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Abstract

The Boreal Ecosystem Atmosphere Study (BOREAS) was a large, multiyear internationally supported study designed to improve our
understanding of the boreal forest biome and its interactions with the atmosphere, biosphere, and the carbon cycle in the face of global
climate change. In the initial phase of this study (early 1990s), remote sensing played a key role by providing products needed for planning
and modeling. During and after the main BOREAS field campaigns (1994 and 1996), innovative remote sensing approaches and analyses
expanded our understanding of the boreal forest in four key areas: (1) definition of vegetation structure, (2) land-cover classification, (3)
assessment of the carbon balance, and (4) links between surface properties, weather, and climate. In addition to six BOREAS special issues
and over 500 journal papers, a principal legacy of BOREAS is its well-documented and publicly available database, which provides a lasting
scientific resource and opportunity to further advance our understanding of this critical northern biome.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The northern latitude boreal forest biome is a critical
component of the Earth’s climate system (Sellers et al.,
1997). Its very large areal extent exerts a significant impact
on the Earth’s energy balance and the associated surface-
atmosphere exchanges of radiation, heat, water, momentum,
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and carbon dioxide. The main goals of the Boreal Ecosys-
tem Atmosphere Study (BOREAS) were to improve our
understanding of the structure and function of the boreal
forest biome and to clarify its interaction with climate and
its role in the carbon cycle in the context of global climate
change.

Through its potential to sequester or release large vol-
umes of carbon, the boreal forest biome can exert significant
impacts on the size of the atmospheric carbon pool and thus
on the radiative properties of the atmosphere. Due to the
large volume of carbon stored in its forest stands and largely
frozen soils, this biome represents a particularly significant
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global carbon pool, which may be disrupted in the face of
increasing climate change. Northern latitude regions, in-
cluding the boreal forest biome, are expected to undergo a
disproportionate and rapid warming in response to global
climate forcing (Houghton et al., 1996) that is predicted to
enhance ecosystem carbon gain (photosynthetic) and carbon
loss (respiratory) processes. Consequently, another objective
of BOREAS was to explore controls on the boreal forest’s
carbon balance and to consider how this balance might
change with current and expected future global warming.

BOREAS involved a major investment of funding and
resources to acquire an extensive, diverse, and unique
database of remote sensing imagery. Remote sensing sci-
ence components of BOREAS were designed to develop
and validate sensors, protocols, and algorithms for charac-
terizing key biophysical properties of the boreal biome,
with particular emphasis on those properties related to
carbon and climate. Throughout BOREAS, remote sensing
played a central role in the study, from the early planning
phases, where it was employed during project design and
field site selection, to the execution of intensive field
campaigns (IFCs).

The scientific and logistical structure of BOREAS clearly
resulted in a successful project: Approximately 500 scientific
papers (not including this issue) have appeared to date, 123 in
six BOREAS special issues (including three issues of Journal
of Geophysical Research—Atmospheres [JGR], two issues of

Tree Physiology, and one issue of the Canadian Journal of
Remote Sensing [CIJRS]) (Hall, 2001). The importance of
remote sensing science has been documented in a series of
individual research papers in special issues of remote sensing
journals (e.g., CJRS 1997) and remote sensing special sec-
tions of more general BOREAS special issues (e.g., JGR,
1997, 1999). However, a more broad synthesis of remote
sensing science set in the context of overall BOREAS science
objectives has yet to appear. Accordingly, the purpose of this
article is to review remote sensing accomplishments from the
perspective of the primary BOREAS science goals and to
highlight key remote sensing contributions and shortcomings
during several stages of the study. Based on progress to date,
this review also offers recommendations for future remote
sensing research.

2. BOREAS experimental design

The BOREAS study region encompassed a 1000 x 1000-
km area spanning the north—south extent of the boreal
biome from Manitoba to Saskatchewan in western Canada.
Within this region were two smaller study areas—the
northern study area (NSA) in Manitoba and the southern
study area (SSA) in Saskatchewan. These were selected for
intensive field measurements and located near the northern
and southern boreal forest boundaries, respectively (Fig. 1).
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Fig. 1. Map of the Canadian boreal forest, showing the larger BOREAS study region (large rectangle) and two smaller study areas, the northern study area

(NSA) and southern study area (SSA).
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Additional sampling occurred along a defined transect
between the two main study areas in the BOREAS region.

A formidable array of sensors and platforms was
employed during BOREAS (Table 1), including satellite,
aircraft, field, and laboratory sensors. Thus, a key aspect of
BOREAS was its multi-scale design, enabling the evalua-
tion of science questions at multiple spatial scales ranging
from a single leaf to the entire boreal region.

Primary agencies leading BOREAS included the US
National Aeronautics and Space Administration (NASA),
the Canada Centre for Remote Sensing (CCRS), and the
Natural Sciences and Engineering Research Council of
Canada (NSERC), with considerable funding also provided
by other sources, (see Acknowledgements). The study was
divided into two phases: (1) the primary study phase, from
1993 to 1997, and (2) the secondary or “follow-on” phase,
extending from 1997 to 2000. The primary study phase
involved over 300 individuals divided into 85 science
teams. The science teams were categorized by subject area:
(1) Airborne flux and meteorology (AFM), (2) Tower Flux
(TF), (3) Terrestrial Ecology (TE), (4) Trace Gas Biogeo-
chemistry (TGB), (5) Snow and Hydrology (HYD), and (6)

Remote Sensing Science (RSS). BOREAS follow-on studies
were limited to analysis of data previously collected during
the primary (data collection) phase and included 26 science
teams. During the primary study phase, there were 20
remote sensing science teams, whereas during the secondary
phase, there were two remote sensing science teams. Addi-
tionally, BOREAS stimulated further follow-on activities,
including the Canadian Boreal Ecosystem Research and
Monitoring Sites (BERMS) program sponsored by the
Meteorological Service of Canada (MSC), the Canadian
Forest Service (CFS), and Parks Canada, with additional
cooperation from the University of British Columbia and
Queen’s University.

The unique combination of multidisciplinary science
teams fostered a level of scientific integration rarely encoun-
tered during a single project. Activities were greatly facili-
tated by a science staff that assisted in the overall project
coordination, field logistics, and data archiving, all of which
were essential for the integrative aspects of the project
(Newcomer et al., 2001). Large amounts of project data were
archived at the Oak Ridge National Lab’s Distributive Active
Archive Center (ORNL DAAC, accessible at http:/www-

Sensors, platforms, and measurements employed in BOREAS, along with selected publications describing these applications

Measurements

References

Table 1
Sensor Platform
Advanced Very High Resolution satellite
Radiometer (AVHRR)
Landsat Thematic Mapper (TM) satellite
SPOT satellite
GOES satellite
ERS-1 satellite
NASA scatterometer (NSCAT) satellite
SIR-C/XSAR space shuttle
AIRSAR DC-8

Scanning Lidar Imager of Canopies C-130
by Echo Recovery (SLICER)
Polarization and Directionality of
Earth’s Radiation (POLDER)
Advanced Solid-State Array C-130

Spectrometer (ASAS)
Airborne Visible—Infrared Imaging ER-2
Spectrometer (AVIRIS)
Compact Airborne Spectrographic

helicopter and C-130

Piper Chieftan

Imager (CASI)
PARABOLA suspended cables BRDF
Modular Multispectral Radiometer helicopter
(Barnes)
SE-590 (Spectron Engineering) helicopter
Various portable spectroradiometers ground-based

(handheld or tripod)

multi-band spectral radiance, thermal emittance

multi-band spectral radiance, thermal emittance
spectral radiance

spectral radiance (irradiance, PAR, and albedo)
radar backscatter

radar backscatter

radar backscatter (C&L bands, polarimetric)
radar backscatter (C, L&P bands, polarimetric)
lidar tree heights and surface microtopography
spectral radiance and BRDF

spectral radiance and BRDF

hyperspectral radiance

spectral radiance

spectral radiance
spectral radiance

spectral reflectance of canopy and stand elements

Czajkowski et al., 1997

Hall et al., 1997

Chen, Ju et al., 2003;

Chen, Liu et al., 2003

Gu & Smith, 1997

Way, Zimmermann, Rignot,
McDonald, & Oren, 1997
Frolking et al., 1999

Saatchi & Moghaddam, 2000
Moghaddam et al., 2000;
Saatchi & Moghaddam, 2000;
Treuhaft & Siqueira, 2000
Lefsky et al., 1999, 2002

Bicheron et al., 1997

Russell et al., 1997;
Sandmeier & Deering, 1999
Fuentes et al., 2001;
Rahman et al., 2001

Hu et al., 2000;
Zarco-Tejada & Miller, 1999;
Zarco-Tejada et al., 2003

Li et al., 1997

Loechel et al., 1997

Nichol et al., 2000; Walthall,
Williams, Dykes, & Young, 2001
Middleton et al., 1997,

Miller et al., 1997,

Peddle, White, Soffer,

Miller, & LeDrew, 2001

In many cases, spectral radiance is not measured directly but can be derived based on sensor calibration data.
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eosdis.ornl.gov/BOREAS/boreas_home page.html) for con-
tinuous open distribution and ongoing analysis. In addition, a
CD-ROM (Compact Disk—Read Only Memory) set contain-
ing key BOREAS data sets is also available through the
ORNL DAAC (Newcomer et al., 2001).

BOREAS remains a “work in progress.” While BORE-
AS as a formal NASA program has ended, the data analysis
and synthesis continues, new publications continue to
emerge, and knowledge of the boreal ecosystem continues
to expand. One of the legacies of the BOREAS project will
undoubtedly be its extensive collection of remote sensing
data sets. Accordingly, this paper is intended both to
synthesize remote sensing science progress to date and to
provide a context for future analysis of what is likely one of
the largest and most comprehensive remote sensing data sets
acquired in conjunction with extensive ground validation
over any region to date.

3. Early remote sensing results

During the early stages of BOREAS, a number of key
remote sensing products emerged, including regional maps
of vegetation cover types and biophysical parameters. One
realization from these early maps was that a significant
portion of the BOREAS region, covering approximately
23-30% of the study area, had been disturbed by recent
fires and logging (Hall, Knapp, & Huemmrich, 1997;
Steyaert, Hall, & Loveland, 1997). These early studies also
revealed key differences in the functional and reflectance
properties of its dominant vegetation types (Fig. 2). Aspen,
black spruce, jack pine, and fen are strikingly different in
their physiological and hydrological properties and thus
exhibit contrasting degrees of control on the ecosystem—
atmosphere exchanges of carbon dioxide, water vapor, and
sensible heat (Baldocchi, Kelliher, Black, & Jarvis, 2000).
Fens, which cover approximately 7% of the region (Hall et
al., 1997), emerged as significant contributors to regional
methane emissions (Moosavi & Crill, 1997). However,
these key cover types were not fully distinguishable by
early Landsat Thematic Mapper (TM) and Advanced Very
High Resolution Radiometer (AVHRR) based land-cover
products (Hall et al., 1997), thus leading to questions
regarding the capability of remote sensing science to pro-
vide the land-cover products needed to correctly represent
ecosystem function and surface-atmosphere transport pro-
cesses. This challenge spawned the development of a variety
of new remote sensing algorithms for land-cover classifica-
tion and biophysical parameter estimation, as presented in
Section 4 of this paper.

Another significant early finding from remote sensing
analyses was that many ecosystem model assumptions
regarding canopy structure for this biome were not well
founded. The common assumption of a horizontally ho-
mogenous canopy medium used by many models and the
parameterization of the canopy as a single vertical layer
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Fig. 2. Representative reflectance spectra for four of the seven dominant
boreal cover types in early spring before substantial leaf-out (April 1994)
and in midsummer (July 1994). Note low overall reflectance (albedo),
particularly for conifers (jack pine and black spruce). Additional major
cover types (not shown) include water, mixed (conifer and deciduous), and
recently disturbed stands. Each spectrum is a mean of 100 pixels collected
from BOREAS flux tower sites with the AVIRIS sensor. Blank spectral
regions indicate wavelengths of insufficient signal due to strong
atmospheric water absorption. For further description of sites and AVIRIS
processing procedures, see Fuentes et al. (2001).

emerged as especially inappropriate, particularly at hori-
zontal scales between a few meters and 1 km. The often
sparse and clumped spruce and jack pine stands, typically
underlain by a surface layer of moss or lichens, were the
most notable examples. Remote sensing products from
early in the study—many derived using large pixels, from
a small number of broad spectral bands, and an assumption
of stand homogeneity—were ill-suited to characterize the
complex vertical and horizontal distributions of vegetation
structural elements of this biome (Walthall et al., 1997).
Because the net gas exchange of this biome appeared to be
primarily influenced by light absorption and other physical
processes (Goulden et al., 1997), and because of the strong
influence of stand structure on the surface radiation bud-
get, improved characterization of the three-dimensional
vegetation structure emerged as a critical need. Priority
concerns that received much attention by remote sensing
teams during the later stages of BOREAS were the
characterization of canopy clumping, the bidirectional
reflectance distribution function (BRDF), leaf area index
(LAI), and the two-layered structure of many boreal forest
stands. The emergence of these issues in the early stages of
BOREAS led to improved remote sensing methods and
products.
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Perhaps the single most significant discovery during
these early stages of BOREAS was that the surface albedo
used for the boreal biome in regional numerical weather
prediction models was grossly inaccurate. Remote sensing
measurements confirmed early observations (Betts & Ball,
1997) that this biome (especially its coniferous stands) was
substantially darker than had previously been assumed (Fig.
2). This is particularly the case for the winter period when
exposed snow-free forest canopies exhibit significantly
lower albedos (typically 0.2—0.3) than the higher values
(0.6—0.8) previously assumed in operational weather mod-
els (Gu & Smith, this issue). Low albedos have important
implications for any type of environmental model seeking to
simulate the surface-atmosphere exchanges of mass and
energy. Consequently, in the later stages of BOREAS, much
effort was directed towards a detailed assessment of surface
reflectance patterns. Significant improvements in numerical
weather prediction models and regional weather forecasts
resulted from the inclusion of more realistic surface albedos
for boreal forests derived from the BOREAS observation
program; see Betts, Viterbo, Beljaars, and van den Hurk
(2001), Sellers et al. (1997), and Viterbo and Betts (1999).
This revision explained why these models had consistently
underestimated boreal winter air temperatures by as much as
15 °C (Sellers et al., 1997). The findings concerning boreal
forest albedos illustrated the advantages of using direct
measurements and the perils of relying on past literature
values for modeling experiments.

These advances highlighted the need for improved re-
mote sensing-based land-cover products that adequately
define surface heterogeneity for improved extrapolation
and characterization of regional processes. For example,
tower flux (eddy covariance) measurements and other
detailed biophysical studies from BOREAS revealed
marked differences in carbon uptake, storage, and release
among needle-leaf evergreen and broad-leaf deciduous
forests, bogs, fens, and other wetland features, yet some
of these land-cover categories become confounded in many
remote sensing products at spatial scales greater than
approximately 1 km. Subsequent SVAT (Soil—Vegetation—
Atmosphere Transfer) modeling studies revealed that ade-
quate representation of sub-grid-scale heterogeneity in land
cover, particularly between deciduous and coniferous
growth forms and wetlands, is critical for accurate regional
extrapolations of stand level carbon exchange dynamics
(e.g., Kimball, Running, & Saatchi, 1999; Potter, Coughlin,
& Brooks, 1999). Thus, improved definition of surface
properties became key remote sensing goals in BOREAS.

4. Remote sensing in BOREAS

The remote sensing science of BOREAS has improved
our understanding of the boreal forest in four principal
areas: (1) definition of vegetation structure, (2) land-cover
classification, (3) assessment of the carbon balance, and (4)

links between surface properties, weather, and climate.
These four areas are highlighted below.

4.1. Improved definition of vegetation structure

Responding to the need for more realistic definition of
vegetation structure and light absorption, several BOREAS
science teams developed novel methods of describing veg-
etation structure. Most of these methods employed optical
sensors of vegetation properties or radiative transfer models
that can be readily linked to airborne or satellite remote
sensing products. These methods offer a range of new tools
for field validation of key biophysical parameters derived
from remote sensing, as well as insights into parameter-
izations needed for canopy models appropriate to the boreal
landscape.

Significant improvements in our understanding of can-
opy structure were gained by assessment of vegetation
“clumping” at several scales, ranging from a single branch
tip to an entire stand. Many of these studies were directed
at defining and estimating leaf area index (LAI), a metric
of foliage density that has been shown to exert a strong
influence on the biosphere—atmosphere exchange of ener-
gy, water, and carbon (Running & Coughlan, 1988). LAI
is traditionally defined as the total one-sided leaf area
divided by the subtending ground area (Nobel & Long,
1985), largely based on broad-leaf crop studies. Unfortu-
nately, this definition is of little practical or theoretical use
for much of the world’s vegetation. For the needle-leaved
and moss-covered boreal forest, it remains a difficult
challenge to establish a meaningful operational concept
of LAI and to relate this to the effective LAI e.g., the
functional leaf area estimated from radiation interception.
Consequently, a number of BOREAS teams addressed the
need for improved definition and characterization of LAI,
and modified versions of the traditional LAI definition
were often adopted (e.g., Chen, Rich, Gower, Norman, &
Plummer, 1997).

At the branch tip scale, Serrano, Gamon, and Berry
(1997) developed an innovative method of assessing leaf
area index using an integrating sphere. This method com-
pared well with conventional, methods (e.g., Johnson, 1984;
Nobel & Long, 1985) and provided a rapid method for
assessing “effective” leaf area for light absorption on intact
shoots. This method is particularly convenient for plants
with small or needle-shaped leaves (e.g., conifers).

At the level of the intact stand, Chen and Cihlar (1995)
developed a novel optical method of assessing effective LAI
and foliage clumping using a mobile PAR sensor along
transects below the forest canopy (the Tracing Radiation and
Architecture of Canopies [TRAC] instrument). One practi-
cal benefit of this method is that it measures the intact forest,
incorporating vegetation clumping at the branch, canopy,
and stand scales. The resulting “clumping index” provides
one way to relate the fraction of photosynthetically active
radiation absorbed (Fpar) or the effective (optical absorb-



144 J.A. Gamon et al. / Remote Sensing of Environment 89 (2004) 139-162

ing) LAI of the entire stand to the leaf area index tradition-
ally measured by destructive harvests (Chen, Rich et al.,
1997). Another novel optical approach for measuring can-
opy LAI and structure used in BOREAS was the multiband
vegetation imager (MVI) (Kucharik, Norman, Murdock, &
Gower, 1997). The MVI viewed the canopy from below and
captured images in both visible and near infrared bands. The
use of two bands permitted identification of sunlit and
shaded foliage, sunlit and shaded branches, clear sky and
clouds. MVI data input in to a Monte Carlo canopy
simulation model were used to determine LAI, clumping
factors, leaf angle distribution, and branch area for BORE-
AS sites (Kucharik, Norman, & Gower, 1998a, 1998b,
1999). Together, these optical methods of assessing over-
story foliage structure offer practical alternatives to the more
traditional definition of LAI based on destructive harvests
and are likely to influence future vegetation studies requir-
ing characterization of stand structure.

A key feature of boreal stand structure is the horizontal
variability in density. Examining the effects of spatial scale
on the estimation of LAI, Fernandes et al. (this issue)
estimated LAI at a fine (less than 30-m) scale using the
FLIM-CLUS algorithm and compared this estimate with
LAI estimated at coarser (up to 1-km) scales. At coarse
scales, sub-pixel-sized open areas had a measurable effect
on the determination of LAI. This illustration of the scale
dependence of LAI estimates has implications for the field
verification of coarse-scale LAI, since ground validation is
often weighted towards forested stands, with cleared areas
being ignored or under-sampled.

A fundamental challenge to the retrieval of useful land-
cover and biophysical products (e.g., LAI) from remote
sensing is the complex stand structure, particularly the two-
layered canopy (e.g., conifer forests on top of a surface moss
or lichen layer), and the varying degree of canopy closure.
When combined with changing sun angles, these structural
complexities yield spatially and temporally variable reflec-
tance patterns that often confound the estimation of cover
type or biophysical parameters from remote sensing. For
example, the variation in the optical signatures of the open
boreal forests are largely due to variability in the understory,
rendering standard, index-based approaches to generating
forest LAI questionable (Chen & Cihlar, 1996; Chen,
Leblanc, Cihlar, Desjardins, & MacPherson, 1999; Hu,
Inannen, & Miller, 2000). Using airborne Compact Airborne
Spectrographic Imager (CASI) data from two seasons, Hu et
al. (2000) took advantage of winter snow cover information
to isolate overstory from understory and yield more accurate
retrieval of overstory LAI and canopy closure. Further, Hu,
Miller, Chen, and Hollinger (this issue) determined LAI for
several sites using principal components analysis to define
spectral endmembers coupled with a linear mixture model to
determine the proportion of each endmember in a pixel.
Wintertime CASI data were used where the background was
snow covered, minimizing the effect of understory reflec-
tance variation. These methods demonstrated how multi-

temporal sampling could be used to evaluate the effect of
individual forest layers on the overall stand signals. Further
work has revealed that moss cover may account for 60% of
the BOREAS landscape (Rapalee, Steyaert, & Hall, 2001).
Given this large spatial extent of moss cover in the boreal
biome, the gradient of stand densities, including significant
areas of sparse forest towards the northern boreal—tundra
transition zone, and the large impact of understory vegeta-
tion on surface properties and biosphere—atmosphere ex-
change, further characterization of this understory
component in the boreal biome is warranted, as recommen-
ded by Miller et al. (1997).

Our understanding of forest stand structure benefited
greatly from multiangle instruments, including the POL-
DER (Polarization and Directionality of Earth Reflectance)
sensor (Deschamps et al., 1994). A primary goal for this
sensor was to characterize the vegetation Bidirectional
Reflectance Distribution Function (BRDF) and define the
“hot spot” (i.e., the reflectance bright spot that occurs
when the view angle approaches that of the solar beam).
Studies with POLDER revealed that the hot spot did not
appear as angularly narrow as predicted by radiation
transfer models (Bréon et al., 1997), laying the foundation
for improvements in these models. Furthermore, model
inversion of multi-scale POLDER hot spot signatures
provided key architectural parameters (Lacaze & Roujean,
2001). For example, the clumping of forest stands (Lacaze,
Chen, Roujean, & Leblanc, 2002) can be assessed in this
way, providing a powerful method for yielding both
effective and traditional LAI maps of the boreal biome.
The spatial distribution of architectural parameters can also
be applied to functional vegetation mapping, as described
below (see Section 4.2).

BOREAS studies have shown radar interferometry to be
a promising tool for deriving forest stand structure through
the use of the Topographic Synthetic Aperture Radar (TOP-
SAR) instrument of NASA Jet Propulsion Laboratory’s
(JPL) airborne Synthetic Aperture Radar (AIRSAR). At
the time of the BOREAS AIRSAR data acquisitions, the
estimation of canopy height and characterization of vertical
stand structure had not yet been demonstrated, and data
requirements were not fully known. Therefore, the data
acquisition scenario was not optimized, limiting the suc-
cessful application of radar during BOREAS. Nevertheless,
TOPSAR was used to obtain canopy height estimates
(Treuhaft & Siqueira, 2000). These initial TOPSAR studies
established a framework for more detailed characterization
of stand-level structure through interferometric SAR
(INSAR) data with multiple baselines. In subsequent stud-
ies, multiple baseline INSAR data, obtained by sampling at
multiple altitudes, enabled the characterization of canopy
vertical profiles and were used to derive leaf area density
profiles in conjunction with hyperspectral optical data
(Treuhaft, Asner, Law, & vanTuyl, 2002).

A number of radiative transfer models have been devel-
oped that provide more realistic assessment of three-dimen-
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sional canopy structure for the boreal forest. BOREAS data
sets have been instrumental to the validation and further
application of several models, including DART (Gastellu-
Etchegorry et al., 1999), 4-Scale and 5-Scale (Chen &
LeBlanc, 1997, 2001; Leblanc & Chen, 2000), FLAIR
(White, Miller, & Chen, 2001, 2002), FLIM (Rosema,
Verhoef, Noorbergen, & Borgesius, 1992) and FLIM-CLUS
(Fernandes, Hu, Miller, & Rubinstein, 2002; Hu et al.,
2000), GeoSail (Huemmrich, 2001), GHOST (Lacaze &
Roujean, 2001), GOMS (Li & Strahler, 1992) and GORT
(Li, Strahler, & Woodcock, 1995), and various Monte Carlo
models, including SPRINT (Goel & Thompson, 2000;
North, 1996). Many of these models have improved the
characterization of boreal vegetation, biophysical parame-
ters, and surface properties by accounting for vegetation
canopy or stand structure. Because these models character-
ize vegetation according to physical principles rather than
by statistical correlations, they can often provide more
realistic or robust assessments of biophysical parameters,
potentially reducing the need for empirical calibrations (Hall
et al.,, 1997). For example, using a physically based ap-
proach to integrated land-cover classification and biophys-
ical parameter estimation, Hall et al. (1997) mapped
biomass density in the BOREAS SSA with a standard error
of 2.73 kg m~ 2. Furthermore, with the introduction of a
needle-scale model (LIBERTY, Dawson, Curran, & Plum-
mer, 1998), simulations with coupled leaf and canopy
models have begun to provide new insight into the factors
affecting biophysical parameter retrieval in boreal conifer
forests (Dawson, Curran, & North, 1999). Zarco-Tejada et
al. (2003) estimated needle chlorophyll content using a
model inversion approach applied to 72-band CASI data.
In that study, the SPRINT canopy reflectance model (Goel
& Thompson, 2000) was coupled with the PROSPECT leaf
optical property model (Jacquemond & Baret, 1990) to
successfully determine jack pine needle chlorophyll content.
In another example, the 5-Scale model (Leblanc & Chen,
2000), merging the LIBERTY and 4-Scale models, has been
used successfully for large area land-cover classification.
This approach was extended by Peddle, Johnson, Cihlar,
and Latifovic (2003) by using the 5-Scale model to obtain
LAI estimates within + 0.5, validated at over 60 plots in the
SSA, transect, and NSA, together with detailed land-cover
information (discussed in next section).

4.2. Improved land-cover classification

Land cover was one of the most fundamental and
important information requirements of BOREAS remote
sensing, serving a wide variety of purposes amongst many
BOREAS science teams and projects (Hall, 1999; Potter et
al., 1999; Sellers et al., 1997). A summary of land-cover
classification results, representing most of the boreal land-
cover products published in BOREAS Special Issues and
BOREAS data reports to date, is contained in Table 2. Even
though land-cover classification has a long history in remote

sensing science (Cihlar, 2000; Steyaert et al., 1997), signif-
icant improvements were made during BOREAS through
the use of new classification approaches, new sensors, and
novel sensor combinations. A full description of these
boreal land-cover products is beyond the scope of this
review. Instead, selected examples are briefly presented
here.

A set of 13 land-cover classes (Table 3) was identified
for BOREAS modeling and other purposes at a joint
meeting of the Terrestrial Ecosystem (TE) modelers and
the Remote Sensing Science (RSS) algorithm developers
in Columbia, MD, in June 1993 (Sellers et al., 1994,
1995) and subsequently endorsed by AFM, TF, and TGB
science team modeling groups. This TE/RSS class set, or
subsets thereof, was used in a majority of the BOREAS
land-cover classifications shown in Table 2, particularly at
the spatial resolution of Landsat imagery (30 m). Alterna-
tive class structures (e.g., Table 4) derived from the
International Geosphere Biosphere Project (IGBP, see
Belward, 1996) were used primarily with regional-scale
studies using coarser spatial resolution AVHRR imagery
and, more recently, with Landsat image mosaics. In some
cases, these were associated with larger national-scale
mapping projects (e.g., Cihlar, Chen et al., 2002; Cihlar,
Guindon et al., in press).

Early in BOREAS, Hall and Knapp (1994) used Landsat
imagery and a standard supervised maximum likelihood
(ML) approach to provide initial land-cover products for
11 of the 13 TE/RSS classes covering the full SSA and NSA
(129 x 86 km= 11,094 km? each). These products had an
average accuracy of 70% (k=0.60) based on evaluations of
five classes (classes 15, Table 3) for which field validation
data existed (Hall & Knapp, 1994). Additional validation
sites were identified in the SSA during the 1994 IFCs and
incorporated into a revised validation released in 1995 (Hall
& Knapp, 1999a) that showed a higher accuracy for these
five classes (78%).

A physically based classification (PBC) approach was
introduced by Hall and Knapp (1996, 1999b) and Hall et al.
(1997) using canopy geometric optical reflectance model
output to describe the spectral reflectance of different land-
cover types, identified as different trajectories in spectral
space. These models provide an explicit linkage between
three-dimensional forest structure and satellite image spec-
tral reflectance to yield not only land cover but also fully
integrated biophysical information (e.g., biomass, LAI,
stand attributes). Physically based modeling does not re-
quire training data, avoids the restrictive statistical assump-
tions of conventional classifiers that are often violated, and
provides an explicit mechanism to account for interannual
and multi-scene reflectance variation caused by changes in
solar position, viewing angle, topography, and other factors.
Compared to the initial ML classifications of Hall and
Knapp (1994, 1999a), the physically based Landsat prod-
ucts yielded higher accuracies over a larger number of
classes. The NSA PBC classification accuracy was 85%



Table 2

Summary of BOREAS land-cover classification products published in BOREAS Special Issues and BOREAS data reports

Reference Sensor Algorithm Classes Area Image date(s) Number Accuracy % Validation source Comments

[BOREAS Team] Classes (Kappa)

Hall & Knapp, 1994  Landsat-5 TM maximum TE/RSS SSA:NSA: August 6, 1990; 11 (8 forest);  67% (0.56); <27 sites 37 sites, initial product
[TE-18] (30 m) likelihood classes 10* km® each  August 20, 1988 11 (8 forest)  73% (0.63) n=333 TF/Aux Sites,

Bands 1-5,7 [five classes each] 3 X 3 pixels/site

Hall & Knapp, 1999a Landsat-5 TM maximum TE/RSS SSA: 10* km®  August 6, 1990 11 (8 forest)  78% (0.66) 27 sites, n=243 updated validation

[TE-18] (30 m) likelihood classes [five classes] TF/Aux Sites, of initial product
Bands 1-5,7 3 X 3 pixels/site

Hall & Knapp, 1996; Landsat-5 TM physically based TE/RSS SSA: 10* km?  September 2, 1994 13 (9 forest)  70% (0.59) 35 sites, n=315 includes biophysical
Hall et al., (30 m) Bands canopy modeling classes [nine classes] TF/aux sites, field parameters; initial
1997 [TE-18] 3.,4,5 reflectance 3 x 3 pixels/site product

Hall & Knapp, 1999b Landsat-5 TM physically based TE/RSS SSA:NSA: September 2, 1994; 13 (9 forest);  75% (0.70); 48 sites, n=432, update SSA new NSA
[TE-18] (30 m) Bands canopy modeling classes 10* km? each  June 21, 1995 11 (8 forest)  85% (0.83) 68 sites, n=612 includes biophysical

3.,4,5 reflectance TF/aux sites, field parameters
sites 3 X 3 pixels/site

Peddle, 1999; Landsat-5 TM GOMS physical TE/RSS SSA September 2, 1994 13 (9 forest)  85% (0.83) 40 sites, n=992, also has biophysical
Peddle et al., 1997 (30 m) Bands canopy model and  classes TF/aux sites, field parameters
[TE-18, RSS-19] 3,4 reflectance evidential reasoning sites 5 X 5 pixels/site

Steyaert et al., 1997 NOAA-11 unsup. clustering; TE/RSS region April—September 16 (9 forest)  class areas: agreement with also mapped forest
[AFM-12, TE-18] AVHRR NDVI  field labels classes 5% 10° km? 1992 (relative Hall and Knapp fires

composites comparison—no (1994) TM products
(1 km) %, K) (SSA, NSA)

Cihlar et al., 1997 NOAA-11 ECM and CPG IGBP full region April—October 1993  32; grouped 57% (0.30) [all] agreement with Canada-wide land

[TE-16] AVHRR 10° km? to 5 (4 forest) to 89% (0.78) Hall and Knapp cover, biophysical
composites [pure pixels only] (1994) TM products products
(1 km) (SSA, NSA)

Ranson et al., 1997 SIR-C/XSAR & maximum forest SSA (~MSA) 1994—Radar: 7 (3 forest) 87.3% 62 field plots also has biophysical

[RSS-15] Landsat TM likelihood species/ 3 % 10% km? April 15/October 6; information (separate)
and PCA nonforest TM: September 2

Beaubien et al., 7 scene mosaic ~ECM IGBP/GOFC SSA, NSA, June—August 28 (17 forest) 91% (0.89) TF/aux sites, field
1999, 2000 Landsat-5 TM transect 1991-1998 sites n=238
[TE-16] Bands 3,4,5 10° km?

Peddle et al. 7 scene mosaic ~ MFM-5-Scale IGBP/GOFC SSA, NSA, June—August. 13 forest: 85% (0.83); 136 field sites; also has biophysical
(2003) Landsat-5; canopy model and transect 1991-1998 25 classes 80% (0.78) agreement with parameters

Bands 3.4 (17 forest) Beaubien et al., 2000
(n=11,442)

Zarco-Tejada & CASI 16 red-edge subset of SSA August 1, 1996 7 (4 forest) 61% (0.52) agreement with SERM  foliar chemistry
Miller, 1999 bands 3-m TE/RSS (~ MSA) map (MSA) n=2646 parameters possible
[RSS-19] reflectance classes 192 km?

Fuentes et al., 2001 AVIRIS 20 m spectral mixture subset of SSA April 19, 1994, 7 (4 forest) 80% (0.77) agreement with SERM  water and foliar

53 bands analysis & TE/RSS (~ MSA) July 21, 1994, and map (MSA) n=700 chemistry parameters
(of 224 bands)  maximum classes 120 km? September 16, 1994 possible
used likelihood

Other studies discussed in this paper are also included. Validation sites listed include tower flux (TF) and auxiliary (AUX) field sites.
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Table 3

BOREAS TE/RSS land-cover classes

Class Description

1 conifer (wet)

2 conifer (dry)

3 mixed (coniferous and deciduous)
4 deciduous

5 fen

6 water

7 disturbed

8 fire blackened

9 new regeneration conifer

10 medium-age regeneration conifer
11 new regeneration deciduous

12 medium-age regeneration—deciduous
13 grass

for 11 classes (Hall & Knapp, 1999b). The SSA was initially
classified using PBC with an accuracy of 70% for 9 classes
(Hall & Knapp, 1996; Hall et al., 1997) over a larger area
(144 x 114 km=16,416 km?), with a subsequent and more
extensive validation for all 13 classes yielding an accuracy
of 75% for the same area (Hall & Knapp, 1999b). This was
further improved to 85% by Peddle, Hall, LeDrew, and
Knapp (1997), using a more advanced canopy model
(GOMS: Li & Strahler, 1992; Peddle, Hall, & LeDrew,
1999) coupled with an evidential reasoning image classifier
(Peddle, 1995, 1999).

The entire BOREAS region (1000 X 1000 km) was
initially classified using NOAA AVHRR imagery and
various unsupervised classification approaches. Steyaert et
al. (1997) mapped over half of the BOREAS region
(821 x 619 km=508,199 km?, encompassing the full SSA
and NSA) from NDVI composites throughout the 1992
growing season using a conventional clustering algorithm
and field-based cluster labeling to achieve a 16-class final
product, as well as forest fire and regeneration maps. Cihlar,
Beaubien, Xiao, and Li (1997) mapped the entire BOREAS
region as part of a larger, Canada-wide set of land-cover and
biophysical products based on 1993 AVHRR composites.
Using Classification by Progressive Generalization (CPG,
Cihlar, Xiao, Beaubien, Fung, & Latifovic, 1998) and the
Enhancement-Classification Method (ECM, Beaubien, Cih-
lar, Simard, & Latifovic, 1999), 32 IGBP classes were
identified throughout the boreal zone. ECM involves sub-
jective user interaction to maximize image information from
classification based on image contrast enhancement, quan-
tization, filtering, clustering, minimum distance reclassifi-
cation, and cluster grouping and labeling. CPG reduces the
potential for bias in the cluster groupings step by progres-
sively generalizing clusters based on spectral and spatial
proximity measures to match the desired number of classes.
Accuracy was assessed as agreement with 5 of the 11 classes
from the Hall and Knapp (1994) initial ML products in the
SSA and NSA. AVHRR pixels often contained multiple
land-cover classes, thus affecting results obtained. ECM and
CPG results were similar, and ranged from 57% (all pixels)

to 89% (subsample of pure AVHRR pixels) for these five
classes.

A mosaic of seven Landsat TM images covering the
entire BOREAS region was classified by Beaubien et al.
(1999) and Beaubien, Latifovic, Cihlar, and Simard (2000)
using a modified ECM approach to produce 28 detailed
forest land-cover classes adhering to IGBP/GOFC standards
(Table 4). An overall accuracy of 91% was obtained
(Beaubien et al., 2000) from validation against a large
sample of tower flux, auxiliary and additional ground-
verified sites throughout the BOREAS SSA, transect, and
NSA. However, ECM is rather subjective and labor inten-
sive, and it does not provide biophysical parameter esti-
mates. These issues were addressed by Peddle et al. (2003)
using the Multiple-Forward-Mode (MFM) modeling ap-
proach (Peddle, Franklin, Johnson, Lavigne, & Wulder, in
press), coupled with the 5-Scale model of Leblanc and Chen
(2000). MFM-5-Scale was applied to the same seven-image
Landsat mosaic (Beaubien et al., 2000) for 25 IGBP/GOFC
classes (the high-, medium-, and low-density crop classes
were combined into one crop class; cloud class excluded). A
set of 13 detailed forest classes was classified with an
accuracy of 85% validated against independent field data
from Beaubien et al. (2000), with good accuracy indicated
(80%) for all 25 classes based on agreement with the ECM
map from Beaubien et al. (2000) over a large sample. MFM-
5-Scale has also been used to label unsupervised clusters
generated by CPG (Cihlar et al., 1998; Peddle, Johnson,
Cihlar, Leblanc, & Chen, in press). An important advantage

Table 4
IGBP/GOFC classes used in regional-scale land-cover classifications
Class  Description Class  Description
1 conifer, high density: BS 15 mixed deciduous (>60%)
2 conifer, high density: 16 mixed forest
BS/JP
3 conifer, high density: YBS 17 wetland, shrubs, grasses
conifer, medium density: JP 18 burn—recent; bare area
5 conifer, medium density: 19 burn—recent; sparse
BS/IP vegetation
6 conifer, medium density: 20 burn; rock outcrops
BS
7 conifer, low density: BS/JP 21 older burns,
shrub—grass cover
8 conifer, low density: JP 22 old burns, mixed
regeneration cover
9 conifer, very low density 23 bare, disturbed areas
10 deciduous, high density 24 crop—high biomass
11 deciduous, medium density 25 crop—medium biomass
12 deciduous, low broadleaf 26 crop—low biomass
cover
13 mixed conifer (>60%) 27 water
high density
14 mixed conifer (>60%) 28 clouds

medium density

Conifer and deciduous classes [1—12] were >80% abundance, with crown
densities quantified as high (>60%), medium (40—60%), low (25—-40%),
and very low (<25%). Species legend: Black Spruce (BS), Jack Pine (JP);
(Y prefix =young).
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of the independent MFM-5-Scale approach is its provision
of biophysical information (Section 4.1, above) and a more
objective, semiautomated approach that is appropriate for
broader applications (e.g., regional/national scales, multi-
temporal studies, etc.) with the potential to provide an
integrated, operational process.

Fernandes et al. (2003) examined several algorithms for
mapping sub-pixel land-cover fractions and continuous
fields of vegetation properties in the BOREAS study area.
They used Landsat TM-based land-cover classification
scaled up to the 1.15-km pixel size of SPOT VEGETATION
imagery. The neural network, look-up-table, and multivar-
iate regression algorithms performed well when the training
and validation regions were in close proximity; however,
when these regions were more distant, all three methods
exhibited substantial biases owing to characteristics of the
training data. Linear least-squares inversion showed less
bias, but was also less precise. A combination of multivar-
iate regression and linear least-squares inversion was rec-
ommended for the general case, for which woody fraction
estimates were within 20% of those obtained from Landsat
TM classification.

Airborne hyperspectral sensors such as the Compact
Airborne Spectrographic Imager (CASI) and the Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) offer
greater spectral detail than multi-band sensors (Table 1)
and have the potential to provide finer definition of vege-
tation types and functional states than previous maps based
on AVHRR or TM. Using the CASI sensor, Zarco-Tejada
and Miller (1999) demonstrated that four statistics defining
the shape and position of the reflectance spectrum near 700
nm (i.e., “red-edge” parameters) can lead to improved
vegetation mapping (61% for seven of the TE/RSS classes)
for a small portion (192 km?) of the SSA, relative to the
accuracy estimated within the corresponding area extracted
from an earlier Landsat classification (Hall et al., 1997).
Optical parameters characterizing the red edge are known to
be responsive to variations in leaf pigment content, LAI, and
understory. The fen, in particular, which was not easily
resolved by several other sensors, was readily distinguished
with these red-edge parameters. However, for a single date,
the red-edge parameters were unable to clearly distinguish
wet from dry conifers (e.g., black spruce vs. jack pine), two
functionally distinct vegetation classes that differ little in
this spectral region. Using AVIRIS imagery, Fuentes,
Gamon, Qiu, Sims, and Roberts (2001) classified TE/RSS
classes 1—7 (Table 3) with an accuracy of 80% over a small
(120 km?) area. This study tested two separate approaches to
utilizing the fine-spectral resolution present in AVIRIS
imagery. One method used several reflectance indices
known from prior field and experimental studies to have
specific physiological or structural significance. These in-
dices included narrow-band formulations of the normalized
difference vegetation index (NDVI, an indicator of green
canopy structure), the photochemical reflectance index
(PRI, an indicator of chlorophyll and carotenoid pigment

levels, including xanthophylls cycle pigments), and the 970-
nm water band index (WBI, an indicator of canopy water
content). Index maps derived from reflectance were then
used in a supervised maximum likelihood classification to
map the local region around several SSA tower sites. A
second method used a library of leaf spectral signatures
representing contrasting levels of the major visible leaf
pigment groups (chlorophylls, carotenoids, and anthocya-
nins) for spectral mixture analysis. The resulting end-
member fraction maps illustrating relative amounts of hy-
pothetical “leaf types” (based on these in vivo pigment
reflectance spectra) were then used in a supervised classi-
fication routine to map the same SSA tower site regions,
yielding a classification accuracy of 80.1% (Fig. 3). More
recent work employing supervised classification on multiple
narrow bands have reported improved accuracies of up to
91% (Fig. 3, Fuentes et al., unpublished).

A general problem in remote sensing is that it is often
difficult to compare different land-cover products due to the
multiple sensors, algorithms, landscapes, image dates, cover
classes, and accuracy assessment methods used. Because of
these multiple variables, a direct comparison of the reported
accuracies of all land-cover products (Table 2) is usually not
particularly meaningful. An objective and comprehensive
comparison would require a more rigorous experimental
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Fig. 3. Overall classification accuracy for various land-cover products
obtained for a small BOREAS subregion (Jack Pine-Fen in the SSA). Land-
cover products were derived from Landsat TM (Hall et al., 1997), CASI
(Zarco-Tejada & Miller, 1999), AVIRIS (Fuentes et al., 2001), and more
recent unpublished AVIRIS results (question mark—Fuentes, personal
communication). The Landsat TM land-cover result was extracted from a
much larger map (full SSA) with a reported overall accuracy of 75% (Hall
& Knapp, 1999a, 1999b; Hall et al., 1997; see Table 2) For this figure,
comparable accuracy assessment methods were applied to all products
using a common ‘“‘ground truth” from the SERM map as described in
Fuentes et al. (2001) and Zarco-Tejada and Miller (1999). For Landsat TM,
the two different points represent the accuracies reported in Fuentes et al.
and Zarco-Tejada and Miller over the smaller modeling sub-area (covering
~ 1% of the SSA). For CASI, the multiple data points indicate different
methods of land-cover retrieval. For AVIRIS, the multiple data points
indicate both different retrieval methods and overpass dates. See Fuentes et
al. and Zarco-Tejada and Miller for further discussion of methods and
accuracy assessment.
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design than was possible in BOREAS. However, because of
the abundance of land-cover products over the same region,
and because of the provision of common sources of “ground
truth,” BOREAS provided an opportunity to explore rela-
tive accuracies of several different approaches in a more
objective way than is usually the case. The results of an
initial comparison of three land-cover products are shown in
Fig. 3, which reports the overall accuracies for 7 classes
from the 13-class TE/RSS class set for a relatively small
area ( ~ 1% of the SSA) using land-cover products from
three sensors: Landsat TM (Hall et al., 1997), CASI (Zarco-
Tejada & Miller, 1999), and AVIRIS (Fuentes et al., 2001).
In this analysis, comparable accuracy assessment methods
(reported in Fuentes et al., 2001; Zarco-Tejada & Miller,
1999, and differing from those reported in Hall et al., 1997),
a common “truth”—the Saskatchewan Environment and
Resource Management (SERM) land-cover map, and the
same seven classes (see Fig. 4 and Table 3) were applied to
a single boreal landscape (the Fen—Jack Pine subregion
within the SSA, a portion of which is illustrated in Fig. 4).
In this comparison, slight improvements in overall accuracy
are reported from the CASI sensor over those obtained using
the Landsat TM sensor. Further improvements were
obtained using the AVIRIS sensor, with the maximum
accuracy on the order of 90% across all cover types for
this particular landscape. Within a given sensor, variation in
the reported accuracy can result from any of several factors,
including the particular algorithms or bands used (more

bands generally being better) and different overpass dates
(Fig. 3). In this comparison, it appears that the increased
accuracy over time can be partly attributed to the increased
information (e.g., greater spatial and spectral detail) avail-
able with these hyperspectral sensors (Fuentes et al., 2001),
although other effects cannot be ruled out. It is likely that
the highest accuracy (roughly 90% across all test pixels)
represents a theoretical limit using this particular assessment
method. This further supported by the accuracies of ~ 90%
obtained by Beaubien et al. (1999, 2000) for 28 detailed
land-cover classes over the entirce BOREAS region. The
roughly 10% error remaining may be unavoidable due to
errors in the remotely sensed product, errors in the SERM
map used for accuracy assessment, and the imperfect co-
registration of the two (Fuentes et al., 2001).

A number of multidirectional sensors, including (1) the
Advanced Solid-state Array Spectroradiometer instrument
(ASAS; Russell, Irons, & Dabney, 1997; Sandmeier &
Deering, 1999), (2) the Portable Apparatus for Rapid
Acquisition of Bidirectional Observations of Land and
Atmosphere instrument (PARABOLA; Li, Moreau, Cihlar,
& Deering, 1997), and (3) the Polarization and Direction-
ality of Earth Reflectances instrument (POLDER; Bicheron,
Leroy, Hautecoeur, & Bréon, 1997) were used in BOREAS
primarily to characterize the bidirectional reflectance distri-
bution function (BRDF). While the primary applications
were to characterize the structural and radiative properties of
boreal stands, a fortuitous by-product of these studies was
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Fig. 4. Comparison of land-cover types (A) with midday gross carbon uptake rates (2-h averages near solar noon) derived from AVIRIS imagery for a portion
of the SSA. The land-cover types were derived from pigment and water absorption features using a combination of spectral mixture analysis and a maximum
likelihood classification (Fuentes et al., 2001). The CO, flux image (B) was derived from NDVI and scaled PRI using a light-use efficiency model and provided
an empirically calibrated regional image of midday fluxes for September 16, 1994. This method yielded a strong agreement (+*=0.8) with fluxes determined by

eddy covariance from five different boreal ecosystems (Rahman et al., 2001).
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the confirmation that BRDF signatures vary predictably
with the dominant land-cover types, offering a novel means
of mapping vegetation for the boreal forest region (see
Russell et al., 1997; Sandmeier & Deering, 1999). Further-
more, the specular component of the BRDF helps isolate
inundated areas such as fens (e.g., Vanderbilt et al., 2002),
which are important regional sources of methane.

A further example of enhanced dimensionality applied
to vegetation mapping was provided by the synergistic
combination of radar and optical (e.g., TM or AVIRIS)
data, which integrates the power of radar for structural
analyses with the additional information present with
optical sampling. For example, shuttle imaging radar
(SIR-C/XSAR) and Landsat imagery was used by Ranson
et al. (1997) to map seven land-cover classes as well as
biomass over a portion (80 x 20 km=1600 km?) of the
smaller modeling sub-area (MSA) within the SSA. The
SIR-C L-band and the NIR and SWIR Landsat TM bands
contributed the most information content to the classifier,
with 87% accuracy obtained for a sample of 62 field plots
using a standard supervised maximum likelihood ap-
proach. Good results were obtained for estimating biomass
density using this integrated radar-optical data set. Ranson
and Sun (2000) combined SAR and Landsat TM data to
obtain classification accuracies between 72% and 84% for
subsets of the BOREAS SSA, reducing classification
errors occurring with radar or TM alone. When combining
SAR and TM scenes from two dates, the accuracy im-
proved to 89%. The structural information accessible with
radar (Ranson & Sun, 2000; Ranson et al., 1997; Treuhaft
& Siqueira, 2000) suggests that this method may prove to
be particularly useful for distinguishing contrasting stand
age, biomass density, and level of disturbance. Because of
the impact of stand age on productivity (Ryan & Yoder,
1997; Yoder, Ryan, Waring, Schoettle, & Kaufmann,
1994), this information will be essential to refining re-
gional carbon budget estimates, particular given the large
areas of disturbed and aggrading forest (Hall et al., 1997,
Steyaert et al., 1997).

Since land-cover products provide a foundation for most
spatially distributed ecosystem carbon flux assessments, the
wide array of novel BOREAS land-cover products now
offer the potential for improved regional analyses of carbon
exchange. Although most analyses of boreal carbon flux to
date have not yet considered this new land-cover informa-
tion, some initial applications of new remote sensing prod-
ucts to the carbon question are discussed next.

4.3. Assessment of the carbon balance

Is the boreal forest a source or a sink of carbon, and how
will global climate change affect the boreal forest carbon
balance? This critical question remains difficult to answer,
in part because net CO, flux is a small sum of two large
terms: photosynthetic carbon uptake and respiratory carbon
loss. The error in the determination of either of these

components easily exceeds the measured values of net
carbon exchange (Goulden, Munger, Fan, Daube, & Wofsy,
1996; Moncreiff, Malhi, & Leuning, 1996), particularly for
low-productivity ecosystems such as the boreal forest.
Consequently, while the controls on the separate photosyn-
thetic and respiratory fluxes are largely understood, the
exact magnitude of the fluxes remains only partly under-
stood (Hall, 1999).

The large boreal carbon stores could have a large impact
on the global carbon cycle. The relatively low nutrient
cycling rates at high latitudes result in relatively high
long-term boreal carbon storage rates averaging roughly
30-50 g C m % year ' (Harden, Sundquist, Stallard, &
Mark, 1992), a result of relatively high root turnover from
trees, shrubs, and mosses with relatively low decomposition
rates. Over the past few thousand years, these below-ground
storage processes have created a large and potentially
mobile reservoir of carbon in the peatlands and permafrost
areas of the boreal ecosystem. Given the large boreal carbon
pools and the enormous areal extent of this ecosystem,
roughly 20 million km? (Sellers et al., 1997), relatively
small shifts in carbon flux can readily lead to significant
changes in atmospheric carbon levels. Such changes could
result from climate change altering ecosystem respiration
and primary productivity, hence altering carbon exchange
between the boreal ecosystem and atmosphere. Additionally,
changes in the balance of disturbance and recovery rates
from fire and logging could critically affect the ecosystem
carbon balance.

Remote sensing has provided key insights into these
issues and undoubtedly will contribute to provide addition-
al answers. Combined aircraft flux and remote sensing has
confirmed a strong spatial correlation between vegetation
greenness and CO, flux for this biome (Desjardins et al.,
1997; Ogunjemiyo, Schuepp, Desjardins, & MacPherson,
1997). Additionally, remote sensing has been used to
characterize and quantify cover types and functionally
important surface characteristics, including biomass densi-
ty, canopy structure, and the degree of disturbed and
aggrading land, all of which influence surface-atmosphere
fluxes. With this information, we can now evaluate how
well the flux tower footprint represents a given region, an
essential step in extrapolating from point tower data to
regional assessments. Additionally, novel indices and stand
characterizations provided by new sensors offer more direct
ways of assessing carbon stocks as well as the individual
photosynthetic and respiratory component of net ecosystem
exchange.

One example of a new product is the photochemical
reflectance index (PRI). At the leaf and canopy scales, this
index follows the activity of xanthophyll cycle pigments
and thus provides a measure of photosynthetic light-use
efficiency (Gamon, Serrano, & Surfus, 1997). At larger
spatial scales, this index can also be strongly influenced by
other factors, including seasonally changing carotenoid/
chlorophyll levels (Gamon, Field, Fredeen, & Thayer,
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2001; Sims & Gamon, 2002; Stylinski, Gamon, & Oechel,
2002) and canopy structure (e.g., Barton & North, 2001),
both of which can be linked to stand-level photosynthetic
rates and light-use efficiency. The utility of this index as a
measure of stand-scale photosynthetic activity in natural
ecosystems had not been fully explored prior to BOREAS
largely due to the scarcity of appropriate stand-scale
optical and flux measurements. With BOREAS, the avail-
ability of suitable hyperspectral data, along with flux and
micrometeorological sampling at comparable spatial scales
allowed a rare opportunity for the evaluation of stand-level
PRI across dates and vegetation types. Remarkably, this
index was well-correlated with estimates of whole-ecosys-
tem photosynthetic light-use efficiency from BOREAS flux
towers (Nichol et al., 2000). Further work demonstrated
that PRI derived from AVIRIS data was strongly correlated
with gross carbon flux of the major boreal ecosystems, and
that combination of PRI with NDVI provided a method for
mapping photosynthetic carbon gain from this biome
(Rahman, Gamon, Fuentes, Roberts, & Prentiss, 2001)
(Fig. 4).

The production of calibrated flux images from hyper-
spectral sensors (Fig. 4) allowed an evaluation of the extent
to which tower fluxes are representative of the carbon flux
of the larger region. One conclusion of this analysis was that
the tower flux data, which have provided the foundation for
the discussion of the regional carbon balance, appear to be
underestimating gross carbon uptake of the SSA region by
about 10% due to the tendency to locate flux towers at
mature and uniform stands rather than at aggrading or mixed
stands (Rahman et al., 2001). This result is in qualitative
agreement with another recent study comparing GOES
satellite data to tower flux measurements of energy balance
(Gu, Smith, & Merritt, 1999) that concluded flux towers
underestimate the regional sensible and latent heat flux by
15%. Together, these studies illustrate the utility of integrat-
ing remote sensing with flux tower sampling for identifying
potential biases in the flux measurements. Given the con-
clusion, largely from tower flux analyses, that the boreal
forest is approximately in carbon balance (Hall, 1999;
Sellers et al., 1995), and given the abundance of disturbed
and aggrading sites (Hall et al., 1997; Steyaert et al., 1997),
this possible underestimation of measured carbon uptake
suggests that the boreal forest may be a greater carbon sink
than tower measurements indicate.

By combining remote sensing from several sensors with
models, historical information, and flux towers, a more
comprehensive picture of boreal forest carbon sources and
sinks is starting to emerge. Surface parameters derived
from remote sensing provide key inputs to models for
mapping carbon source and sink distributions. Chen, Ju et
al. (in press), Chen, Liu, Leblanc, Lacaz, and Roujean (in
press) recently developed a technique to track retrospec-
tively the historical NPP variation and soil carbon dynam-
ics in each pixel using NPP values in recent years, forest
age, and historical climate data under an assumption of

preindustrial dynamic equilibrium in the carbon cycle.
They first calibrated their model using BOREAS and other
tower flux data and then produced a carbon source and
sink map for all of Canada’s forests (Fig. 5). The BORE-
AS region was found to be a source of carbon during the
1990s because of the increase in fire disturbance, but
Canada’s forests overall acted as a small sink of about
0.35 Tg C year ' in the same period. This analysis
illustrates the danger of extrapolating from a single set
of points to a larger region and the necessity of integrating
remote sensing with other methods and sources for a
synoptic view of carbon dynamics.

Remote sensing provides maps of vegetation type and
key biophysical parameters (e.g., Fpar and LAI) that
continue to be essential inputs to any spatially distributed
analysis of carbon flux. Most regionally based analyses to
date have employed AVHRR or TM products (e.g., Beau-
bien et al., 1999; Goetz et al., 1999; Hall et al., 1997; Liu,
Chen, Cihlar, & Chen, 1999; Steyaert et al., 1997). During
BOREAS, the use of both passive and active optical remote
sensing to identify disturbance and monitor biomass recov-
ery from disturbance were developed and demonstrated.
Cihlar et al. (1997), Hall et al. (1997), and Steyaert et al.
(1997) demonstrated the use of Landsat and AVHRR data to
map fire and logging disturbance. Hall et al. developed
physically based methods to estimate biomass density using
a radiative transfer model to estimate canopy cover fraction
from Landsat bands then biomass density and LAI by
computing a theoretical relationship based on allometric
relations between canopy cover fraction, biomass density,
and LAI Their technique produced biomass estimates in
needle-leaf evergreen canopies with an error of less than
+3 kg m~ 2 for black spruce stands ranging in biomass
from 1 to 12 kg m~ % (Hall et al., 1997). This approach was
subsequently used by Asner, Bateson, Privette, ElSaleous,
and Wessman (1998) to estimate vegetation structural
effects on carbon uptake.

Newer remote sensing products from radar, multiple-
view-angle, laser altimetry, or hyperspectral sensors offer
improved surface characterization. Radar, in particular,
offers the potential for frequent (e.g., daily), circumpolar
monitoring of boreal regions due to its virtual all-weather
capability regardless of solar illumination or cloud cover
conditions. While initial results for many of these new
technologies show promise, their potential to improve
carbon models remains largely untested.

Insight into interannual patterns of carbon flux has been
obtained from radar backscatter data, which is uniquely
capable of penetrating cloud cover. Exploration of freeze—
thaw dynamics from radar backscatter revealed a relatively
simple method for characterizing spring thaw and fall
freeze (Fig. 6) (Frolking et al., 1999; Kimball, McDonald,
Frolking, & Running, 2003). Variation in freeze/thaw dates
are believed to have a large influence on the annual carbon
balance of northern latitude forest (Goulden et al., 1997)
and could prove to be one of the most sensitive indicators
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Fig. 5. Carbon source and sink distribution in Canada’s forests for the period 1990—1998, in terms of net biome productivity, which includes carbon absorption
by vegetation, releases from soils due to decomposition of dead organic matter, and direct carbon emission during fires. White color indicates nonforested
areas. Source: Chen, Ju et al. (2003), Chen, Liu et al. (2003). (a) ERS-1 SAR landscape freeze—thaw classification. (b) ERS-1 SAR backscatter comparison

with vegetation temperature and snow depth.

of biospheric responses to global climate change (Myneni,
Keeling, Tucker, Asrar, & Nemani, 1997). Similarly, multi-
temporal AVHRR analyses (Myneni et al., 1997; Tucker et
al., 2001) suggest that northern latitudes may be experi-
encing earlier spring greening. However, it should be noted
that the sampling period of some sensors (e.g., AVHRR)
lacks the temporal resolution to conclusively resolve subtle
temporal differences. While the advent of MODIS products
at 8-day intervals (Myneni et al., 2002) offer opportunities
to further improve our understanding of interannual vege-
tation dynamics, the integration of radar backscatter meas-
urements with the global NDVI products could go a long
way towards pinpointing subtle differences in season
length and thus clarify regional changes in carbon balance.

An important component of the forest carbon cycle is
the stock of carbon in woody biomass. Polarimetric radar
data from AIRSAR were used to estimate biomass of the
southern study area (Saatchi & Moghaddam, 2000) and
thus may be useful for mapping carbon stocks. In this
study, the best accuracy (over 90%) was achieved by

including multiple frequencies and polarizations, with the
accuracy degrading gradually as the variety of channels
decreased. Other instruments such as lidar have also been
recognized for estimating biomass through relating vegeta-
tion height profiles to biomass (e.g., Lefsky, Harding,
Cohen, & Parker, 1999). An active optical sensor (SLIC-
ER—Scanning Lidar Imager of Canopies by Echo Recov-
ery) flown on aircraft demonstrated the potential for lidar
estimates of biomass density (Lefsky et al., 2002). They
compared the relationships between lidar-measured canopy
structure and coincident field measurements of above-
ground biomass at sites in the BOREAS black spruce
canopies as well as in temperate deciduous and temperate
coniferous canopies. A single regression for all three sites
explained 84% of variance in aboveground biomass
(p<0.0001) and showed no statistically significant bias
in its predictions for any individual site.

Radar algorithms for biomass and vegetation variable
estimation rely on ancillary information to help establish
correlations between canopy geometrical parameters. For
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depth.

example, knowledge of vegetation class type and/or allome-
tric relations are needed. Therefore, combining radar data
with other data types (multispectral or hyperspectral optical
with field validation) is needed to ensure success of the radar
algorithms. Indices from optical sensors (e.g., NDVI or the
indices of foliar water content) are often strongly related to
total stand biomass, but these relationships can be confound-
ed by seasonally varying leaf display or other factors and,
thus, do not always provide reliable measures of biomass.
Thus, it appears that combinations of sensors and data sources
may be the best way to yield accurate biomass estimates.

A primary use of remote sensing has been to derive
parameter fields for regional estimates of net primary
production (NPP), an expression of annual ecosystem car-
bon gain. Major conclusions from these efforts are that
spatially extensive lowland conifer (e.g., black spruce) areas
are less productive than the less common deciduous forests
or croplands, and that interannual variability in boreal
carbon uptake is considerable, largely linked to the timing
of the spring thaw (Goetz et al., 1999; Kimball, Keyser,
Running, & Saatchi, 2000; Liu et al., 1999). Good agree-
ment (within 10-30%) in relative magnitudes and season-
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ality between modeled and measured carbon fluxes across
several key land-cover types (Goetz et al., 1999; Kimball et
al., 2000) provides some degree of confidence in these
regional NPP estimates.

Radar data offers considerable promise for improving
NPP estimates. For example, polarimetric multifrequency
AIRSAR data have been used to systematically derive top-
to-bottom vegetation canopy variables, including crown
layer moisture content, crown layer depth, stem moisture
content, soil moisture, and stem density (Moghaddam &
Saatchi, 1999; Moghaddam, Saatchi, & Cuenca, 2000).
Because of the varying degrees of penetration of multifre-
quency radar signals into vegetation canopies, it was
possible to devise an algorithm that uses successively
decreasing frequencies to characterize deeper layers of the
vegetation canopy. Multiple AIRSAR data acquisitions
from April to September 1994 were used to generate crown
and soil dry-down maps of part of the SSA using this
algorithm. The temporal variation in these values could be
used to replace constants that are currently used to drive
biogeochemical models for assessing NPP, possibly improv-
ing NPP estimates.

4.4. Links between surface properties, weather, and climate

The representation of land surface processes in numerical
weather prediction and climate models is generally under-
taken by the implementation of some type of soil—vegeta-
tion—atmosphere transfer scheme (i.e., a SVATS process
model) that is capable of describing mass and momentum
flux exchanges at the interface between the surface and

atmosphere (i.e., at the base of the boundary layer). An
ongoing research topic in SVATS modeling is the applica-
tion of satellite observations to the production of updated
surface properties (e.g., LAI surface albedo, directional-
spectral fluxes defining the incoming terms of the surface
radiation budget; Chen et al., 1997; Habets et al., 1999). A
particularly instructive example from BOREAS is the ex-
ploration of the surface radiation budget (SRB), particularly
the detailed albedo fields derived from the GOES satellite
measurements (Gu & Smith, 1997, this issue; Gu et al.,
1999).

Over the boreal forest zone, surface albedo is highly
dependent on latitude and season, as illustrated in Fig. 7
(from Gu & Smith, this issue). This latitude—time diagram
is based on an analysis of GOES satellite measurements
according to a retrieval methodology described in the
studies of Gu and Smith (1997, this issue). Between the
~ 54-56°N latitude zone bounded by the BOREAS SSA
and NSA, where nearly all recent understanding of the
relatively dark albedo properties of the boreal forest has
been drawn, wintertime albedos are at their minimum,
ranging from approximately 0.2—0.3 (see also figure 12c
in Gu & Smith, 1997). (Note that Betts & Ball, 1997
found individual site wintertime albedos as low as 0.11
for conifers.) Across the entire 50—60°N latitude zone,
forests are denser with respect to zones to the north and
south and usually warmer than the zone to the north.
Because wintertime winds at these latitudes are strong,
snow that initially is intercepted by tree branches (ap-
proximately 90% of total snowfall) is relatively quickly
removed (within 3 days) by a combination of sublimation
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Fig. 7. Latitude—time cross-section of broadband surface albedo derived from GOES satellite measurements over study area bounded by 50—60°N/97—-107°W

from days 45-295, 1996 (February 14—October 22).
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and unloading (blow-off) at a ratio of about 2:1 (see
Pomeroy & Schmidt, 1993; Hedstrom & Pomeroy, 1998;
Pomeroy, Parviainen, Hedstrom, & Gray, 1998). This
results in exposed forest canopies which reduces surface
albedo relative to the case for a prolonged snow-covered
canopy.

The highest boreal latitudes analyzed in Fig. 7 are colder
with sparser forest cover, exhibiting wintertime albedos in
the 0.3—-0.4 range. At central boreal latitudes where the
densest forests predominate, wintertime albedos are lower
by approximately 0.1. At the lowest boreal latitudes where
the forest starts transitioning into prairie and agricultural
lands (landscapes which tend to retain snow cover), win-
tertime albedos are once again elevated to the 0.3-0.4
range. As winter transitions into summer, albedos reduce to
their minimum values in the 0.08—0.1 range with a much
different structure in latitudinal variation. The lowest albe-
dos of the mixed forest zone north of 54°N gradually
change to values between 0.1 and 0.2 in the southern zone
where there are extensive cultivated lands, particularly
grain croplands south of 52°N (Steyaert et al., 1997). From
this work, an improved understanding of the annual cycle
of surface albedo across the boreal forest zone was gained,
as well as a better recognition of its variability and
complexity.

At many times during the growing season, the lower
forest albedos combine with relatively low evapotranspira-
tion and photosynthetic rates characteristic of northern
evergreen forests to tightly control surface-atmosphere car-
bon, water, and energy exchanges (Baldocchi et al., 2000;
Gu et al., 1999; Sellers et al., 1995). Because of the
concomitant relatively high sensible heat fluxes required
for surface energy balance, especially in spring and in dry
periods, such conditions can promote the development of
deep, dry atmospheric boundary layers associated with
semiarid zones and deserts, reinforcing the notion of the
boreal forest as a “green desert” (Betts, Ball, & McCaughey,
2001).

These GOES SRB retrievals were combined with addi-
tional in situ meteorological surface observations (pressure,
temperature, humidity, wind speed—direction) and rainfall
to create a 3-year continuous radiation—meteorology—pre-
cipitation forcing data set used for a hydrometeorological
(hydromet) model intercomparison study (Table 5) that is
nearing completion (Eric Wood, personal communication,
2002). A key finding of this hydromet model intercom-
parison is that the use of this common forcing data set
leads to very good agreement between the models insofar
as the available heating term (i.e., net radiation flux plus
soil heat flux). As a result of this agreement, there is also
very good agreement among the component sensible and
latent heat flux terms. A significant exception is that each
of the models uses a different approach for specifying
wintertime snow albedo, which has the expected result of
creating model disagreement concerning snow ablation and
melt off.

Table 5
Identification of institutions and participants of BOREAS hydromet model
intercomparison project

Model Institution Participants

1 European Center for Medium Alan Betts
Range, Weather Forecasting
(ECMWF)

2 Florida State University (FSU) Eric Smith, Harry Cooper,

Jivjing Gu, James Lamm

3 National Center for Atmospheric ~Gordan Bonan, Keith Oleson
Research (NCAR)

4 Princeton University/ Eric Woods, Dennis
University of Washington Lettenmaier, Bart Nijssen,
(PU-UWASH) Valentijn Pauwels

5 University of Arizona (ARIZ) Robert Dickinson, Jean

Morrill, Kaye Schaudt

6 University of Waterloo (UWAT)  Eric Soulis, Nicholas

Kouwen, Kenneth
Snelgrove, Edward Whidden

A second conclusion emerging from the hydromet model
intercomparison is that high space—time resolution satellite
precipitation information would have greatly improved our
understanding of the water budget. This is because precip-
itation forcing information was derived from objectively
analyzed rain and snow gauge measurements, and large
regions of the study area (mostly in the northern half) had
insufficient gauge density to take advantage of the under-
lying spatial resolution in the meteorological and SRB
forcing data. In the wintertime, snow gauge reports were
too few to provide a sufficiently detailed picture of the
wintertime water budget throughout the large-scale domain.

In part due to these limitations, two model run iterations
were required to obtain good agreement between the various
sets of model results. Until the BOREAS hydromet inter-
comparison, satisfactory model convergence of SVATS
models had not been achieved—such as found with the
SVATS model intercomparisons of the Project for Inter-
comparison of Land-Surface Parameterization Schemes
(PILPS), as described in Henderson-Sellers, Pitman, Love,
Irranejad, and Chen (1995) and Pitman and Henderson-
Sellers (1998).

The hydromet model intercomparison study of BOREAS
has led to additional nomenclature for SVATS modeling,
that being the term ““hydrometeorological model” denoting
the need for fully integrating detailed SVATS and hydrology
sub-models to obtain representative model simulations of
surface radiation, heat, and water budgets, all of which are
intrinsically connected. In this same sense, an important
outcome of having the BOREAS science team conduct
separate surface hydromet and carbon model intercompari-
son studies is the recognition that integrating detailed
carbon cycle-driven CO, assimilation and respiration pro-
cesses into hydrometeorological energy-balance models is
just as important as integrating detailed surface energy
budget-driven radiation, heat, water, and momentum pro-
cesses into carbon balance models. (A detailed analysis of
the BOREAS carbon model intercomparison study results is
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provided in Amthor et al., 2001; Potter et al., 2001.)
Therefore, it is clear that the next generation of climate
models will require fully coupled and physically integrated
hydrometeorological and carbon assimilation—respiration
process models.

Clearly, remote sensing science in BOREAS has im-
proved our knowledge of the physical climate system. The
use of frequent, large-area GOES measurements to acquire
detailed knowledge of the surface radiation budget and
surface albedo, along with the concomitant improvement
that has taken place in hydrometeorological process models
(now central components of all prognostic climate models)
afforded by the BOREAS hydromet model intercomparison
project, is just one example of how such improvements have
evolved. Notably, during the snow melt period when snow
surface metamorphosis is rapid and with albedo being
sensitive to snow surface structure and forest cover proper-
ties, determination of turbulent heat and moisture fluxes and
understanding of how to model albedo more accurately and
explicitly can be greatly aided by improved remotely sensed
albedo quantities. Improved spatial, spectral, and angular
resolution offered by new satellite sensor systems such as
those on board the current TERRA and AQUA sun syn-
chronous satellites and the METEOSAT Second Generation
(MSG) geosynchronous satellite, as well as the planned
sensors for the next-generation operational NPOESS satel-
lite platforms, will allow more refinements to broadband
albedo retrievals because of anticipated improved correc-
tions for spectrally differential atmospheric attenuation and
improved BRDF formulations.

Moreover, BOREAS has been successful in clarifying the
contribution of multi-scale and directional radiative effects
necessary to improve radiation schemes in climate models
(Bicheron et al., 1997; Li et al., 1997; Russell et al., 1997,
Sandmeier & Deering, 1999). Scaling strategies consisting
of comparing remotely sensed radiances from tower scale to
patch scale and finally to regional scale (including water
bodies) are leading to a new generation of radiative transfer
models which account for grouping effects across scales.
This research will enable better representation of canopy
clumping effects on the radiation field and thus avoid
energetic biases in weather and climate models due to
applying simplifying assumptions concerning homogeneous
media and isotropic radiation. In this context, the multi-
angular radiation observation program of BOREAS has
enabled a better definition of the radiation field inside a
forest biome, thereby providing a better quantitative repre-
sentation of the radiative flux divergence across vertical
layers. This representation is essential to accurately calcu-
lating diabatic radiative heating and cooling processes
within and just above a forest canopy. The potential of
BRDF information for improving land-cover type mapping
and for enhancing our understanding of the exchange of
mass and energy in the boreal forest biome is beginning to
be explored (Chen, Ju et al., in press; Chen, Liu et al., in
press; Privette, Eck, & Deering, 1997). It is now apparent

that surface representations in hydrometeorological models
need to account for anisotropy due to the occurrence of gaps
in the canopy, which reduces albedo relative to a horizon-
tally homogenous canopy distribution. This becomes par-
ticularly critical when considering the reflectance effect of
snow beneath a forest canopy (e.g., Betts, Viterbo et al.,
2001; Viterbo & Betts, 1999).

There are remaining challenges in improving the links
between the physical climate system and surface properties
and processes, as well as how canopies intercept precipitation
and retard rain flux to the ground. Remote sensing has an
important role to play in understanding these processes, just
as it has already had on arriving at a better definition of the
variability of wintertime albedos across the large scale boreal
forest ecosystem. Other climate modeling problems having to
do with heat transfer between the ground surface and canopy,
the heat capacitance of the canopy, and the partitioning
between latent and sensible heat flux within the canopy and
across the canopy—atmosphere interface are also “frontier”
issues that new strategies in remote sensing will address.

5. Recommendations

To spur additional advances, we recommend further
development in six particular directions: (1) comparative
approaches, (2) intermediate-scale sampling, (3) multidi-
mensional sampling, (4) stand structure, (5) integration
between remote sensing and modeling, (6) increased atten-
tion to respiration, and (7) informatics.

5.1. Expand comparative approaches

The “classic” experimental method, with comparison
between treatments and controls and ample replication, is
rarely adopted for large landscapes. Greater inclusion of
ecosystem manipulations and comparative analyses in re-
mote sensing campaigns would significantly increase the
utility of remotely sensed data. As with most ecosystem
experiments, BOREAS primarily adopted a representative
approach, largely because of the prohibitive cost of a fully
replicated, experimental approach at this scale. To the extent
that they were adopted, comparative approaches provided
valuable insights into the function of this biome. For
example, the analysis of successional stages revealed that
disturbance alters respiration, albedo, seasonal extent, and
patterns of carbon gain (e.g., Figs. 4 and 5). Clearly,
continued analysis of mature, aggrading, and disturbed sites
would yield further insights into the temporal and spatial
dynamics of carbon for this ecosystem. Recent studies have
attempted to evaluate disturbance by considering fire effects
or by sampling chronosequences with flux towers (e.g.,
Litvak, Miller, Wofsy, & Goulden, in press). Remote sens-
ing could help these efforts by examining how representa-
tive these flux locations are and by extrapolating to the
larger region. Another needed experimental approach would
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be to evaluate the sensitivity of carbon or climate models to
a wider variety of remote sensing science products. Most
model runs are based on a single set of land cover or
biophysical parameters (e.g., derived from AVHRR or
Landsat TM), without evaluating the potential impact of
novel, alternative products on the resulting model output.
For example, many of the newer structural characterizations
attainable using hyperspectral, multiangle, radar, and lidar
sensors could be compared to single-angle, broadband
products derived from AVHRR, Landsat TM, or MODIS.
Similarly, models could explore the impact of various LAI
products or land-cover products on overall regional climate
or carbon gain. For these analyses, further studies could take
advantage of the rich array of remote sensing products
already available (http://www-eosdis.ornl.gov/BOREAS/
boreas_home_page.html).

5.2. Develop intermediate-scale sampling protocols

Much of the progress in BOREAS was made by ground-
based or low-flying platforms, which are intermediate in
scale between most field measurements and satellite remote
sensing. These platforms are generally considered “exper-
imental” and are often not favored by funding agencies
because of their relatively high cost. However, BOREAS
demonstrated the value of these approaches. Direct con-
nections between variables measured in the field and re-
motely sensed signals from aircraft were possible because of
their intermediate scale and flexible deployment. If we are to
continue to make fundamental progress with remote sens-
ing, ongoing support for such platforms (e.g., in the form of
drones and/or low-flying aircraft) and innovative field
sampling methods will be essential. Many of these methods
need not be particularly expensive to be effective. For
example, Huemmrich, Black, Jarvis, McCaughey, and Hall
(1999) demonstrated the utility of continuous NDVI meas-
urements from existing flux tower meteorological sensors
for capturing phenology linked to carbon flux. Because
carbon flux varies in time, it cannot be readily captured
by the “single snapshot” approach of most remote sensing,
which is often ill-equipped to match the temporal and spatial
scale of field sampling. Further development of such low-
cost, mid-scale sampling protocols could be of great use in
validating measured and modeled satellite products.

5.3. Develop multidimensional sampling

Continued exploration of the multidimensional aspects of
remote sensing are likely to further improve characterization
of surface properties and processes. This includes consider-
ation of temporal dynamics, multiple-view-angle, hyper-
spectral, and synergistic combinations of sensors (e.g.,
optical, lidar, and radar). For maximum utility, these studies
should include direct, quantitative comparisons between
multidimensional products and single-sensor or single-di-
mensional products. Radar estimation algorithms produce

progressively better results as more frequencies and polar-
izations are included in the analyses, and best results were
obtained when integrated with other data such as Landsat
TM (Saatchi & Moghaddam, 2000) as well as with in situ
measurements and interferometric SAR data. Unfortunately,
little has been done in combining radar polarimetry and
interferometry for BOREAS, mainly because of the limited
and inconsistent INSAR data (the one INSAR flight line
was not coincident with any other AIRSAR flight lines in
BOREAS). In the future, this problem can be avoided by
planning consistent flight lines for all instruments involved.
To maximize information content, INSAR acquisitions for
vertical structure characterization should be done with
multiple baselines and in conjunction with other remote
sensing devices.

5.4. Refined assessment of stand structure

Most current ecosystem carbon flux models use reported
values of NDVI, APAR, and LAI without much critical
evaluation or consideration of the full meaning and dynam-
ics of these parameters. The issue of LAI (as traditionally
defined) vs. “effective LAI” (as defined by new optical
sensors) needs further examination and definition. Similarly,
the complexities of forest stand structure and how it influ-
ences absorbed photosynthetically active radiation (APAR)
and NDVI need further attention. During BOREAS, we
learned that many traditional applications of LAI and APAR
are not particularly meaningful given the highly clumped
and two-layered structure of many boreal stands. Novel
remote sensing methods and products (e.g., Chen, Ju et al.,
in press; Chen, Liu et al., in press; Hu et al., 2000; Lacaze et
al., 2002; Rapalee et al., 2001; Sandmeier & Deering, 1999)
are now contributing to improved characterization of com-
plex stands. These methods and products need to be further
developed, tested, standardized, and more widely adopted to
realize their full utility.

5.5. Integrating remote sensing with models

Better integration of remote sensing with other disci-
plines (e.g., hydrometeorological and carbon cycle model-
ing) is clearly a priority. A unique aspect of BOREAS was
the relatively close interaction and coordination among
remote sensing, fieldwork, and modeling teams. Remote
sensing advances during BOREAS were often initiated in
direct response to the specific needs of field and modeling
teams. For example, advances in remote sensing-based land
cover, age class, and canopy structure discrimination were
developed largely in response to the need for improved
regional SVATS model parameterizations to better reflect
field-based observations. Interactions among these groups
facilitated a better understanding of the potential use and
limitations of remote sensing. The significant advances in
land cover and biophysical estimation derived from inte-
grating radiative transfer with canopy geometric optical
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reflectance models provides another example of the benefits
of incorporating modeling into remote sensing efforts.
Modelers should be encouraged to employ novel remotely
sensed products, and remote sensing scientists should be
encouraged to develop and utilize models. Wide-scale
adoption and integration of new products remains a chal-
lenge, particularly since these newer products are slow in
emerging and are of limited coverage. Nonetheless, a major
legacy of BOREAS is the relatively rich archive of con-
temporaneous field measurements and multi-scale remote
sensing data from multiple platforms that enable robust
regional assessment and intercomparison studies of remote
sensing algorithms and technology, as well as the continued
development of new applications. Remote sensing products
offer a means for validating model outputs, appraising the
reliability of models, and providing needed model input
parameters. With proper support and coverage, new remote
sensing tools and their products can provide a way to
monitor the outcome of the carbon exchange processes
themselves (e.g., Fig. 4).

5.6. Increased attention to respiration

A significant remaining need is a reliable method for
estimating ecosystem respiration from remote sensing.
While, at first glance, this seems like an impossible task,
it is actually a reasonable goal, considering that many of the
inputs to most respiration models (e.g., temperature, mois-
ture, biomass, and soil and vegetation type) are now
available via remote sensing.

5.7. Enhanced informatics

There is a new age emerging in Earth System Science
where massive amounts of data products are now routinely
available in standardized and documented formats. BORE-
AS provided a laudable example of the benefits that accrue
when data management and archiving receives the attention
they deserve. It is imperative that funding agencies continue
supporting information activities and that the culture of
science continues to evolve so that scientists are encouraged
to submit and fully utilize these data products.

6. Conclusions

BOREAS was an unprecedented exercise in field mon-
itoring and teamwork that, in many ways, has contributed to
a redefinition and refocusing of the scientific method itself.
At the same time, the field of remote sensing has also
evolved substantially and is now far more diverse in its
goals, methods, and conclusions than before the onset of
BOREAS. BOREAS stimulated many efforts to push the
technology and interpretation of remote sensing into new
directions, with many of these efforts continuing today.
Particular successes included improved definition of vege-

tation structure and land cover for assessment of the
surface—atmosphere exchange of mass and energy, the
nature and variability of the surface albedo and radiation
budget, and the regional carbon balance. Particular weak-
nesses include the lack of consistent time series data—most
remote sensing remains a mapping tool rather than a tool for
examining temporal processes, though this is expected to be
less of a problem as data archiving and calibration efforts
increase, and as more sensors are launched. However, for
novel sensors, this issue is expected to remain for some
time, as it is difficult and costly to apply untried approaches
at the ecosystem scale at the frequency required for mean-
ingful temporal profiles, until warranted through more
extensive research validation.

BOREAS involved unusually close interaction and coor-
dination among data management, remote sensing, model-
ing, and field-based activities. However, in the past, remote
sensing has often existed “in the background”, providing a
service role and sometimes not well-connected with other
efforts (e.g., field sampling, flux monitoring, and modeling),
resulting in many mismatches of space and time. Remote
sensing could be far better integrated with other data sys-
tems, and this integration can be greatly assisted by adopting
the team approach used in BOREAS. Key aspects of this
team approach to be continued in the future might include
upgraded support for coordination, logistics, and data ar-
chiving and distribution. Perhaps the greatest contribution of
BOREAS is that an immense and high-quality data archive is
available in a form accessible for future analyses (http://
www-eosdis.ornl.gov/BOREAS/boreas_home_page.html).
Thus, as we reach the end of the first decade of BOREAS, we
anticipate that dramatic new results in remote sensing
science will continue to emerge.
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