starting from
high resolution satellite imagery. Pattern Recognition Letters, 26, pp. 1201-1220.

Miao, X., P. Gong, S. Swope, R. Pu, R. Carruthers, G.L. Anderson, J.S. Heaton, and C.R. Tracy, 2006, Estimation of yellow
starthistle abundance through CASI-2 hyperspectral imagery using linear spectral mixture models. Remote Sensing
of Environment, 101, pp. 329-341.

38



FREP

REPORT #21

Miller, K.V., and M.J. Conroy, 1990, Spot Satellite Imagery for Mapping Kirtland’s Warbler Wintering Habitat in the Bahamas.
Wildlife Society Bulletin, 18, pp. 252-257.

Mollot, L.A., and R.E. Bilby, 2007, The use of geographic information systems, remote sensing, and suitability modeling to
identify conifer restoration sites with high biological potential for anadromous fish at the cedar river municipal
watershed in western Washington, U.S.A. Restoration Ecology, , pp. 1-12.

Morisette, J.T., C.S. Jarnevich, A. Ullah, W. Cai, J.A. Pedelty, J.E. Gentle, T.J. Stohlgren, and J.L. Schnase, 2006, A tamarisk
habitat suitability map for the continental United States. Frontiers in Ecology and the Environment, 4, pp. 11-17.

Mundt, J.T., N.F. Glenn, K.T. Weber, T.S. Prather, L.W. Lass, and J. Pettingill, 2005, Discrimination of hoary cress and
determination of its detection limits via hyperspectral image processing and accuracy assessment techniques.
Remote Sensing of Environment, 96, pp. 509-517.

Mutlu, M., S.C. Popescu, C. Stripling, and T. Spencer, 2008, Mapping surface fuel models using lidar and multispectral data
fusion for fire behavior. Remote Sensing of Environment, 112, pp. 274-285.

Niemann, K.0., and D.G. Goodenough, 2003, Evaluation of HYPERION data for forestry applications: coastal Douglas-fir and
western hemlock. IEEE International Geoscience and Remote Sensing Symposium, 6, pp. 3769-3771.

Nilsen, E.B., I. Herfindal, and J.D.C. Linnell, 2005, Can intra-specific variation in carnivore home-range size be explained
using remote-sensing estimates of environmental productivity? Ecoscience, 12, pp. 68-75.

Norris, K.H., R.F. Barnes, J.E. Moore, and J.S. Shenk, 1976, Predicting forage quality by infrared reflectance spectroscopy.
Journal of Animal Science, 43, pp. 889-897.

Orland, B., 2005, ‘Calibrating’ images to more accurately represent future landscape conditions in forestry. In Visualization
in Landscape and Environmental Planning: Technologies and Applications, I. Bishop and E. Lange (Eds.), pp. 104-111
(New York: Francis & Taylor, 2005).

Peery, M.Z., R.J. Gutierrez, and M.E. Seamans, 1999, Habitat composition and configuration around Mexican spotted owl
nest and roost sites in the Tularosa Mountains, New Mexico. Journal of Wildlife Management, 63, pp. 36-43.

Pinheiro, A.C.T., J. Descloitres, J.L. Privette, J. Susskind, L. Iredell, and J. Schmaltz, 2007, Near-real time retrievals of land
surface temperature within the MODIS Rapid Response System. Remote Sensing of Environment, 106, pp. 326-336.

Pu, R., Z. Li, P. Gong, 1. Csiszar, R. Fraser, W. Hao, S. Kondragunta, and F. Weng, 2007, Development and analysis of a 12-year
daily 1-km forest fire dataset across North America from NOAA/AVHRR data. Remote Sensing of Environment, 108,
pp. 198-208.

Rauste, Y., T. Hame, J. Pulliainen, K. Heiska, and M. Hallikainen, 1994, Radar-based forest biomass estimation.
International Journal of Remote Sensing, 15, pp. 2797.

Riafo, D., E. Meier, B. Allgower, E. Chuvieco, and S.L. Ustin, 2003, Modeling airborne laser scanning data for the spatial
generation of critical forest parameters in fire behavior modeling. Remote Sensing of Environment, 86, pp. 177-186.

Rodriguez, M.A, J.A. Belmontes, and B.A. Hawkins, 2005, Energy, water and large-scale patterns of reptile and amphibian
species richness in Europe. Acta Oecologica, 28, pp. 65-70.

Rogan, J., and D. Chen, 2004, Remote sensing technology for mapping and monitoring land-cover and land-use change.
Progress in Planning, 61, pp. 301-325.

Sanders, B.F., 2007, Evaluation of on-line DEMs for flood inundation modeling. Advances in Water Resources, 30, pp. 1831-
1843.

Sandvoss, M., B. McClymont, and C. Farnden, 2005: A User’s Guide to the Vegetation Resources Inventory. Tolko Industries
Ltd., 90 pp.

39



FREP

REPORT #21

Schroeder, T.A., W.B. Cohen, and Z. Yang, 2007, Patterns of forest regrowth following clearcutting in western Oregon as
determined from a Landsat time-series. Forest Ecology and Management, 243, pp. 259-273.

Schuler, D.L., L. Jong-Sen, and G. De Grandi, 1996, Measurement of topography using polarimetric SAR images.
IEEE Transactions on Geoscience and Remote Sensing, 34, pp. 1266-1277.

Seielstad, C.A., and L.P. Queen, 2003, Using airborne laser altimetry to determine fuel models for estimating fire behaviour.
Journal of Forestry, 101, pp. 10-17.

Sesnie, S.E., P.E. Gessler, B. Finegan, and S. Thessler, 2008, Integrating Landsat TM and SRTM-DEM derived variables
with decision trees for habitat classification and change detection in complex neotropical environments.
Remote Sensing of Environment, 112, pp. 2145-2159.

Sheppard, S. R. J., J. L. Lewis, and C. Akai, 2004: Landscape Visualization: An Extension Guide for First Nations and Rural
Communities. Sustainable Forest Management Network, 90 pp.

Shore, T. L., and L. Safranyik, 1992: Susceptibility and risk rating systems for the mountain pine beetle in lodgepole pine
stands. Information Report BC-X-336,

Shortridge, A., 2006, Shuttle Radar Topography Mission elevation data error and its relationship to land cover.
Cartography and Geographic Information Science, 33, pp. 65-75.

Skakun, R.S., M.A. Wulder, and S.E. Franklin, 2003, Sensitivity of the thematic mapper enhanced wetness difference index to
detect mountain pine beetle red-attack damage. Remote Sensing of Environment, 86, pp. 433-443.

Smith, R. B., 2006: Introduction to hyperspectral imaging with TNTmips. 1 pp.

Stone, C., N. Coops, and D. Culvenor, 2000, Conceptual development of a eucalypt canopy condition index using high
resolution spatial and spectral remote sensing imagery. Journal of Sustainable Forestry, 11, pp. 23-45.

Stow, D., A. Petersen, A. Hope, R. Engstrom, and L. Coulter, 2007, Greenness trends of Arctic tundra vegetation in the 1990s:
comparison of two NDVI data sets from NOAA AVHRR systems. 28, pp. 4807-4822.

Stow, D.A., A. Hope, D. McGuire, D. Verbyla, J. Gamon, F. Huemmrich, S. Houston, C. Racine, M. Sturm, K. Tape, L. Hinzman,
K. Yoshikawa, C. Tweedie, B. Noyle, C. Silapaswan, D. Douglas, B. Griffith, G. Jia, H. Epstein, D. Walker, S. Daeschner,
A. Petersen, L. Zhou, and R. Myneni, 2004, Remote sensing of vegetation and land-cover change in Arctic Tundra
Ecosystems. Remote Sensing of Environment, 89, pp. 281-308.

Ticehurst, C., A. Held, and S. Phinn, 2004, Integrating JERS-1 imaging radar and elevation models for mapping tropical
vegetation communities in Far North Queensland, Australia. Photogrammetric Engineering and Remote Sensing, 70,
pp. 1259-1266.

Torgersen, C.E., D.M. Price, H.W. Li, and B.A. McIntosh, 1999, Multiscale thermal refugia and stream habitat associations of
chinook salmon in northeastern Oregon. Ecological Applications, 9, pp. 301-319.

Townsend, P.A., and S.J. Walsh, 1998, Modeling floodplain inundation using an integrated GIS with radar and optical remote
sensing. Geomorphology, 21, pp. 295-312.

Tueller, P.T., 1996, Rangeland management. In The Remote Sensing Core Curriculum, Applications in Remote Sensing,
Anonymous 1996).

Turner, C.L., T.R. Seastedt, M.I. Dyer, T.G.F. Kittel, and D.S. Schimel, 1992, Effects of management and topography on the
radiometric response of a tallgrass prairie. Journal of Geophysical Research-Atmospheres, 97, pp. 18,855-18,866.

Underwood, E., S. Ustin, and D. DiPietro, 2003, Mapping nonnative plants using hyperspectral imagery. Remote Sensing of
Environment, 86, pp. 150-161.

40



FREP

REPORT #21

van Aardt, J.A.N., and R.H. Wynne, 2007, Examining pine spectral separability using hyperspectral data from an airborne
sensor: An extension of field-based results. International Journal of Remote Sensing, 28, pp. 431.

Vepakomma, U., B. St-Onge, and D. Kneeshaw, 2008, Spatially explicit characterization of boreal forest gap dynamics using
multi-temporal lidar data. Remote Sensing of Environment, 112, pp. 2326-2340.

Vierling, K.T., L.A. Vierling, W.A. Gould, S. Martinuzzi, and R.M. Clawges, 2008, Lidar: shedding new light on habitat
characterization and modeling. Frontiers in Ecology and the Environment, 6, pp. 90-98.

Waller, J.S., and R.D. Mace, 1997, Grizzly Bear Habitat Selection in the Swan Mountains, Montana. The Journal of Wildlife
Management, 61, pp. 1032-1039.

Waring, R.H., J. Way, E.R. Hunt Jr., L. Morrissey, K. Jon Ranson, J.F. Weishampel, R. Oren, and S.E. Franklin, 1995, Imaging
Radar for Ecosystem Studies. Bioscience, 45, pp. 715-723.

White, J.D., K.C. Ryan, C.C. Key, and S.W. Running, 1996, Remote sensing of forest fire severity and vegetation recovery.
International Journal of Wildland Fire, 6, pp. 125-136.

White, J.C., M.A. Wulder, D. Brooks, R. Reich, and R.D. Wheate, 2005, Detection of red attack stage mountain pine beetle
infestation with high spatial resolution satellite imagery. Remote Sensing of Environment, 96, pp. 340-351.

Williams, A.E.P., and E.R. Hunt, 2004, Accuracy assessment for detection of leafy spurge with hyperspectral imagery.
Journal of Range Management, 57, pp. 106-112.

Wolf, P. R., and B. A. Dewitt, 2000: Elements of Photogrammetry With Applications in GIS. 3rd ed. McGraw Hill, 606 pp.

Woodcock, C.E., A.A. Allen, M. Anderson, A.S. Belward, R. Bindschadler, W.B. Cohen, F. Gao, S.N. Goward, D. Helder, E. Helmer,
R. Nemani, L. Oreapoulos, J. Schott, P.S. Thenkabhail, E.F. Vermote, J. Vogelmann, M.A. Wulder, and R. Wynne, 2008,
Free access to Landsat imagery. Science, 320, pp. 1011.

Woodcock, C.E., S.A. Macomber, M. Pax-Lenney, and W.B. Cohen, 2001, Monitoring large areas for forest change using
Landsat: Generalization across space, time and Landsat sensors. Remote Sensing of Environment, 78, pp. 194-203.

Wulder, M., 1998, Optical remote sensing techniques for the assessment of forest inventory and biophysical parameters.
Progress in Physical Geography, 22, pp. 449-476

Wulder, M.A., J.A. Dechka, M.A. Gillis, J.E. Luther, R.J. Hall, A. Beaudoin, and S.E. Franklin, 2003, Operational mapping of the
land cover of the forested area of Canada with Landsat data: EOSD land cover program. The Forestry Chronicle, 79,
pp. 1075-1083.

Wulder, M.A., R.J. Hall, N.C. Coops, and S.E. Franklin, 2004, High spatial resolution remotely sensed data for ecosystem
characterization. Bioscience, 54, pp. 511-521.

Wulder, M.A., J.C. White, B. Bentz, M.F. Alvarez, and N.C. Coops, 20063, Estimating the probability of mountain pine beetle
red-attack damage. Remote Sensing of Environment, 101, pp. 150-166.

Wulder, M.A., J.C. White, B.J. Bentz, and T. Ebata, 2006b, Augmenting the existing survey hierarchy for mountain pine beetle
red-attack damage with satellite remotely sensed data. Forestry Chronicle, 82, pp. 187-202.

Wulder, M.A., C.C. Dymond, J.C. White, D.G. Leckie, and A.L. Carroll, 2006c, Surveying mountain pine beetle damage of
forests: A review of remote sensing opportunities. Forest Ecology and Management, 221, pp. 27-41.

Wulder, M. A., and S. E. Franklin, 2002, Remote sensing methods in medium spatial resolution satellite data land cover
classification of large areas. Progress in Physical Geography, 26, pp. 173-205

Wulder, M. A., and S. E. Franklin, 2003: Remote Sensing of Forest Environments: Concepts and Case Studies. Kluwer Academic
Publishers, 519 pp.

41



FREP

REPORT #21

Wulder, M.A., J.C. White, S.N. Goward, J.G. Masek, J.R. Irons, M. Herold, W.B. Cohen, T.R. Loveland, and C.E. Woodcock, 2008,
Landsat continuity: Issues and opportunities for land cover monitoring. Remote Sensing of Environment, 112,
pp. 955-969.

Wulder, M.A., E.F. LeDrew, S.E. Franklin, and M.B. Lavigne, 1998, Aerial Image Texture Information in the Estimation of
Northern Deciduous and Mixed Wood Forest Leaf Area Index (LAI). Remote Sensing of Environment, 64, pp. 64-76.

Xiaoye Liu,, 2008, Airborne LiDAR for DEM generation: some critical issues. Progress in Physical Geography, 32, pp. 31-49.
Yagoub, M. M., 2003, Urban road network detection from satellite imagery. In Berlin, pp. 288-293.

Zagalikis, G., A.D. Cameron, and D.R. & Miller, 2005, The application of digital photogrammetry and image analysis
techniques to derive tree and stand characteristics. Canadian Journal of Forest Research, 35, pp. 1224-1237.

42



FREP

REPORT #21

APPENDIX A: SENSOR SPECIFICATIONS AND DATA AVAILABILITY

The following section briefly describes the remote sensing systems discussed in this report (Table 14). Archived data,
including aerial orthophotography, and Landsat 5, Landsat 7, SPOT 5, IKONOS, QuickBird, and IRS satellite images are
available online at GeoBC, the Province of British Columbia Crown Registry and Geographic Base’s online gateway.' These
data are either free or provided at reduced cost to Government of British Columbia employees who have an IDIR account

(Simons, S., Pers. Comm., 12 June 2008).

A very useful source of data that has recently emerged in the public domain is Google Earth.' Google Earth contains a
variety of optical and terrain elevation data at varying spatial resolutions. It may be a useful tool for initial reconnaissance
mapping, and the professional version allows GIS and GPS data to be imported for more sophisticated applications.

Table 14 Selected satellite sensors, their spatial resolutions and their availability.

Sensor
GeoEye-1

IKONOS
QuickBird

SPOT 2 and SPOT 4
SPOT 5

LISS-III

Landsat-5 Thematic Mapper

Landsat-7 Enhanced Thematic Mapper
Plus

Advanced Land Imager
MODIS

Radarsat-1

Radarsat-2

GeoEye-1

Specifications

Spatial Resolution

Spatial Resolution

0.41 m panchromatic, 1.65 m
multispectral

0.82 m panchromatic, 3.2 m
multispectral at nadir

panchromatic, 2.44m multispectral at
nadir

10 m panchromatic, 20m multispectral

Two 5 m panchromatic sensors combine
for 2.5 m, 10-20 m multispectral

23.5 m multispectral

30 m multispectral, 120m thermal

15 m panchromatic, 30 m multispectral,
60 m thermal

10 m panchromatic, 30 m multispectral
250m - 1000m

8-100m

3-100m

Availability
Sold by GeoEye

Satellite Imaging Corp and online from
GeoBC

MDA Corporation and online from GeoBC

Tunctus Geomatics Corp.

Tunctus Geomatics Corp. and online from
GeoBC

ASRC Management Services

MDA Geospatial services ,and online from
GeoBC and USGS

MDA Geospatial services ,and online from
GeoBC and USGS

United States Geological Survey
Free from NASA

MDA Geospatial services

MDA Geospatial Services

0.41 m panchromatic at nadir
1.65 m multispectral at nadir

Spectral resolution
Panchromatic, 0.45-0.9 pm
Blue, 0.45-0.52 ym
Green, 0.52-0.60 pm
Red, 0.625-0.695 pm
Near infrared, 0.76-0.90 pm

14 GeoBC: http://www.ilmb.gov.bc.ca/bmgs/products/
15 Google Earth: http://earth.google.com/index.html

43



FREP

REPORT #21

Radiometric resolution
11 bits

Temporal resolution
8.3 days when 10° off nadir
2.8 days when 28° off nadir
2.1 days when 35° off nadir

Availability

GeoEye-1 will be the highest spatial resolution spaceborne optical data commercially available. The satellite is slated for
launch on 22 August 2008, and data will become available approximate two months later. The data will be sold by GeoEye.

IKONOS

Specifications

Spatial resolution
1 m panchromatic when 26° off nadir
4 m multispectral when 26° off nadir
0.82 m panchromatic when at nadir
3.2 m multispectral when at nadir

Spectral resolution
Panchromatic, 0.45-0.90 um
Blue, 0.445-0.516 ym
Green, 0.506-0.595 pm
Red, 0.632-0.698 pm
Near infrared, 0.757-0.853 um

Radiometric resolution
11 bits per pixel

Temporal resolution
3-5 days off-nadir
144 days true nadir

Availability

Available from the Satellite Imaging Corporation,” Geoeye,'® and online at GeoBC

QuickBird

Specifications

Spatial resolution
0.72 m panchromatic when 25° off nadir
2.88 m multispectral when 25° off nadir
0.61 m panchromatic when at nadir
2.44 m multispectral when at nadir

16 GeokEye: http://www.geoeye.com/CorpSite/
17 Satellite Imaging Corporation IKONOS page: http://www.satimagingcorp.com/gallery-ikonos.html
18 GeoEye: http://www.geoeye.com/CorpSite/
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Spectral resolution
Panchromatic, 0.45-0.90 um
Blue, 0.45-0.52 ym
Green, 0.52-0.60 pm
Red, 0.63-0.69 pm
Near infrared, 0.76-0.90 pm

Radiometric resolution
11 bits per pixel

Temporal resolution
7 days at 00-15° off nadir at a latitude of 50°
4 days at 00-25° off nadir at a latitude of 50°
2 day at 00-45° off nadir at a latitude of 50°

Availability

Available from MDA corporation®® and online from GeoBC.

Specifications

Spatial resolution
10 m panchromatic
20 m multispectral

Spectral resolution
Green, 0.50-0.59 um
Red, 0.61-0.68 pm
Near infrared, 0.78-0.89 pm
Shortwave infrared, 1.58-1.75 pm (SPOT 4 only)

Radiometric resolution
8 bits per pixel

Temporal resolution
1 and 4 days alternatively when viewing off-nadir
26 days at nadir

Availability

Available from Iunctus Geomatics Corporation.?

SPOT 5 High Geometric Resolution (HGR)

Specifications

Spatial resolution

Two 5 m panchromatic sensors, can be combined to generate a 2.5 m product

10 m multispectral
20 m shortwave infrared

19 MDA Geospatial services: http://gs.mdacorporation.com/
20 Iunctus Geomatics Corporation: http://www.terraengine.com/

SPOT 2 High Resolution Visible (HRV) and SPOT 4 High Resolution Visible Infrared (HRVIR)
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Spectral resolution
Panchromatic, 0.48-0.71 um
Green, 0.50-0.59 um
Red, 0.61-0.68 um
Near infrared, 0.78-0.89 pm
Shortwave infrared, 1.58-1.75 pm

Radiometric resolution
8 bits per pixel

Temporal resolution
1 and 4 days alternatively when viewing off-nadir
26 days at nadir

Availability

Available from Iunctus Geomatics Corporation?® and online at GeoBC.
ResourceSat-1 Linear Imaging Self Scanning Sensor (LISS-III)

Specifications

Spatial resolution
23.5 m multispectral

Spectral resolution
Green, 0.52-0.59 pm
Red, 0.62-0.68 pm
Near infrared, 0.77-0.86 um
Shortwave infrared, 1.55-1.70 pm

Radiometric resolution:
7 bits per pixel

Return Period:
Approximately two weeks
Availability

AWiFS data is available from ASRC Management Services.?

Landsat-5 Thematic Mapper (TM)

Landsat 5 was launched in 1984 and had a life expectancy of only three years. Nonetheless, at the time of this writing, the
system continues to acquire data. The satellite’s fuel levels are low, and it is unknown how much longer the system will
continue to operate.

Specifications

Spatial resolution
30 m multispectral
120 m thermal

Spectral resolution

21 Iunctus Geomatics Corporation: http://www.terraengine.com/
22 ASRC Management Services: www.asrcms.com
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Blue, 0.45-0.52 ym

Green, 0.52-0.60 pm

Red, 0.63-0.69 pm

Near infrared, 0.76-0.90 pm
Shortwave infrared, 1.55-1.75 um
Shortwave infrared, 2.08-2.35 ym
Thermal infrared, 10.4-12.5 pm

Radiometric resolution
8 bits per pixel
Temporal resolution
16 days

Availability

Data is available from MDA Geospatial Services?® and online at GeoBC. Much of the Landsat archive is now freely available
from the USGS*

Landsat-7 Enhanced Thematic Mapper Plus (ETM+)

Landsat 7 was launched in 1999 and operated properly until 2003, when it suffered a scan line corrector (SLC) failure.
The system continues to collect data; however, scenes must be heavily processed prior to being used for analysis.

Specifications

Spatial resolution
15 m panchromatic
30 m multispectral
60 m thermal

Spectral resolution: 7 bands in the visible and near, shortwave and thermal infrared
Panchromatic, 0.50-0.90 pm
Blue, 0.450-0.515 um
Green, 0.525-0.605 pm
Red, 0.630-0.690 pym
Near infrared, 0.750-0.900 pm
Shortwave infrared, 1.55-1.75 um
Shortwave infrared, 2.09-2.35 um
Thermal, 10.40-12.50 pm

Radiometric resolution:
8 bits per pixel

Return Period:
16 days

Availability

Data is available from MDA Geospatial Services?® and online at GeoBC. Much of the Landsat archive is now freely available
from the USGS?®

23 MDA Geospatial services: http://gs.mdacorporation.com/
24 USGS Global Visualization Viewer: http://glovis.usgs.gov/
25 MDA Geospatial services: http://gs.mdacorporation.com/
26 USGS Global Visualization Viewer: http://glovis.usgs.gov/
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Advance Land Imager (ALI)

The ALI is aboard the Earth Observing 1 (E0-1)% satellite, and is part of NASA’s New Millennium Program (NMP) which was
initiated to develop and validate several new spaceborne sensor technologies. The ALI was intended to be the precursor to
Landsat 8. Originally planned to be a one year mission, data acquisition continues at present and may continue until 2011.

Specifications

Spatial resolution
10 m panchromatic
30 m multispectral

Spectral resolution
Panchromatic, 0.480-0.690 pm
0.433-0.453 pm
0.450-0.510 pm
0.525-0.605 pm
0.630-0.690 um
0.775-0.805 pm
0.845-0.890 pm
1.20-1.30 pm
1.55-1.75 pm
2.08-2.35 um

Radiometric resolution:
12 bits per pixel

Return Period:
16 days

Availability

Image data acquired by EO-1 are archived and distributed by the United States Geological Survey’s Center for Earth
Resources Observation and Science (EROS).?® The data are not freely available.

ResourceSat-1 Advanced Wide Field Sensor (AWiFS)

Specifications

Spatial resolution
56 m multispectral

Spectral resolution
Green, 0.52-0.59 ym
Red, 0.62-0.68 pm
Near infrared, 0.77-0.86 pm
Shortwave infrared, 1.55-1.70 um

Radiometric resolution:
10 bits per pixel

Return Period:
Approximately two weeks

27 Earth Observing 1: http://eol.usgs.gov/index.php
28 USGS: http://edc.usgs.gov/
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Availability

AWiFS data is available from ASRC Management Services.?

Advanced Very High Resolution Radiometer (AVHRR/3)

The AVHRR is onboard the National Oceanic and Atmospheric Association’s (NOAA) series of Polar-Orbiting Environment
Satellites (POES), and is currently in its third generation.

Specifications

Spatial resolution
1.1 km at nadir

Spectral resolution
Red, 0.58-0.68 pm
Near infrared, 0.725-1.00 um
Mid infrared 1.58-1.64 pm
Thermal 3.55-3.93 um
Thermal 10.30-11.30 pm
Thermal 11.5-12.50 ym

Radiometric resolution
10 bit

Return Period
Twice daily

Availability

AVHRR data is available from NOAA’s Comprehensive Large Array-data Stewardship System (CLASS), and small datasets are
freely available.>®

Moderate Resolution Imaging Sprectroradiometer (MODIS)

Specifications

MODIS is comprised of two identical sensors onboard the Aqua and Terra satellites. Each sensor has 36 spectral bands; only
the first seven, however, are used for land applications.

Spatial resolution:
250 m (bands 1-2)
500 m (bands 3-7)
1000 m (bands 8-36)

Spectral resolution
Band 1 - 0.62-0.67 pm
Band 2 - 0.841-0.876 ym
Band 3 - 0.459-0.479 ym
Band 4 - 0.545-0.565 pm
Band 5 - 1.230-1.250 pm
Band 6 — 1.628-1.652 pm

29 ASRC Management Services : www.asrcms.com
30 Comprehensive Large Array-data Stewardship System: http://www.class.ngdc.noaa.gov/saa/products/welcome
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Band 7 - 2.105-2.155 pm

Radiometric resolution
12 bit

Return Period
Twice daily

Availability

MODIS data are freely available online from NASA.3! The MODIS program is product driven, and a wide variety relating to
terrestrial investigations are provided on a daily, weekly, monthly, or annual basis. Products derived from MODIS data
include surface reflectance, land surface temperature, land cover and land change, vegetation indices (NDVI and EVI),
thermal anomalies/fire, bidirectional reflectance distribution function/albedo, vegetation cover change and conversion,
and burned areas.

Radarsat-1

Specifications

Spatial resolution
8-100 m
Wavelength
C-band, 5.6 cm
Polarization modes
Single, dual, quad
Polarization
HH

Temporal resolution
1 day at high arctic
3 day at mid-latitudes
24 days to return to a given orbit path

Availability

Radarsat-1 data are available from MDA Geospatial Services.3?

Radarsat-2

Specifications

Spatial resolution
3-100 m
Wavelength
C-band radar, 5.55 cm
Polarization modes
Single, dual, quad
Polarization
HH, VV, HV, VH

31 MODIS: http://modis.gsfc.nasa.gov/
32 MDA Geospatial services: http://gs.mdacorporation.com/
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Temporal resolution
24 days to return to a given orbit path

Availability

Radarsat-2 data are available from MDA Geospatial Services31

Aerial imagery, radar and lidar data

Specifications

Data acquired using aerial platforms do not have fixed specifications, as surveys are designed to suit the objectives of a
given project.

Availability

Aerial data is collected on demand. Costs vary widely and are based on the size and location of the survey, and the amount
of manual processing required.
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