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Preface

Forest resources are crucial in the context of sustainable development and
climate change mitigation. Dynamic information on the location and evo-
lution of forest resources are needed to properly define, implement, and
evaluate strategies related to multilateral environmental agreements such
as the UN Framework Convention on Climate Change (UNFCCC) and the
Convention on Biological Diversity. For the global change scientific com-
munity and the UNFCCC process, it is important to tackle the technical
issues surrounding the ability to produce accurate and consistent estimates
of greenhouse gas emissions and removals from forest area changes world-
wide and at the country level.

The following compilation of chapters constitutes a review of why and how
researchers currently use remotely sensed data to study forest cover extent
and loss over large areas. Remotely sensed data are most valuable where
other information, for example, forest inventory data, are not available, or
for analyses of large areas for which such data cannot be easily acquired.
The ability of a satellite sensor to synoptically measure the land surface from
national to global scales provides researchers, governments, civil society,
and private industry with an invaluable perspective on the spatial and tem-
poral dynamics of forest cover changes. The reasons for quantifying forest
extent and change rates are many. In addition to commercial exploitation
and local livelihoods, forests provide key ecosystem services including cli-
mate regulation, carbon sequestration, watershed protection, and biodiver-
sity conservation, to name a few. Many of our land use planning decisions
are made without full understanding of the value of these services, or of the
rate at which they are being lost in the pursuit of more immediate economic
gains through direct forest exploitation. Our collection of papers begins with
an introduction on the roles of forests in the provision of ecosystem services
and the need for monitoring their change over time (Chapters 1 and 2).

We follow this introduction with an overview on the use of Earth observa-
tion datasets in support of forest monitoring (Chapters 3 through 5). General
methodological differences, including wall-to-wall mapping and sampling
approaches, as well as data availability, are discussed. For large-area moni-
toring applications, the need for systematically acquired low or no cost data
cannot be overstated. To date, data policy has been the primary impedi-
ment to large-area monitoring, as national to global scale forest monitor-
ing requires large volumes of consistently acquired and processed imagery.
Without this, there is no prospect for tracking the changes to this key Earth
system resource.

The main section of the book covers forest monitoring using optical data
sets (Chapters 6 through 14). Optical datasets, such as Landsat, constitute

vii
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the longest record of the Earth surface. Our experience of using them in
mapping and monitoring forest cover is greater than that of other datasets
due to the relatively rich record of optical imagery compared to actively
acquired data sets such as radar imagery. The contributions to this section
range from indicator mapping at coarse spatial resolution to sample-based
assessments and wall-to-wall mapping at medium spatial resolution. The
studies presented span scales, environments, and themes. For example, forest
degradation, as opposed to stand-replacement disturbance, is analyzed in
two chapters. Forest degradation is an important variable regarding biomass,
emissions, and ecological integrity, as well as being a technically challenging
theme to map. Chapters 6 through 14 also present a number of operational
systems, from Brazil's PRODES and DETER products, to Australia’s NCAS
system. These chapters represent the maturity of methods as evidenced by
their incorporation by governments into official environmental assessments.
The fourth section covers the use of radar imagery in forest monitoring
(Chapter 15). Radar data have a long history of experimental use and are
presented here as a viable data source for global forest resource assessment.

We believe that this book is a point of departure for the future advancement
of satellite-based monitoring of global forest resources. More and more
observing systems are being launched, methods are quickly maturing, and the
need for timely and accurate forest change information is increasing. If data
policies are progressive, users of all kinds will soon have the opportunity to
test and implement forest monitoring methods. Our collective understanding
of forest change will improve dramatically. The information gained through
these studies will be critical to informing policies that balance the various
demands on our forest resources. The transparency provided by Earth
observation data sets will, at a minimum, record how well we perform in
this task.

We deeply thank Prof. Emilio Chuvieco from the University of Alcald
(Spain) who gave us the opportunity to publish this book and supported and
encouraged us in its preparation. We also sincerely thank all the contributors
who kindly agreed to take part in this publication and who together have
produced a highly valuable book.

Frédéric Achard and Matthew C. Hansen
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12.1 Introduction: U.S. Forest Dynamics in the Global Context

Forest dynamics in the United States differ substantially from those in the
developing world and thus present unique monitoring requirements. While
deforestation and conversion to semipermanent agriculture dominate
tropical forest dynamics, the area of forest land in the United States has
remained fairly constant for the last 50-60 years (Birdsey and Lewis 2003).
Although the United States experienced rapid deforestation during the
eighteenth and nineteenth centuries, much of the eastern clearing regrew
during the twentieth century as marginal agricultural land was abandoned.
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212 Global Forest Monitoring from Earth Observation

Recent inventory reports indicate very small rates of net forest cover change
in recent decades, with the area of U.S. forests increasing by slightly more
than one-tenth of 1% per year since 1987 (Smith et al. 2009).

Rather than land use conversion, forest dynamics in the United
States are dominated by harvest, fire, and other temporary disturbance
processes. These processes do not change the net area of forest land use,
but dramatically affect the forest age structure, landscape ecology, carbon
balance, and habitat suitability. It is thought that about 1.4% of forest land
area is affected by harvest each year in the United States, and another
0.4% is affected by fire (Smith et al. 2009; U.S. EPA 2011). However, these
disturbance rates are not static. Changes in forest management as well as
recent climate change may be affecting contemporary disturbance rates
relative to historic norms (e.g., van Mantgem et al. 2009).

The United States relies on its national forest inventory for domestic and
international reporting of forest change. The U.S. Forest Inventory and Analysis
(FIA) program collects data on a set of over 300,000 plots across the United
States, with one plot per every ~2,430 ha. A range of attributes are collected
in addition to stand volume, including stand age, species composition, and
management practice. The key aspect of this design-based inventory is that the
sampling error associated with any variable is well constrained, and thus robust
estimates across broad areas can be made with known sampling uncertainty.
Plots are remeasured on a 5- to 10-year cycle, depending on the state. Like
other nations, the United States reports national forest carbon dynamics as part
of the United Nations Framework Convention on Climate Change (UNFCCC).
In this case, inventory data from the FIA and other agencies are collated and
reported by the U.S. Environmental Protection Agency (EPA).

While the FIA is well suited for estimating national forest statistics, it is
not designed to accurately capture local dynamics due to disturbance and
other rare events. For example, while a difference between a 1% per year and
2% per year disturbance rate is truly significant from an ecological point of
view, a very large number of random samples is needed to distinguish those
two rates with any level of precision. Given the FIA plot spacing, this implies
that disturbance rates cannot be accurately characterized below the scale of
100s of kilometers.

The desire for consistent, geospatial information on forest disturbance
and conversion has invigorated the application of Landsat-type remote
sensing technology for forest monitoring in the United States. This work
builds on a significant legacy that dates back to the launch of Landsat-1 in
1972 (Cohen and Goward 2004). Early efforts at basic land cover mapping
identified forests as a unique spectral region (the so-called badge of trees
in red-near-IR space) that enabled reliable single-image mapping of forest
cover. Studies during the 1980s and 1990s established the opportunity to
use multidate Landsat imagery to characterize forest conversion, harvest,
burned area, and insect damage. Recent increases in computing power, cou-
pled with the gradual opening of the Landsat archive for free distribution,
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have resulted in researchers undertaking increasingly ambitious programs
in large-area forest dynamics monitoring. Here we describe several of these
efforts, focusing on national-scale work in the United States.

12.2 Overall Forest Disturbance: LEDAPS and NAFD Projects

The North American Carbon Program (NACP) is an ongoing interagency
effort within the United States to constrain the North American carbon
budget, improve process understanding, and forecast future scenarios. The
NACP Science Strategy recognized at the outset that ecosystem disturbance
was a critical but poorly known parameter required for more accurate assess-
ments of ecosystem carbon flux. Accordingly, two Landsat-based projects
were organized during 2004-2005 in order to meet NACP modeling needs
(Goward et al. 2008).

The LEDAPS (Landsat Ecosystem Disturbance Adaptive Processing
System) project was based on traditional two-date change detection, but
across very broad spatial scales (Masek et al. 2008). The main objective was to
map stand-clearing disturbance (primarily fire and clearcut harvest) across
all forested land in the conterminous United States and Canada. At the start
of the project, the Landsat archive was not yet free. Instead, the project chose
to use the Global Land Survey (GLS) preprocessed Landsat data sets (Tucker
et al. 2004). The GLS data sets consist of cloud-free imagery for epochs
centered on 1975, 1990, 2000, 2005, and 2010. For the LEDAPS project, the
focus was on estimating forest disturbance between 1990 and 2000.

The LEDAPS processing approach focused on establishing accurate
surface reflectance values from each image, and then using those data to
perform two-date change detection using a tasseled cap disturbance index.
Considerable work went into establishing a sensor calibration and atmo-
spheric correction approach suitable for use with the GLS data sets, includ-
ing revising the Landsat-5 calibration look-up table based on invariant desert
targets and adjusting the calibration of the older GLS data sets to reflect the
new table. The development of a stand-alone atmospheric correction code for
Landsat was a significant side benefit of the project.

Beyond sensor calibration, a number of other challenges were
encountered during the disturbance mapping. First, the 10-year (1990-2000)
change-detection span caused stands disturbed during the early part of the
epoch to exhibit significant regrowth, resulting in high omission errors of
40%-50%. This issue has previously been documented (Jin and Sader 2005)
and suggests that change detection on closer to annual timesteps is more
appropriate for most forest monitoring applications. Statistical summaries
reported in Masek et al. (2008) compensated for this issue by adjusting rates
by the difference between omission and commission errors. Second, many
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of the GLS images from the 1990 and 2000 data sets were acquired during
senescent parts of the growing season, confusing the change-detection
approach. These images were replaced with new imagery purchased from
U.S. Geological Survey (USGS).

The results of the continental mapping indicated that 2.3 Mha/year of U.S.
forest land was affected by stand-clearing disturbance during the 1990s,
representing a fractional disturbance rate of 0.9% per year, or an equivalent
“turnover” period of 110 years. The highest disturbance rates were found
in areas with significant harvest activity, including the southeastern United
States, Maine/Quebec, and the Pacific Northwest. Rates in the mid-Atlantic
and New England were lower, reflecting both less overall harvest activity and
greater prevalence of partial harvest, which could not be reliably detected
using the LEDAPS measurement period.

While LEDAPS focused on wall-to-wall assessment of disturbance at a
coarse temporal timestep, the North American Forest Dynamics (NAFD)
project took an alternate path: characterizing disturbance using a sparse geo-
graphic sample of Landsat imagery at annual temporal resolution (Goward
et al. 2008). The NAFD originally began with a sample of 23 Landsat frames
across the United States and later expanded to a set of 50 frames. For each
frame, a set of biennial (later annual) Landsat imagery was assembled, and
time-series analysis was used to map forest disturbance.

The NAFD geographic sample was designed to support robust
characterization of national disturbance rates (eastern and western United
States as separate estimates) based on an unequal probability sampling
design. This sampling design was based on selecting across strata for U.S.
forest types (Ruefenacht et al. 2008) while also accommodating the inclusion
of fixed sites from earlier phases of the work. The decision to increase the
number of samples from 23 to 50 reflected the desire to reduce the national
sampling error to less than 10% (Figure 12.1).

Aligned with several other recent studies (Kennedy et al. 2007), the NAFD
disturbance-mapping effort relied on detecting anomalies in per-pixel
spectral time series. The specific algorithm, the vegetation change tracker
(VCT; Huang et al. 2010), used a Z-score procedure to normalize each image
in the time series by dividing by the standard deviation of reflectance
values for a set of undisturbed forest pixels. Anomalies were then mapped
based on significant, long-lasting excursions from the time series (Huang
et al. 2010). Both the year of disturbance and the spectral magnitude were
included in the final products (Figure 12.2). It should be noted that the
annual timestep used in the algorithm allows partial disturbances (such
as thinning, partial harvest, and mortality from storms and insects) to be
tracked.

Overall, the sampling results indicate about 1.1% of forest area disturbed
each year in the United States during the 1985-2005 period. Although
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FIGURE 12.1

Relative error of U.S. national disturbance rate estimates as a function of the number of Landsat
frames (path/row locations) used in the geographic sample, estimated from initial drafts of
sample-level disturbance rate for all years from 1985 to 2005. Relative error is the proportional
difference between the estimated value from the sample and the unknown true value, subject
to a 90% confidence interval. (Analysis courtesy of Robert Kennedy, Oregon State University,
Corvallis, OR)

disturbance rates in the western United States are dominated by fire and
insect damage, while rates in the east are dominated by harvest, overall
disturbance rates were not significantly different between the west and
east. However, there were significant year-to-year differences. For example,
disturbance rates in the western United States increased to 1.5% per year
during the early 2000s as a result of extremely active fire years. There were
also significant geographic differences in disturbance rate within individ-
ual forest type strata.

The fact that disturbance rates vary significantly in both space and
time raises doubts that sampling approaches can adequately character-
ize the disturbance regime at continental scales. The assumption behind
the NAFD sampling approach was that disturbance rate was fundamen-
tally a function of forest type (or at least that forest type could act as a
proxy for the controlling factors). This assumption has not been borne out
by the scene-by-scene results. As a result, the latest phase of the NAFD
project has abandoned the geographic sampling scheme and switched to
an ambitious “wall-to-wall” characterization of annual disturbance rate
for the entire conterminous United States. This effort will require pro-
cessing in excess of 20,000 Landsat images and is taking advantage of
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- 6 km

FIGURE 12.2

(See color insert.) Examples of NAFD disturbance mapping from southern Oregon (Landsat
path 46, row 30). Top row: RGB imagery (bands 7, 5, 3) and VCT disturbance maps for an area
of active harvest; bottom row: RGB imagery and disturbance map for the northern edge of the
2002 Biscuit Fire. The VCT maps shows permanent forest (green), permanent nonforest (gray),
and the year of mapped disturbance from 1985 to 2009 (other colors).

the NASA Earth Exchange (NEX) parallel computing environment at the
NASA Ames Research Center.

12.3 Operational Fire Monitoring: MTBS and LANDFIRE

Although wildfire is a primary disturbance agent within the United States,
the area affected by forest fire has not been well characterized. The National
Interagency Fire Center (NIFC) maintains a database of major wildfires, but
does not consistently discriminate between forest fires and other wildfires
(e.g., brushfire or grassfire). Furthermore, the area recorded is based on an
external perimeter of each large fire, rather than the actual area affected
by burning. Two operational projects, Monitoring Trends in Burn Severity
(MTBS) and LANDFIRE, are using Landsat remote sensing to improve
burned area and fire risk monitoring.

A collaboration between the USGS and the U.S. Forest Service (USFS), the
MTBS project is seeking to supplement the NIFC database with accurate
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information on U.S. fire area and burn severity (Eidenshink et al. 2007).
The primary goal of MTBS is to provide sufficient information to quantify
interannual variability in U.S. burned area and to understand the extent to
which forest management and environmental factors may be influencing
longer term trends in fire.

MTBS has acquired preburn and postburn (1 year after fire) Landsat imag-
ery for all major wildfires within the United States since 1984, as identified
from government databases (Eidenshink et al. 2007). Fires larger than 1,000
acres in the western United States and larger than 500 acres in the east-
ern United States are considered in the project. The normalized burn ratio
(NBR) spectral index is calculated for the image pair bracketing a major
fire, and a difference (ANBR) image is generated by subtracting the pre-
and postfire NBR values. The NBR metric takes advantage of the fact that
recent fires leave considerable char, ash, and mineral soil, which tend to be
relatively bright in the shortwave infrared compared to the near-infrared.
While the NBR metric has been questioned as a suitable proxy for overall
fire severity in Boreal ecosystems (Hoy et al. 2008), it has also been shown to
be highly correlated with canopy damage (Hoy et al. 2008) and overall fire
impact in temperate ecosystems (Cocke et al. 2005). MTBS data are available
online (http://www.mtbs.gov) in a variety of formats, including geospatial
products and statistical summaries of annual burned area by region and
ecosystem.

LANDFIRE is a multipartner project producing 30 m Landsat-based maps
of vegetation, fuel, fire regimes, and ecological departure from historical
conditions across the United States (Rollins 2009). Leadership is shared by
the wildland fire management programs of the USDA Forest Service and the
U.S. Department of the Interior. LANDFIRE’s maps are widely used for both
fire management and ecological modeling. Circa-2000 imagery was used to
produce LANDFIRE’s original maps, and a combination of approaches is
used to track subsequent disturbances so that maps may be kept up to date
(Vogelmann et al. 2011).

The initial updating mechanism involved intersecting LANDFIRE maps
with the fire events mapped by the MTBS project (described above). This
approach has recently been augmented with management activities (con-
ducted mostly on federal lands), which have been recorded in a spatial data-
base. Because a more automated process was needed for incorporating the
effects of disturbance events, LANDFIRE has recently done extensive work
with the VCT algorithm described earlier under the activities of the NAFD
project. An estimated 30,000 Landsat images will ultimately be used to map
disturbance extent and magnitude across the conterminous United States
(Vogelmann et al. 2011).

Because the cause, or type, of a disturbance plays an important role in its
effect upon fuel conditions, cause attribution is underway for LANDFIRE’s
VCT maps. This process makes use of the MTBS data to some extent, but
it also currently involves a good deal of manual classification. Current
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LANDFIRE disturbance-mapping efforts focus on the Landsat TM era, but
extension into the MSS era is a longer term goal, as is continued mapping
into the future.

12.4 Forest Cover Conversion: Trends, NLCD, and C-CAP

While the emphasis of the preceding projects has been on characterizing
forest disturbance rates, permanent conversion of forest cover remains an
ongoing process within the United States. The trend during most of the
twentieth century was toward increased forest cover via agricultural aban-
donment. However, increased urban and suburban growth during the last
50 years has altered this pattern in some areas. The projects discussed here
have viewed forest change from the perspective of land cover conversion
and have used Landsat-based change detection to separate gross forest
change (including harvest and other disturbances) from the lower rates of
long-term land cover and land use conversion.

The USGS Trends project began in the late-1990s using a random sample
of Landsat subsets, stratified by EPA ecoregion, to characterize both regional
and national trends in land cover (Loveland et al. 2002). Each Landsat subset
was either 10,000 or 40,000 ha (e.g., 10 km X 10 km or 20 km x 20 km). For
each subset, images were collected for the years 1973, 1980, 1986, 1992, and
2000 and manually classified into a series of land use classes, as well as two
classes representing recent mechanical disturbance (harvest) and fire. As in
the NAFD project, the sampling framework allowed sampling uncertainty
to be quantified. The overall goals were to provide estimates of gross change
with an uncertainty of <1% at an 85% confidence interval (Drummond and
Loveland 2010).

The Trends data set has been used widely for studies of land use conver-
sion (Drummond and Loveland 2010), ecosystem carbon (Liu et al. 2006),
biodiversity, and surface energy balance (Barnes and Roy 2008). For the
eastern United States, Drummond and Loveland (2010) assessed both gross
and net forest cover change using the Trends data and concluded that east-
ern forests experienced 142,000 ha/year of net forest conversion during the
1973-2000 period due mostly to urbanization, surface mining, and reservoir
construction. Gross forest change rates were 2.5 times higher and mostly
reflected harvest activities.

The National Land Cover Database (NLCD) project, coordinated by the
USGS EROS Data Center, has produced wall-to-wall U.S. maps of land cover
for 1992, 2001, and 2006. While NLCD image selection criteria, classification
methods, and target classes have evolved over the course of the project,
significant efforts have been made to ensure interpretable maps of change
among different land covers (Xian et al. 2009; Fry et al. 2011). Changes between
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the 1991 and 2001 products were identified through a “retrofitting” process,
which involved standardization of classification schemes, and a sequence
of decision tree-based operations that first identified and then labeled land
cover transitions. Differences in Landsat ratio-based indices were primary
predictors for this process.

Likewise, (different) Landsat-based indices were used in the 2001-2006
change identification process, which used complex heuristic-based thresh-
old rules to identify changed pixels and to indicate whether changed
pixels were losing or gaining biomass. This change-detection process,
multi-index integrated change analysis (MIICA; Fry et al. 2011), produced
change maps that were intersected with the land cover product from 2001
(considered to be the base year) in nondeveloped areas to generate the
2006 cover product.

Mapping projects such as the NLCD’s are an important complement to
inventory estimates of forest change. In the United States, the FIA provides
ground-acquired estimates of land use not available from automated satel-
lite processes, and it provides a design-based error structure for its esti-
mates of net change of forest area. However, the FIA does not measure
gross transitions to and from other cover types. NLCD can specify that its
estimate of a net loss of 16,720 km? of evergreen forest cover, for example, is
the result of a 36,000 km? gross loss and a 19,000 km? gross gain (Fry et al.
2011). As discussed earlier, maps also provide a picture of change at much
more localized scales than is achievable with a simple random sample.

The NOAA’s Coastal Change Analysis Program (C-CAP) maintains a
nationally standardized database of landcover and landcover change in
coastal regions of the country (Dobson et al. 1995). Thematic classes, includ-
ing those for forests, are consistent with those used in the NLCD (described
earlier), and C-CAP is actually the source of the NLCD data in coastal zones.
Landsat has been the basis for classification and change detection for C-CAP
national maps using imagery from 1996, 2001, 2006, and 2011 (in progress),
as well as high-priority local analyses going back to the mid-1980s.

The 2001 cover map, produced from three dates of imagery collected by
the MRLC (multiresolution land characteristics consortium), is considered
the baseline product, and only those areas determined to have changed are
reclassified in subsequent products (J. McCombs, NOAA, personal com-
munication). For changes between 2001 and 2006, CCA (crosscorrelation
analysis) was used to detect change using imagery from the two dates.
Landcover transitions were estimated with classification and regression
trees (CARTs). Change detection between 2006 and 2011 will be consistent
with the multithreshold change vector analysis used by NLCD (Xian et al.
2009). Spatial data and customized summaries of CCAP maps are freely
available from the CCAP Web site *

* http://www.csc.noaa.gov/digitalcoast/data/ccapregional/index.html
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12.5 Synthesis of U.S. Forest Dynamics

Given that several studies have used satellite data to quantify forest
disturbance rates in the United States, how do these estimates compare
with each other, and with inventory-based rates? Satellite-based estimates
of disturbance rates are available in Masek et al. (2008), and via the MTBS
data products (available online). In addition, Hansen et al. (2010) presented
MODIS-based measures of gross forest loss that includes both disturbance
and deforestation. Figure 12.3 shows a comparison among these estimates.
We also show inventory-based estimates of harvest, fire, and insect damage
from Smith et al. (2009) and U.S. EPA (2011) annualized for the 2000-2008
period. Finally, we also derived an annualized rate of “stand-clearing”
disturbance from the FIA by taking the area of U.S. forests less than 20 years
of age, and dividing by 20, under the assumption that a stand-clearing event
should reset the measured stand age on the FIA plot.

The range of estimates shows an expected trend, with shorter remeasurement
periods (e.g., the annual NAFD) and finer resolution (e.g., Landsat vs. MODIS),
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FIGURE 12.3

(See color insert.) Comparison of disturbance rates among satellite-based and inventory-
based studies. LEDAPS (Masek et al. 2008) and NAFD (Kennedy et al. in preparation) are based
on Landsat change detection. NAFD (adj) reflects compensation for net omission errors based
on visual validation. MODIS GFCL is based on MODIS gross forest cover loss (GFCL) (Hansen
et al. 2010). The FIA (age < 20) is based on equating the area of young forestland from the FIA
with an annualized turnover rate. The percent forest cover values are based on the area of for-
est land in the “lower 48” conterminous United States (~250 Mha).
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leading to more disturbances mapped and higher overall rates (Figure 12.3).
The LEDAPS result of 0.9% per year corresponds closely to the FIA-derived
stand-clearing rate (0.9% per year) and the gross loss derived from MODIS
(1.0% per year). The ability of the NAFD annual data to capture some thinning
and partial harvest likely explains the somewhat higher rates (1.1% per year).
Further adjusting the NAFD rates for the net omission error of the products
would increase these rates further, to about 1.5% per year.

All of these rates are significantly lower than what can be derived from
inventory estimates alone (Smith et al. 2009; U.S. EPA 2010). This may reflect
the difficulty in measuring minor disturbances using remote sensing,
including selective harvest that does not significantly alter the forest
canopy. Field- and satellite-based disturbance estimates may also differ in
what they label “disturbance.” The FIA’s definition of disturbance includes
“mortality and/or damage to 25 percent of all trees in a stand or 50 percent
of an individual species’ count” (FIA 2011). In addition to the canopy
mortality targeted through remote sensing, this characterization certainly
includes large areas affected by insects or storms, where sublethal damage
may affect only a small fraction of the trees. Thus, discrepancies in Figure
12.3 may be due to both varying sensitivity and inconsistent definitions
among data sources.

12.6 Looking Forward

The opening of the Landsat archive and advances in computing technology
have paved the way for broader and more innovative applications of Landsat
data for forest monitoring. These innovations include mapping at wider
geographic scales (e.g., wall-to-wall national monitoring), the use of dense
time series to better characterize intra- and interannual variability, and a
greater sophistication in leveraging multiple data sources to attribute the
origin of forest change as well as ecosystem consequences. Given that the
Landsat archive is most complete within the United States, it is natural that
many of these techniques are being pioneered for U.S. applications. However,
given the increased global data collections implemented for Landsat-7 and
the upcoming LDCM (Landsat Data Continuity Mission), these approaches
could be applied to global monitoring as well.

12.6.1 Operational Monitoring of Forest Dynamics: LCMS

The Landscape Change Monitoring System (LCMS) is under development by
a consortium of scientists, agencies, and projects engaged in remotely sensed
change detection in the United States. Coordinated by the Forest Service and
Department of Interior/USGS, LCMS is intended to be a hub around which
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existing national change products such as those from MTBS and NLCD may
be integrated and extended. The ideal change monitoring system would pro-
vide up-to-date and consistent information about the location, magnitude,
and nature of vegetation changes on all land cover types across the country.
The research- and agency-based monitoring efforts described in this chapter
address different aspects of this ideal system, and several steps are being
taken under LCMS to promote both integration of existing products and
cooperation on the development of new products.

First, LCMS is conducting an independent needs assessment of the land
management community. Acquired information about the type, precision,
and frequency of needed land change information will guide development
of new monitoring strategies. Many of the needed answers are likely to
come from the combination of current resources. For instance, LANDFIRE
is anticipating a more meaningful update of their fuel maps as fire records
from the MTBS are augmented with more general all-disturbance map-
ping achieved through the VCT (Vogelmann et al. 2011). Similar benefits
of product integration likely extend into processes such as carbon account-
ing, where disturbance emissions are strongly influenced by event type and
magnitude.

Any new products developed by the LCMS to meet identified needs will
likely depend heavily upon the Landsat archive and will draw upon the
experience of participating partners. Like the MTBS project, the LCMS
will follow a collaborative multiagency business model, with an empha-
sis upon meeting operational monitoring needs by producing consistently
updated and validated products. The LCMS is expected to be deployed
during 2013.

12.6.2 Hypertemporal and Near-Real-Time Change Detection

The use of dense image time series has pushed the “epoch length” (i.e,, the
time between images used for monitoring change) to shorter and shorter
periods. Not surprisingly, the range of forest dynamics that can be assessed
has expanded as well. While semidecadal time series are useful for moni-
toring net land cover change and stand-clearing disturbance (Jin and Sader
2002; Drummond and Loveland 2010; Masek et al. 2008), more subtle distur-
bances require annual image acquisition. Thus the algorithms proposed by
Kennedy et al. (2007) and Huang et al. (2010) are capable of detecting signifi-
cant thinning, partial harvest, and selective mortality from insects and dis-
ease. However, even these algorithms may not record subtle and short-lived
degradation of the forest canopy due to insect defoliation, storm damage,
and selective cutting.

A variety of approaches are being prototyped to obtain seasonal or
even submonthly information from Landsat. The WELD (Web-Enabled
Landsat Dataset) project at the University of South Dakota is using MODIS-
style compositing to generate monthly and seasonal gridded composites
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of Landsat-7 data. Zhu and Woodcock (in press) have proposed an approach
to mapping forest disturbance by fitting per-pixel phenological curves using
every available Landsat observation. These methods not only obtain greater
sensitivity to short-term canopy changes, but by explicitly considering
changes relative to observed phenology they minimize errors due to mis-
matches between annual image dates.

12.6.3 Integration of Landsat with Active RS for Biomass Change

Landsat data have proven robust for estimating the area affected by forest
change processes. However, Landsat data have not proven as useful for
forest volume or biomass estimation, except in conditions of sparse tree
cover where volume can be directly related to canopy cover (Powell et al.
2010). There are, however, a variety of ways in which change area from
Landsat can be combined with active remote sensing in order to better
quantify “three-dimensional” changes in forest structure and biomass.
Direct fusion between Light Detection and Ranging (LIDAR) and Landsat
has been proposed to improve retrieval of biomass. Landsat imagery has
also been proposed as a way to spatially interpolate LIDAR “samples”
across the landscape using krigging techniques as well as a way to
group LIDAR measurements based upon patterns of forest structure and
disturbance. More recently, disturbance and age information derived from
Landsat have been combined with LIDAR data to estimate postdisturbance
carbon accumulation rates and to improve spatial interpolation of height
(Li et al. 2011). In principle, similar work could be carried out using one-time
biomass retrievals from radar (including interferometric SAR) combined
with historical disturbance data from Landsat.

12.6.4 Ecological Impacts of Climate Change and Recovery Trajectories

The projects discussed here have focused mostly on quantifying the fraction
of US. forest land disturbed and the fraction that reverts back to forest
after disturbance. The spectral information of Landsat time-series data also
offers important information on the rate at which ecosystems recover from
disturbance. In one example, Schroeder et al. (2007) related postharvest
Landsat spectral trajectories in the Pacific Northwest to increases in canopy
cover deduced from air photos. The current phase of the NAFD project is
extending this work by assessing rates of forest recovery for all recently
disturbed patches in the United States.

One application for such approaches is to understand how ecosystem
recovery may be responding to climate warming. A number of studies
have suggested increased rates of forest decline in the southwestern United
States due to prolonged drought (Williams et al. 2010), and van Mantgem
et al. (2009) found evidence for increased rates of tree mortality throughout
the western United States. Disturbance events (fire, insect outbreaks, and
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disease) may be accelerated in climate-stressed forests, and successional
pathways may be altered or slowed. Ultimately the 40+ year Landsat record
will prove valuable for understanding the long-term shifts in forest composition
and mortality associated with climate warming in the United States.

12.7 Conclusions

The application of Landsat remote sensing to the monitoring of U.S.
forests has accelerated during the last decade. This trend reflects both the
development of new algorithmic and computational approaches for dealing
with large volumes of data and the opening of the Landsat archive for free
distribution by the USGS. The projects discussed here represent large-
scale mapping efforts that have sought to characterize U.S. forest dynamics
during the Landsat era, including disturbance, recovery, and conversion.

Although the U.S. forest inventory will continue to provide our most
robust national estimates of forest attributes, remote sensing is increasingly
being called on to perform operational monitoring of forest and land cover
change. The appropriate integration of geospatial information from remote
sensing with forest attribute available from the FIA remains one of the
significant challenges for the future. The k-nearest neighbor approach of
assigning suites of FIA attribute data based on spectral properties has found
acceptance within the USFS as it allows the statistical variance of the FIA-
reported attributes to be “imported” to the geospatial products (McRoberts
et al. 2002). Alternative approaches have sought instead to use statistical
models to predict attributes from Landsat spectral data using the FIA
attributes as training data (e.g., Powell et al. 2010) or to use Landsat-derived
harvest maps to spatially distribute the FIA-recorded harvest volumes
(Healey et al. 2009). Ultimately the extent to which remote sensing can
support operational needs depends on the trade-off between measurement
error and sampling error. Landsat remote sensing can record wall-to-wall
dynamics, and thus has no sampling error, but may exhibit significant
errors of omission and commission (measurement errors) depending on the
attribute of interest.

The launch of LDCM in early 2013 will continue the Landsat legacy while
providing a greater density of global acquisitions compared to Landsat-7. In
addition, the ESA Sentinel-2 satellites will be launched during 2013-2014.
Like Landsat, the Sentinel program has committed to open access for its
archive. Taken together, the LDCM and Sentinel missions will provide an
extremely rich source of global observations for the next decade. It is antici-
pated that many of the advances in the use of Landsat data described here,
including time-series methods, will soon find global use.
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13.1 Background

The need to monitor greenhouse gas (GHG) emissions accurately has become
a task of major importance over the last decade. Emissions and removals of
GHG in the land sector represent a large proportion of Australia’s total GHG
emissions. Following the signing of the Kyoto Protocol in 1997, Australia
began developing a new system to account for emissions and removals from
the land sector. The result, the National Carbon Accounting System (NCAS),
is a fully integrated modeling system that utilizes data from a variety of
sources to estimate emissions and removals for the purpose of reporting to
the United Nations Framework Convention on Climate Change (UNFCCC
2001) and accounting under the Kyoto Protocol.

Under the Kyoto protocol, Australia was required to estimate emissions
from land use and land use change in 1990 and from 2008 to 2012 (the first
Kyoto Commitment period) while ensuring time-series consistency, limiting
potential errors of omission and commission, allowing for annual updating
at fine (subhectare) spatial resolution, and focusing on areas of change rather
than total extent. The size of Australia (769 Mha) and the extent of its forests
(110 Mha) required that robust and cost-effective methods that could be reli-
ably operated into the foreseeable future be developed to estimate emissions
and removals from the land sector. A key component of this system would
be to track areas of land use change. As no such data existed in Australia
that could meet all of these criteria, the NCAS needed to consider alternative
options to traditional forest inventory and mapping.

The NCAS Land Cover Change Program (NCAS-LCCP) was developed
by the Australian government in collaboration with the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) and other partners
to meet the exacting requirements of the Kyoto Protocol. The NCAS-LCCP
delivers the framework for fine-scale continental mapping and monitoring of
the extent and change in perennial vegetation using Landsat satellite imag-
ery, allowing for an effective estimation of the GHG emissions from land
use and land use change (Brack et al. 2006; Caccetta et al. 2010). The program
has been successively developed (see, for example, Furby 2002; Caccetta et al.
2003, 2007; Furby et al. 2008) over a number of years and currently uses over
7,000 Landsat MSS, TM, and ETM+ images at a resolution of 25 m for 18 time
periods from 1972 to the present time (2011) and continues on an annual
update cycle, making it one of the largest and most intensive land cover
monitoring programs of its kind in the world.
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While the remote sensing program was designed specifically for the
purposes of GHG accounting, it has many additional benefits for bodies
interested in monitoring land use change generally. The resultant products
represent one of the few nationally consistent time-series data for the land
sector.

Moving remote sensing from the realm of a technical research program
to fully operational systems with ongoing update cycles was a considerable
undertaking. Issues of scientific expertise, technical capacity, ongoing data
supply and analysis, and accessing and processing large archives of data all
needed to be considered. While many of these issues, in particular, those
related to storage and compute capacity, have largely been removed through
technological advancements, the operation of such a system still requires
ongoing planning and management. The operational procedures adhere to a
strict processing guideline: the output from each processing stage is checked
against specific accuracy and consistency standards through a rigorous qual-
ity assurance process. Given the above operating environment, accuracy,
interpretability (for outsourcing and QA), computational efficiency, the abil-
ity to incorporate “better” algorithms, and reliability when applied through
space and time are important aspects for consideration during methodology
development.

13.2 Materials and Methods
13.2.1 Method Selection

Although no national-scale remote sensing program for land use change
existed at the start of the NCAS program, several operational broad-scale
monitoring programs [for example, Land Monitor (Caccetta et al. 2000; Land
Monitor 2008) and SLATS (Goulevitch et al. 1999)] did exist at the subnational
scale. These had been implemented to serve the natural resource management
needs of subnational agencies rather than for the specific purposes of track-
ing land use change for carbon accounting. To assess the suitability of the
differing methods, a series of workshops and pilot projects were conducted
from which the national Landsat-based forest monitoring program was estab-
lished. The end product was not the whole-scale adoption of a single method
but rather a selection of the best aspects of several different systems.
The approach adopted is based on:

* Long-term sequences of orthorectified and calibrated Landsat MSS,
TM, ETM+ satellite data

* Discriminant analysis techniques to (spectrally) separate classes of
interest
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* Supervised and automated approaches to specify/estimate classifier
parameters

¢ Spatial/temporal models to reduce errors

As the task included the analysis and processing of thousands of historical
Landsat scenes, as well as the requirement that the information be updated
annually during reporting periods, operational components of the method-
ology were vital to the success of the system. To do this required:

* Detailed specification of the application of the methods in opera-
tions manuals (Furby 2002)

* Training and subsequent processing of the data by third parties with
documented quality assurance checks

* Independent review of the outputs by an independent third party
to provide insight into the characteristics of errors (Jones et al. 2004)
for use in method refinement through a continuous improvement
exercise

13.2.2 Landsat Data

The initial step for the program was to develop specifications for the selec-
tion of Landsat scenes. Landsat has a return time of 16 days, resulting in
around 22 images available per year for any specific area. To develop the
annual maps of forest extent required by the system required selection of the
optimal image. The selections were based on both preferred time sequence
according to factors including reporting requirements, seasonality, green-
ness, sun angle, and other artifacts such as cloud, fire, and smoke. As the
purpose of the program is to determine changes in forest cover, images that
maximize the separation between tree and other cover (i.e.,, usually drier
conditions) are generally selected.

13.2.3 Landsat Data Geometric Rectification

Accurate orthorectification of the Landsat data is vital to ensure that any
change is due to real changes on the ground rather than edge effects due
to image misalignment. In the NCAS-LCCP, this was achieved using a rig-
orous earth orbital model (PCI OrthoEngine software; Toutin 1994; Cheng
and Toutin 1995), with a specification requiring subpixel accuracy. The
first step was to establish a common orthorectified base mosaic of Landsat
data. Once the orthorectified base was established, ground control points
(GCPs) were automatically matched using a crosscorrelation technique and
the temporal sequences of images orthorectified to the common base. This
approach improves efficiency and accuracy of the results. For quality assur-
ance, visual inspection and numerical summaries based on crosscorrelation
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feature matching are used to assess the accuracy of orthorectification of the
time-series images.

13.2.4 Image Calibration/Normalization

Radiometrically calibrated images allow for comparisons between image
scenes and the possibility of better extrapolation of a chosen classifier.
We convert raw digital counts to be consistent with a chosen reference image.

The five main steps in the calibration and normalization (see Figure 13.1)
of the Landsat data are:

* Top-of-atmosphere (TOA) reflectance calibration (as described by
Vermote et al. (1997), which is to correct the reflectance differences
caused by the solar distance and angle.

¢ Bidirectional reflectance distribution function (BRDF) calibration,
described by Wu et al. (2001).

* Empirical correction for atmospheric and other affine effects via the
use of invariant targets (Furby and Campbell 2001).

e Terrain illumination correction (Wu et al. 2004), which is based on
the C-correction (Teillet et al. 1982). This step is required where there
are significant terrain illumination effects, resulting in bright and
dark sides of hills and mountains.

FIGURE 13.1

(See color insert.) Image calibration (top) and normalization (bottom). Calibration: Landsat
mosaic of Australia showing (a) uncalibrated, (b) TOA correction, and (c) TOA + BRDF correc-
tion. Normalization (From Wu et. al., 2004.): (d) uncorrected, (e) terrain illumination correction,
and (f) estimated occlusion mask overlaid and shown in gray. (From Wu, X,, et al., An approach
for terrain illumination correction. Australasian Remote Sensing and Photogrammetry
Conference, Fremantle, Western Australia, 2004.)
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* Occlusion detection (Wu et al. 2004) to identify terrain not observed
due to the combination of terrain and the viewing geometry. This
step identifies true shadow, which is labeled as missing data.

A relatively high-resolution digital elevation model (typically better than the
90 m SRTM) is required to achieve adequate occlusion detection and removal
of terrain illumination effects.

13.2.5 Landsat-Derived Texture Measures

There are many natural and seminatural areas that have significant extents
of heterogeneous perennial woody vegetation that do not meet the struc-
tural definition of forests or are at the lower limit of the definition of forests
that is difficult to interpret and draw a line on a map so to speak. Here we
refer to perennial woody vegetation having less than 20% canopy cover as
sparse.

Seasonal weather changes and management effects may change the char-
acteristics of these regions, and this in conjunction with the limited ability of
remote sensing technology to distinguish this 20% canopy cover limit typically
results in seasonal transitions between forests and sparse.

Based on observations that some sparse regions had a textured appear-
ance, measures of texture were demonstrated to have useful information
for distinguishing between forest, sparse, and nonforest classes and have
been trialled at subnational scale (Caccetta and Furby 2004), progressively
being incorporated into the work described here (Furby et al. 2007), where
the Landsat image bands are augmented with texture measures in the anal-
ysis. The “texture” measures are derived using an overcomplete wavelet
decomposition (Unser 1995), with Haar basis functions applied to forest/
nonforest linear discriminant functions of the original Landsat bands. These
measures are smoothed using an adaptive filter. This results in an n-band
“texture image,” where each band is a texture estimated at a coarser scale.
The textures range from fine-scale textures in band 1 through coarse-scale
textures in band 7. In the following, bands are indexed as h,, ... h, where I, is
the finest scale texture and h,, the coarsest.

13.2.6 Comments

Some 7,000 Landsat MSS, TM, and ETM+ images over the past 39 years (from
1972 until the present) have been coregistered to a common orthorectified
base mosaic using the above methods. The process is ongoing with an annual
updating process. The program also periodically evaluates the potential for
data from other sensors such as IRS, SPOT, and CBERS (Furby and Wu 2007,
2009; Wu et al. 2009) as possible candidates for operational use should data
from the Landsat series no longer be available. To ensure access to those
wishing to use data processed to this national standard, the data are then
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provided back to the Australian government agency responsible for remote
sensing. These data are then made available for the cost of data transfer.

13.2.7 Forest Extent and Change Analysis
13.2.7.1 Geographic Stratification

Consistent with the experience of subnational programs, a stratified approach
was adopted, allowing the local optimization of classifier parameters across
the many different land cover—soil associations (Commonwealth of Australia
2005, 2009) that exist in such a large area. The stratification was adaptively
derived, starting from boundaries based on (Landsat) spectral and other
(such as topographic) consistency properties of strata during analysis. In all,
about 400 strata were defined, as depicted in Figure 13.2.

13.2.7.2 Training and Validation Data

The process of classification requires that a quantitative assessment of the
information in the available data is performed; the class labels, after hav-
ing assessed the information in the data, are defined; a choice of model is
made; and the accuracy of the results validated. Sample locations of known
land cover are used to derive the classifier parameters or to train the clas-
sifier, and we refer to such data as training data. Similar sites independent
of the training data are used to assess the accuracy of the results, and we
refer to these data as validation data. The primary sources of training and
validation data that have been used for the project include: about 800 histori-
cal aerial photographs whose locations are distributed across the continent;
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FIGURE 13.2

Stratification zones with Landsat scene boundaries overlaid used in analysis and subsequent
processing. Within each zone, training data are used to estimate the parameters of the
multitemporal classifier.
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FIGURE 13.3

(See color insert.) (Left) Graphical depiction of the location of high-resolution IKONOS data
used in the derivation of classifier training information. (Right) Typically, samples are required
by intersection of zone and image, though well-calibrated data can reduce this requirement by
allowing extrapolation across scene boundaries in many cases.

about 1,000 IKONOS images distributed across the continent (locations as
depicted in Figure 13.3); and secondary less formal and generally available
information such as regional expert knowledge, plantation location, and
type information as provided by ground-based surveys and inventory infor-
mation where it exists.

13.2.7.3 Multitemporal Model Used for Classification

Here we follow the approach described by Caccetta (1997) and Kiiveri and
Caccetta (1998) for combining the multitemporal land cover information
provided by the Landsat observations to form multitemporal classifications
of land cover. The approach uses a probabilistic framework for combining
data, with the view to classifying the data. Useful properties of the approach
include:

* Propagation of uncertainties in inputs and calculation of uncertain-
ties in outputs

* Production of hard and soft maps

¢ Handling of missing data by using all available information to make
predictions

* Existence of well-developed statistical tools for parameter estimation

We note these characteristics are useful in practice as operational monitor-
ing programs face issues such as availability of cloud-free imagery, variable
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(historic) atmospheric conditions, and changing sensor characteristics
resulting in time-series data that vary in quality, completeness, and spectral
discrimination.

13.2.8 Accuracy Assessment

The accuracy of the final forest presence/absence classification was inde-
pendently validated, with initial results recorded by Lowell et al. (2003)
and a subsequent update by Jones et al. (2004). Results from the latter are
summarized below (see Section 13.3.3). Validation involved the compari-
son of classifications against “truth” obtained from aerial photo interpre-
tation. The classes “forest,” “nonforest,” “regrowth,” and “deforestation”
were considered. As noted by Lowell et al. (2003) and Jones et al. (2004), the
sampling strategy was constrained by the availability of (historical) aerial
photography and was further constrained by the variable quality and scale
of the photography. Routine collection of aerial photography resides with
the states within Australia, with the collection being tailored by the states
to individual state needs. This results in variable geographic, temporal, and
spatial resolution when considering a national program.

Due to the variable availability and quality of aerial photography, Lowell
etal. (2003) and Jones et al. (2004) adopted an approach that required the ana-
lyst to attach a degree of confidence to the cover class interpretations. Results
were thus summarized as a “fuzzy” confusion matrix.

13.2.9 Attribution

Land cover change does not directly relate to land use change, in particular
for deforestation and reforestation. Forest cover can change for a variety of
reasons including clearing or establishment of trees, fire, pest attack, and
drought. Further, there is a degree of error in any remote sensing analy-
sis that need to be removed wherever possible, especially to remove false
change due to the random errors in forest extent between years.

Attribution is a largely manual process that relies on expert judgment and
experience. However, it can be greatly assisted by other products that allow
for rules-based methods to be applied. For example, tenure can be used in
many cases to separate forest cover loss due to forest management (such
as clear felling) from that due to clearing for agriculture (deforestation).
Mapping of fire scars can be used to separate change in forest cover from
fire from areas of deforestation or forest management. Other mapping prod-
ucts, such as areas of known plantation establishment, allow for separation
of areas of natural regrowth from human-induced reforestation.

The process of attribution is directly related to the policy, reporting, and
accounting requirements. While the remote sensing sets the base for the sys-
tem, it is the attribution that ensures that the final outputs of the system are
policy relevant.
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13.3 Results and Discussion

The key outputs from the system are raw and policy-relevant time-series
data of forest cover, forest cover change, forest cover trend, and plantations
identified as being either hardwood or softwood. From these analyses, it
is possible to effectively age areas of forest accurately from ages 1 to 38, with
a further class of 38 years or older.

The dense and extended time-series data developed through the NCAS-
LCCP allows for analysis that has not previously been available. Such data
provide detailed insight into the key processes in the land sector that drive
emissions and removals.

13.3.1 Comparison to Existing Manual Mapping Products

A variety of other mapping products exist in Australia that were devel-
oped for a number of purposes, including biodiversity, conservation, and
watershed management (Commonwealth of Australia 2008, 2009). For the
purposes of change analysis, such mapping products are unable to track
the change in forest extent due to human-induced activities. For example,
Commonwealth of Australia (2008) uses manual methods that are not time-
series consistent. Although these mapping products are constrained for
change analysis, they still play a vital role in the estimation of emissions
and removals from forests. This is an excellent example of using data that
are fit for purpose.

13.3.2 Relationship to Modeling and Natural Resource Management

The remote sensing program has produced a rich source of spatial information
for use in the emissions modeling framework, allowing Australia to report
accurately on emissions and removals from the land sectors (Figure 13.4) as
well as being used to report on rates of forest conversion. As the program
expands, new information is being derived and progressively incorpo-
rated into the framework. We briefly describe the progress of the land cover
information derived to date.

The forest presence/absence information has been derived for each of the
Landsat epochs in the time series. Based on spatial and temporal rules, areas
most likely to be plantations are identified and classified as being either
hardwood or softwood (Chia et al. 2006).

Spectral indices providing an ordination from forest to nonforest have
been derived for each Landsat TM epoch for 1989 onward. The perennial
vegetation cover trend information provides subtle information on historic
changes within forest (and ultimately sparse) areas and offers a surveillance
tool for forest managers (Wallace et al. 2006). See Lehmann et al. (2011) for
details. These indices are used with an “ever forest” mask, which is derived
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FIGURE 13.4

Emissions from forest land converted to cropland and grassland in Australia, 1990-2008.
(From Australia National Inventory Report 2008.)

FIGURE 13.5
(See color insert.) Map of Australia showing NCAS forest extent (green) and sparse extent (red).

from the union of any area identified as forests at any point in the forest
presence/absence time series. Together they provide temporal information
on the trajectory of a pixel.

Sparse cover presence/absence classification (see Figure 13.5), which relies
on image-derived spatial texture measures for discrimination, has been
derived from the Landsat TM epochs in the time series 1989 onward (Furby
et al. 2007). At the time of writing, the sparse cover information was being
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prepared and was not temporally complete. Upon completion, the trend
information will also be derived for this class similar as for the forest class.

The land cover change information currently used for emissions modeling
is the forest change (derived from the time-series presence/absence classifi-
cations) and the plantation type classification (Furby et al. 2008).

13.3.3 Accuracy Assessment

The overall forest presence/absence accuracy statement, as summarized by
Jones et al. (2004), p. 8 of the report, is:

e Nationwide, the NCAS definite error rate was ~3%.

¢ Combined NCAS definite and probable error rate was ~12%.
e Nationwide, the forest definite error rate was ~2%.

¢ Nationwide, the nonforest definite error rate was ~4%.

* Nationwide, the forest combined definite and probable error rate
was ~6%.

¢ Nationwide, the nonforest combined definite and probable error rate
was ~15%.

* The amount of forest is likely to be underestimated continent wide,
but the exact amount is difficult to determine because the CIVP sam-
pling scheme was not a stratified or random sample.

* Regrowth and deforestation have considerably higher levels of errors
associated with them, but are much rarer classes (only occurring ~2%
and 1% of the time, respectively).

For the sparse covers, plantation, and trend information, validation is yet to
be performed and will be in the scope of future works.
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14.1 Introduction
14.1.1 Background of Burned Area Mapping

Wildfires are one of the most important drivers of land cover changes in
Russia. They affect annually millions of hectares of forests and other terrestrial
ecosystems, such as tundra, grasslands, and peatlands (Korovin 1996). Earth
observation allows characterizing the distribution and impact of wildfires
from individual events up to the country level. Burned area mapping is a
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critical input for both fire management actions’ planning and postfire impact
assessment, including economic and environmental aspects.

There is a wide range of requirements for the delivery time and accuracy
of burned area estimates in relation to the range of applications. Fire-fighting
and suppression activities require information to be updated as frequently as
possible and to be delivered to users as rapidly as possible. The fire-fighters
require fire information to be updated very frequently, up to several times
a day. However, they do not have stringent requirements for information
accuracy. On another hand, the applications related to postfire impact assess-
ment are highly dependent on the accuracy of burned area mapping, but
do not have strong requirements for data delivery speed as postfire impact
assessment data can be delivered a few weeks or even a few months after the
fires. Postfire assessment is used in particular for forest inventories, forest
management, biodiversity conservation, and carbon emissions reporting.

For more than two decades, earth observation techniques have demon-
strated their capacities to provide various types of information related to
vegetation fires, including active fire detection and monitoring, burned area
mapping, and characterization. A number of methods have been devel-
oped for active fire detection based on the radiation temperature character-
istics of fires. These methods are based on the use of a few main satellite
remote sensing instruments: NOAA-AVHRR (Li et al. 2001), ERS-ATSR2 and
Envisat-AATSR (Arino et al. 2005), as well as Terra-MODIS (Giglio et al. 2003).
In spite of attempts made to assess the extent of burned area directly from
the detection of active fire pixels, such approaches are not considered very
robust and are reported with large ranges of uncertainties. Eva and Lambin
(1998) did not find any significant correlation between estimates of active fire
pixels (derived from NOAA-AVHRR sensor) and assessment of burned areas
in Central Africa. By contrast, Loboda and Csiszar (2004) reported a very
high correlation (R? = 0.99) between the number of active fire pixels (esti-
mated from MODIS sensors) and burned areas (derived from Landsat-ETM+
imagery) in Russia, with only about 10% underestimation. The fundamental
shortcomings of such approaches are due to the combination of a few factors
(Giglio et al. 2006), mainly:

* Masking of active fires by clouds and smoke
* Limited temporal frequency of satellite observations

* Spatial and temporal heterogeneity of fires, related in particular to
a large range of propagation speed, fuel contents, meteorological
conditions, and temperature daily dynamics

e Coarse spatial resolution of the satellite sensors used for active fire
detection

On the one hand, as some of these factors are stochastic in nature, a consis-
tent assessment of burned area is difficult from these active fire detection
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approaches, and the accuracy of results may significantly vary between
regions and time periods. On the other hand, such approaches are consid-
ered the most appropriate for fire-fighting activities for which data delivery
time is the most critical factor.

A number of burned area mapping approaches are based on the detection
of intra or interannual changes in land cover spectral properties using time
series of coarse-resolution satellite imagery (500 m-1 km) mainly from
NOAA-AVHRR (Sukhinin et al. 2005), SPOT-Vegetation (Grégoire et al.
2003), and Terra/Aqua-MODIS (Roy et al. 2008) instruments. These methods
are usually based on surface reflectance measurements in the NIR or SWIR
(near or short-wave infrared, respectively) spectral channels of these instru-
ments. The NIR and SWIR channels are either used as direct inputs into
change-detection algorithms or through spectral vegetation indexes (such as
NDVI, SWVI, or NBI) with high discrimination power to separate burned
areas from green vegetation. Other research studies (Fraser et al. 2000a,b;
Bartalev et al. 2007) have demonstrated the efficiency of the combined use
of both approaches, i.e., the combination of (1) active fire detection and (2)
burned area assessment from changes in land cover spectral properties.

These latest approaches usually demonstrate higher accuracies for burned
area estimates compared to methods based on active fire pixel detection
only. Burned area products can also be produced on a regular basis, e.g.,
monthly (Zhang et al. 2003), decadal (Bartalev et al. 2007), or daily (Tansey
et al. 2008) time frames. These products consist of multiannual time series of
burned area data over large territories that are valuable inputs for the geosci-
ences and for environmental assessments. However, they have very limited
use for forest inventory and management applications because finer spatial
resolution and higher accuracy are required by foresters. Moreover, so far
such methods do not allow for rapid data delivery in an operational manner.
The information is usually made available to users with a substantial delay.

There is also an extensive experience for burned area mapping from
moderate spatial resolution (10 m-30 m) satellite optical imagery, such as
Landsat-TM/ETM+ (Isaev et al. 2002). In spite of the existence of a number
of methods, these methods have been mostly applied to episodic and local
level assessments. Mapping of burned areas from moderate-resolution satel-
lite imagery over large areas and at regular time intervals has been restricted
mainly by data availability until recently. This restriction has been reduced
drastically through the recent open data distribution policy and online access
to the global multiannual Landsat-TM/ETM+ data archive (see Section II.2).

14.1.2 Forest Fire Monitoring Information System (FFMIS)

Mapping of burned area is one key feature of the FFMIS, developed by a
consortium of institutes belonging to the Russian Academy of Sciences. The
FEMIS constitutes an essential component of several environmental monitor-
ing services, such as the VEGA service (Loupian et al. 2011), which is publicly
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available, and the forest monitoring information system (called in Russian
ISDM-Rosleshoz) operated by the Russian Federal Forest Agency (Loupian
et al. 2006; Bartalev et al. 2008). The FEMIS covers the full territory of Russia
and provides information to a range of forestry services, from the local forestry
districts up to the federal forest agency. The FEMIS focuses on daily informa-
tion support for activities related to fire management and for environmental
and economic impact assessment. Considering the size of the Russian territory
and the users’ requirements for information delivery speed and frequency, sat-
ellite remote sensing technology has been considered as the main source of
data in the system. The FFMIS uses as main inputs the multiannual and daily
updated archives of data acquired by the Terra-MODIS and the Landsat-TM/
ETM+ instruments (since year 2000). The system considers three sources of
input data for burned area assessment over Russia, as follows:

1. Locations of active fires detected using the MOD14 standard algorithm
(Justice et al. 2006) and MODIS Level 1B data (Toller et al. 2006) collected
via a network of satellite data-receiving stations distributed across
Russia. As a backup data source, the Fire Information for Resource
Management System (FIRMS) Web site is also used for the daily down-
load of MOD14 products (http://firefly.geog.umd.edu/firms).

2. MODIS surface reflectance daily data including information on solar
illumination and instrument viewing geometry (MODOQ9 standard
products; http://lpdaac.usgs.gov/main.asp).

3. Landsat-TM/ETM+ data downloaded from USGS GLOVIS (http://
glovis.usgs.gov). By the end of the year 2011, the FFMIS archive of
Landsat-TM/ETM+ data contained more than 122,000 scenes over
the Russian territory including about 23,000 scenes acquired during
the year 2011 only.

A new approach for burned area assessment based on the integration of
this large database has been developed by the Space Research Institute of
the Russian Academy of Sciences. This new approach is aimed at benefit-
ing from the complementarities of the different data sources and includes
highly automatic satellite data processing. The system creates three different
burned area products:

1. AFBA product: Burned area polygons at 1 km spatial resolution. This
product is based on the spatiotemporal clustering of active fire pixels
derived from MODIS data with the use of individual satellite passes.

2. SRBA product: Burned area at 250 m spatial resolution. This prod-
uct is derived from MODIS data using land cover surface reflectance
change combined with active fire detection.

3. HRBA product: Burned area at 30 m spatial resolution. This product
is derived from Landsat-TM/ETM+ data.
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The integrated burned area assessment approach produces continuous
information during the fire season. All available satellite imagery from the
three potential data sources are used for any date and fire event. In cases of
more than one burned area product being available for a given fire event,
the following priority ranking is used to select the potentially most accurate
product: (1) HRBA, (2) SRBA, and (3) AFBA.

The AFBA product provides the most rapid assessment of burned areas.
This product can then be complemented with one of both SRBA and HRBA
products depending on their availability. The SRBA product is produced on
a regular basis from daily MODIS data a few weeks after the AFBA product
and is usually available before the HRBA product. However, when burned
areas are too small to be retrieved from the SRBA product, only the HRBA
product is used. In the following sections of this chapter, all three mentioned
burned area products are described in more detail including the methods
used to produce them and some results for Russia (national burned area esti-
mates with accuracy assessment) are discussed.

14.2 Description of Three Burned Area Products

14.2.1 AFBA Product: Rapid Burned Area Mapping Based
on Active Fire Detection from MODIS Sensor

The AFBA burned area product is generated from MODIS data. The raw
MODIS data are acquired in the direct broadcast mode via a network of
receiving stations located in Moscow, Pushkino (Moscow region), Khanty-
Mansiysk, Novosibirsk, Krasnoyarsk, and Khabarovsk. The MODIS data are
first preprocessed up to level 1B standard (MODO02 product) and are then
used as inputs for the MOD14 active fire detection algorithm (Justice et al.
2006) in order to produce so-called hot spots. Each hot spot is characterized
by a number of attributes: (1) geographical coordinates, (2) on-the-ground
pixel size (including both pixel widths along and across the sensor scanning
directions), and (3) brightness temperature derived from two MODIS spec-
tral channels (with wavelength intervals centered at 4 pm and 11 um). Then
the hot spots detected from the acquired multitemporal MODIS imagery
are used to generate burned area polygons and to monitor their temporal
dynamics.

The FIRMS (http://firefly.geog.umd.edu) serves as an archive of hot spots
detected with the MOD14 algorithm. All detected hot spots are automatically
recorded into the FFMIS database with their attributes. The main role of the
hot spot archive is to fill potential gaps resulting from accidental MODIS
data-receiving stations’ failures or data delivery delays.
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The rapid burned area assessment includes the analysis of hot spot time
series for the monitoring of fire temporal dynamics. An important step
in this analysis includes the generation of active fire polygons from spa-
tially scattered hot spot pixels. This polygon generation process is carried
out for each new satellite image using available historical hot spot dynam-
ics (i.e., hot spots detected on earlier imagery). The data-processing chain
has been developed to provide both near-real-time burned area mapping
and postfire season burned area assessment. The main steps of the near-
real-time burned area mapping method are described hereafter in more
detail.

Step 1: Retrieval of hot spot timing. The hot spots detected from MODIS imag-
ery are first characterized with their satellite observation times. This timing
information is incorporated into the FFMIS database in order to build a con-
sistent data time series for further analysis. The hot spot observation time is
assigned as the MODIS data-receiving time at the local receiving station or,
in the case of FIRMS data, as the MODIS data granule time.

Step 2: Generation of hot spot polygons. The generation of polygons around
individual hot spots is an intermediate step. This step uses the MODIS pixel
dimensions along and across the sensor scanning directions. The MODIS
pixel dimensions are approximated by using geographical directions (along
parallels and meridians).

Step 3: Generation of active fire polygons. In order to generate active fire poly-
gons for each satellite image, the corresponding hot spot polygons have to
be merged considering a spatial proximity criteria. Two hot spot polygons
are merged into one single fire event if their areas are overlapping or the
distance between them is less than 0.3 km. For each MODIS image, an indi-
vidual fire event polygon corresponds to a burned area estimate for the date
of the satellite observation. By considering a full time series of such fire poly-
gons, an exhaustive burned area assessment can be carried out.

Step 4: Generation of burned area polygons. This data-processing step is the
most complex step. It consists in monitoring the fires dynamic and in aggre-
gating all individual fire polygons detected at different dates into one sin-
gle burned area polygon (corresponding to a single fire event). The FEMIS
database includes full time series of all active fire polygons that have been
detected from the beginning of the fire season. One essential step of the
burned area polygon generation procedure is the decision to take for each
newly generated fire polygon: either (i) to be aggregated to an existing regis-
tered fire event or (ii) to create a new fire event in the database. The fire poly-
gon identification procedure aims to check if derived from of last satellite
pass data active fire polygon overlapped with or close (distance is less than
1 km) to one of already existing burned area polygon. In case if outcome
from such test was positive, the last active fire polygon is geometrically
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merged to one of existing burned area polygon, otherwise it is considered
as new event to be recorded in the database. The algorithm for active fire
polygon identification includes also the consideration of particular cases or
outliers which can significantly impact the burned area mapping results.
One main particular case relates to new active fire polygons which overlap
with more than one previously detected burned area polygon. In such case
we assume that at the date of the new active fire polygon, these burned area
polygons get connected and have to be considered later on as a joint single
event.

The hot spot pixels detected with 1 km spatial resolution MODIS data are
used as input data for the generation of burned area polygons. These hot
spot pixels are based on thresholds of radiation temperature within the sen-
sor’s field of view and can obviously include unburned area. Assuming that
the burned area error reaches a maximum at the fire border and declines
toward the center of the fire, we use a heuristic formula to correct directly
the burned area estimates:

JSe

GXSG \v SG < (kXA)z

[1 —kXAX(l_G)]XSG V Sc > (kxA)
S, =

(14.1)

where
Sc is the area of burned area polygons in km?;
Sc is the corrected burned area in km?2,
A =111 is the nominal pixel size in km;
o = 0.25 is the coefficient of correction;
k =4 is a constant value.

Equation 14.1 assumes that a higher relative error corresponds to smaller
areas (and vice versa) due to a larger proportion of boundary pixels.
According to Equation 14.1, the correction procedure reduces the burned
area estimates with a maximum factor of 4 for fires smaller than k? pixels.
As fire size grows (Sg — ), the correction coefficient decreases up to a value
of 1, and thus for very large fires the correction does not change significantly
the area estimates.

This burned area mapping method is implemented as an automatic pro-
cessing chain within the FFMIS. Each new MODIS imagery is processed
automatically when acquired in the system. The system provides burned area
updates with a frequency of up to six times a day. The full data-processing
cycle takes from 20-70 min depending on the number and area of active fires
and on available computing resources. In case of the FIRMS being used as
the source for hot spots, the data delivery extra time is at least 50 min and is
usually about 2-3 hours after the satellite pass.
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14.2.2 SBRA Product: Burned Area Mapping Based on Land
Cover Change Detection from MODIS Sensor

This product is aimed at providing wall-to-wall assessments of burned areas
during the fire season with higher accuracy and reliability than AFBA prod-
uct. The method has been designed using existing approaches that combine
two types of information derived from satellite imagery: surface reflectance
changes and thermal anomalies (Fraser et al. 2000a,b; Bartalev et al. 2007).
In such approaches, the thermal anomalies are used to separate fire-related
land cover changes from other types of vegetation changes (due to other dis-
turbance factors). The SBRA product includes a step of comparison to his-
torical spectral dynamics. Historical multiannual satellite data time series
are used to derive optimized land cover change-detection thresholds for any
geographical location.

The SRBA burned area product is generated at 250 m spatial resolution
based on the use of two MODIS data standard products, namely:

* The multiannual daily surface reflectance MODQ9 data;
¢ The active fire (hot spots) MOD14 data for a single year.

The burned area mapping method includes several data-processing steps as
follows:

* Detection of pixels contaminated by clouds and cloud shadows,
sensor failures, and seasonal snow cover

¢ Building of multiannual time series of SWVI (short-wave vegetation
index) daily composites from uncontaminated pixels

¢ Generation of the SWVI multiannual “reference” based on SWVI
annual time series along a reference period

¢ Land cover change detection through detection of seasonal anoma-
lies by comparison to SWVI reference

* Burned area mapping using a consistency criteria between detected
land cover changes and active fires

The MODIS data preprocessing aims at detecting contaminated pixels and
consists of following steps:

* Masking-out pixels with satellite observation and sun elimination
angles above certain thresholds

* Detection of clouds, cloud shadows, and snow cover-related pixels

¢ Detection of residually contaminated pixels through statistical filter-
ing of time-series data
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The threshold criteria, such as view zenith angle # > 40° and sun zenith angle
&> 80°, are applied to mask-out pixels which are not suitable due to extreme
geometrical observation and illumination conditions.

Clouds and snow-cover detection involves surface reflectance data as
measured in the blue (459-479 nm) R;and SWIR (1,628-1,652 nm) R, MODIS
channels, as well as normalized difference snow index (NDSI) (Hall et al.
1995), which is calculated using Formula 14.2:

R; — Rg
R; + Rq

NDSI = (14.2)

Assuming that any pixel can be assigned to one of four classes (clouds,
semitransparent clouds, snow, and “clear surface”), the R;-INDSI bidimensional
space (Figure 14.1) can be subdivided as follows:

* «Snow» if R; > 0.05 and NDSI > 0.1

¢ «Clouds» if R; > 0.05 and —0.2 < NDSI < 0.1 (14.3)
* «Semitransparent clouds» if R; > 0.05 and -0.35 < NDSI < -0.2

* «Clear surface» in all other cases

Pixels that are located in surroundings of «clouds» and «semitransparent
clouds» areas are also classified as «clouds» or «semitransparent clouds» if
their R;value is equal or higher than 0.05.

Assuming a maximum clouds’ height as H = 12 km and considering the
measured sun and view zenith angles, we can reconstruct the potential

A NDsI

Snow
0.1 ==
Clear surface Clouds
Ry
£0.05 >
-0.2 -+
Clear surface Semiclouds
-0.35

Clear surface

FIGURE 14.1
Discrimination of the classes of clouds, snow, and clear surface in the R;-NDSI space.
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FIGURE 14.2
Geometrical modeling of the cloud-shadow position on the Earth surface (AB line).

cloud-shadow areas (Figure 14.2). If we consider an orthogonal coordinate
system with origin O in a given cloud pixel with height H and axes Ox and
Oy directed to geographical North and East, spatial shift of cloud shadow on
the ground is estimated using Formula 14.4:

X = H(cos(\y)tg(e) - cos(B)tg(S))

. . (14.4)
y = H(sin(y)tg(6) —sin(B)tg(3)),
where
y—view azimuth angle
0—view zenith angle
B—sun azimuth angle
0—sun zenith angle

In general the geometrically modeled cloud-shadow areas include also “clear
surface” pixels, which are removed from contaminated pixels through an
additional spatial analysis step. The MODIS NIR channel R, (841-876 nm)
image profile is analyzed along the cloud-shadow line (Figure 14.3) to identify
the correct shadow segments.

The next analysis step is aimed at removing further false shadow pixels
due to possible misclassification as clouds or snow-covered area with rela-
tively low NDSI. The shadow pixel is considered as false detection if during
a monthly period it has never been classified as “clear surface” and the
following expression is true for the potential cloud-shadow pixels:

Ri(®",1) > Mg, (®" 1)+ 0, (0, 1), (14.5)

where
Mg, (@, 1) is the mean estimate of surface reflectance data in red (620—679 nm)
channel centered at day t during a 31-day period
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FIGURE 14.3
Example of spectral profile (MODIS NIR channel) with indication of sections corresponding to
residual clouds (a), cloud shadows (b), and clear sky surface (c).

o, (@,1) is the standard deviation from mean
Ri(©"1) is the red surface reflectance data for given pixel with coordi-
nates ©”

The additional statistical data filtering is aimed at reducing residual noise
through the use of a monthly moving time window. The pixel with sur-
face reflectance R, is considered as contaminated if the Expression 14.6
is true:

Re(©',) — My, (@,1)| > 204, (©1) (14.6)

From these preprocessing steps, the masks of different types of contami-
nated pixels are generated at 500 m spatial resolution.

Our main criteria to detect fires which are causing vegetation cover
changes (i.e., which are burning the vegetation) is based on daily time series
of the normalized SWVI (Fraser et al. 2000a)

swwz&‘&, (14.7)
R, + Ry

SWHI is calculated using MODIS surface reflectance data (R,) resampled
from 500 to 250 m. The contaminated pixels (detected during preprocessing)
are reconstructed based on a moving time-window polynomial algorithm to
retrieve SWVI. The burned area mapping method uses the SWVImultiannual
seasonal reference which is derived from MODIS time-series data acquired
during previous years—so-called reference period. An experimental
justification of the optimal reference period duration is given at the end of
Section 14.2.2.
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The assessment against the SWVI reference involves the estimation of
mean M&yvi(®,1) and standard deviation cdwvi(©,t) for every pixel with
geographical coordinates ® and image date #(DOY):

Y t+At
M@= )" SWVI@'t,y) (14.8)
y=1 t-At
e 2
N * _ * _ N * 2
oswvi(® ) = N ;;(SWVI((’B £, Y) = Mswvi(© 1)) (14.9)

VHt=1,365) and Vy(y=1Y)

where
y is the year within the reference period with duration of Y years
At is the moving time-window length parameter for the SWVI intrayear
statistical assessment
N = Y(2At + 1) is the total number of measurements involved in the SWVI
assessment for given pixel and DOY

The detection of pixels likely affected by fire is based on pixel-to-pixel and
day-to-day differences between My and the SWIR vegetation index time
series for a given year SWVI®. The detection of seasonal dynamic anomalies
is based on following Formula 14.10:

SWVIC(O",1) — MYwi(0",1) < —kodwi(©7, 1), (14.10)

where k is an experimentally tuned constant that allows to define the range
of the SWVI reference interannual dynamics. A pixel is considered as abnor-
mal and likely affected by a fire causing a land cover change if its SWVI®
value is lower than reference SWVI seasonal values as presented in Figure
14.4. Such approach uses automatic thresholds M1 —koNyvi which are cal-
culated for any pixel location and date.

At this stage, the detected pixels include pixels affected by land cover
changes caused by fire and by other disturbance factors such as, for example,
flooding, insect outbreaks, and extreme weather conditions. They include
also false changes due to particular atmospheric and angular conditions of
observations and residual effects of interannual differences in phenological
vegetation dynamics. A contextual spatial filtering is applied to remove such
false detections. The mean Méyyi(®,t) and standard deviation cbywi(©,f)
of SWVIC are computed using an increasing window size W for each given
date t from five or more pixels surrounding a potential change pixel, with
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FIGURE 14.4
Example of fire detection from anomaly in the SWVI dynamics at pixel level. SWVI, short-wave
vegetation index; DOY, day of the year.

geographical coordinates ® excluding those pixels which have been detected
at the previous stage. The pixel is considered as changed if its SWVI® value
is lower than (M — cbwvi).

Finally, a clumping procedure is applied to group pixels detected as
changed vegetation into spatially connected regions for each day. The
resulting clumped areas are then compared to MODIS-derived active fire
data to separate burned areas from areas that were subject to land cover
changes resulting from other disturbances. The clumped area is considered
as burned area if more than 1% of its total surface is spatially and tempo-
rally (within a 20-day time window) consistent with MODIS active fire data.
This 1% area threshold has been determined empirically through visual
tests and is aimed at elimination of false burned area detection such as crop
harvesting.

This burned area mapping method requires setting values for a few main
parameters. Two of them such as the reference period duration Y and the
moving time-window length parameter At are aimed to determine the most
appropriate SWVI reference parameters Mayvi(©’, ) and c&yvi(®,1). A third
one, namely the scaling constant k, is used to define the reference range of
SWVI for interannual variations. The most appropriate parameters’” values
have been estimated through a number of tests performed with MODIS data
over the European part of Russia, which experienced an extreme fire season
in 2010 due to exceptional heat wave and drought.

Figure 14.5 shows burned area as estimated by different combinations of
reference period durations Y(Y 3,6) and time-window length parameter
values (At = 3 and At = 5). Following these experiments, Y =5 and At = 3 were
considered as most appropriate parameters values. The shorter reference
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Burned area estimates for a MODIS tile (H20V03 granule) and for the year 2010 using different
reference period durations and time-window lengths (SBRA product).
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FIGURE 14.6
Burned area estimates with different scaling constant k values.

period (Y < 5) led to more false burned area pixels (controlled through visual
interpretation), while an increase of the reference period to 6 years resulted
in a negligible increase of burned area.

A number of burned area mapping tests have been also performed
using different values of the scaling factor k. Figure 14.6 shows that
when varying the scaling factor value between 2 and 3 it does not lead
to significant changes in burned area estimates. The abrupt decline at
k = 3 leads to the conclusion that this value can be considered as the most
appropriate.
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This method allows generating daily SRBA products over the entire
Russian Federation in a routine manner within 20-30 days depending on the
availability of uncontaminated satellite data.

14.2.3 HRBA Product: Burned Area Mapping
from Landsat-TM/ETM+ Sensor

From the three burned area products of FFMIS, the HRBA is the product which
takes most time to be delivered but which is potentially the most accurate at the
level of individual fires. This product is derived from Landsat-TM/ETM images
at 30 m spatial resolution. The main methodological difference with the two
other burned area products stands is the involvement of human visual exper-
tise for burned area control and delineation from Landsat-TM/ETM imagery.
Another important characteristic of the HRBA product is that it cannot be used
alone for an assessment at country level: the HRBA product can only comple-
ment the national estimates derived from AFBR and SRBA. This is due to the
potential gaps in suitable quality Landsat-TM/ETM imagery over the country
during the fire season (missing data). The national yearly completeness of the
HRBA product may also significantly differ from year to year due to availabil-
ity of human resources for assessment and interpretation of the imagery.

The HRBA approach has been developed from the FFMIS web-service
interface which provides access to remote sensing data and products
along with mapping tools (Figure 14.7). The web-service interface is based on
the GEOSMIS system which includes generic GIS and dedicated vegetation
analysis tools (Tolpin et al. 2011). The information available from the web
interface includes imagery from both Landsat-TM/ETM+ and MODIS sen-
sors as well as data on land cover, fires and meteorological conditions.
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FIGURE 14.7
Display of the Web-service map interface with selected Landsat-TM frames.
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In more details the web-service data analysis tools provide the following
tools:

* Joint analysis of Landsat-TM/ETM+ and MODIS data, along with
thematic maps and data

¢ Analysis of long-term time series of spectral vegetation indices to
assess land cover changes and driving factors. The web-service
allows to select an area of interest and to derive instantaneously a
multiannual temporal profile of spatially averaged vegetation index

* Management of the database of burned areas (contours and
characteristics)

¢ CIS analysis of satellite data and derived products

The web-service allows for an easy and quick access to all products derived
from Landsat-TM/ETM+ and MODIS satellite data, which are automatically
and continuously downloaded from the USGS data archive. Daily MODIS data
are automatically processed. First, pixels contaminated by clouds and other
noise are eliminated, and then weekly composite images are generated. These
weekly composite images are used to produce normalized difference vege-
tation indices (NDVIs). Gaps in weekly time-series data are filled in though
an interpolation procedure. Time-series data are then smoothed to reduce
remaining noise due to cloud-contaminated pixels. The MODIS-derived NDVI
time series are recorded into the database and used to create multiannual
vegetation index profiles for each MODIS pixel. The Landsat-TM/ETM+ data
are first preprocessed (radiometric and geometric correction), and then color
composite images are made available trough the web interface. The MODIS
data-derived land cover map of Russia for year 2010 at 250 m spatial resolution
(Bartalev et al. 2011) is also made accessible through the web system. This map
is the most up-to-date country-level map of forest type distribution.

The web-service allows mapping burned areas at 30 m resolution when an
ABFA polygon exists in the FFMIS database and a corresponding appropri-
ate postfire and cloud-free Landsat-TM/ETM+ image is available. The HRBA
mapping procedure includes the following main steps:

¢ Selection of one MODIS-derived AFBA polygon and search of the
best available Landsat-TM or ETM+ image

* Selection of the option: automatic or visual burned area delineation
* Visual evaluation of the automatic burned area delineation results

and, in case of insufficient quality, replacement by visual burned
area delineation

The automatic burned area delineation method is based on a multispectral
image segmentation algorithm (Zlatopolskyy 1985) combined with auto-
matic segment labeling and merging steps (Bartalev et al. 2009). The labeling
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FIGURE 14.8

(See color insert.) Example of burned area polygons derived from the three methods: red
polygon, AFBA product; black polygon, SRBA product; yellow polygon, HRBA product. The
results are displayed in the Web-service user interface with the Landsat-TM scene used for the
HRBA product as a background image.

and merging steps are based on distance criteria from corresponding AFBA
and SRBA polygons along with the brightness histogram analysis of
Landsat-TM/ETM+ image.

Figure 14.8 provides an example of burned area polygons derived from the
three different methods available from the FFMIS web-service user interface.

14.3 Integrated Burned Area Assessment

The integrated burned area assessment approach consists in the combina-
tion of the three burned area products, AFBA, SRBA and HRBA, which are
updated continuously during a fire season. This combination is aimed at
producing best estimates of burned areas from all the products available in
the FFMIS database. The fire events recorded from these three products are
linked through an identification process which initiates from the MODIS
hot spots—based polygons and related fire events in the AFBA database. The
approach links these AFBA events to the fire events from the SRBA and HRBA
databases. In case of a fire event existing only in the AFBA database (i.e.,, with
no related event in the SRBA and HRBA databases), the related AFBA burned
area is taken into account for the compilation of burned area estimates at
national and regional levels and at daily frequency during the full fire season.
When an event appears in the SRBA or HRBA databases the AFBA estimate is
replaced by the estimate derived from the SRBA or HRBA event, with priority
to HRBA product as it is considered to have higher accuracy.

However the practical implementation of this approach is complex due to
the difficulty to set unique correspondences between fire events from the
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three burned area products. It happens often that several AFBA polygons
overlap with one unique HRBA polygon, due to a complex spatial pattern
or to limitations in data availability. The relationship between AFBA and
SRBA polygons is in general even more complex as one single fire event on
the ground can correspond to several polygons with no spatial correspon-
dence between the two set of polygons. The impact of this lack of coherence
on burned area estimates is limited over large territories, e.g., at national or
regional scale. However this issue has to be taken into account for assess-
ment at the level of individual fire events.

In order to address such issue, the integration procedure includes a step of
polygon clustering. The clustering procedure is aimed at identifying polygons
that are likely to be related to the same fire event. The SRBA and HRBA
polygons are grouped within clusters which are linked to the AFBA polygons.
Ananalysis of interlinkages between polygon pairs is carried out for the AFBA—
SRBA and AFBA-HRBA combinations. The clustering procedure subdivides
the total set of polygons into subsets of polygons which are considered to
be related to single fire events. This clustering procedure provides for more
detailed intercomparison and analysis at individual fire event level.

14.4 Burned Area Assessment over Russian
Federation for Year 2011

The three burned area mapping methods, AFBA, SRBA and HRBA, and the
integrated assessment approach have been applied over the full territory of
the Russian Federation to estimate the extent and impact of the fire season
of year 2011.

From the AFBA product the estimate of total burned areas for year 2011
over the entire country is 10.27 million ha, including 5.06 million ha of burned
forest areas. For the same year the SRBA method leads to an estimate of 10.41
and 4.38 million ha of total burn areas and burned forest areas respectively.
When looking at the burn area estimates derived from the SRBA method
during the last 7 years, it appears that the 2011 fire season was obviously of
not exceptional magnitude in Russia (Figure 14.9).

From the FFMIS database of available Landsat-TM/ETM+ imagery
acquired during year 2011, the HRBA product has resulted in 3,609 polygons
with a total burned area of 594 million ha, including 4.00 million ha of
burned forests. The burned area sizes of individual fire events show a wide
range as presented by their distribution histogram (Figure 14.10). Being not
comprehensive enough to provide an accurate estimate at country level, this
data set can be used as reference for and evaluation of the accuracy of burned
area products derived from MODIS data. This product is also critical for the
integrated burned area assessment.
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FIGURE 14.9

Annual estimates of burned areas (derived from the SRBA product) over the Russian Federation
from 2005 to 2011.
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FIGURE 14.10
Burned area distribution of fire events from the HRBA product derived from Landsat-TM/
ETM+ imagery.

The cross-comparison of Landsat-TM/ETM+ and MODIS hot spot-derived
burned area products including both initial and corrected estimates (correction
using Formula 14.1) demonstrates a bias reduction for corrected estimates in
particular for small burned areas (<1,000 ha) burns (Figure 14.11).

The accuracy of forest burned area estimates derived from the AFBA
product and corrected with Formula 14.1 has been assessed from the
comparison to the HRBA product with the following results:

RMSE = +2.43% and bias = -14.1%
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AFBA area without correction, ha

FIGURE 14.11
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A similar assessment has been made for the SRBA product (Figure 14.12):

RMSE = +1.52% and bias = -8.7%

Figure 14.13 shows a decrease of RMSE as a function of the area size for small
burns (<1,000 ha) considering either all wildfires together or only forest fires.
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Correlation between burned areas from the SRBA product (MODIS surface reflectance change)
and burned areas from the HRBA product (Landsat-TM/ETM+) with identification of spring
and summer fires (before or after June 1).
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FIGURE 14.13
RMSE (root mean square error) of burned area estimates from the SRBA product in relation to
burned area size for total burned areas and forest burned areas.

The combined use of all three burned area products into an integrated
assessment leads to an estimate of 14.32 million ha of total burned area
including 5.79 million ha in forest domain only. Table 14.1 shows the burned
area estimates from the three burned area products and from the integrated
assessment at the levels of entire country and federal districts of Russian
Federation. Figure 14.14 shows spatial distribution of the burned areas of the
year 2011 across the territory of Russia.
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14.5 Conclusions

This chapter presents an approach for the mapping of burned forest area that
combines two remote sensing data sources: MODIS and Landsat-TM/ETM+
satellite imagery. This approach is aimed to answer to two main users’
requirements: rapidity of information delivery and accuracy of estimates.
The approach includes three complementary burned area products at 1 km,
250 m, and 30 m spatial resolution, respectively.

The first burned area product (AFBA) is based on temperature anoma-
lies detected from MODIS data at 1 km resolution. This product is gener-
ated with the most rapid but least accurate method. It allows providing
burned area estimates several times a day with an acceptable level of accu-
racy. The second burned area product (SRBA) is based on the use of MODIS
data-detected surface reflectance changes combined with radiation tempera-
ture anomalies. This method is less rapid (daily assessments are produced
within 20-30 days delay) but leads to more accurate results at 250 m resolu-
tion. These two methods are fully automated and allow producing regular
updated wall-to-wall burned assessments for the entire Russian Federation
during a fire season.

The most spatially accurate burned area product (HRBA) is derived from
Landsat-TM/ETM+ imagery. This product on its own does not allow provid-
ing a comprehensive burned area assessment at the country level but is con-
sidered as complementary to the MODIS data-derived estimates. However,
this approach was applied operationally over the Russian Federation for the
fire season of year 2011 and has resulted in the detailed mapping of 3,609
burned area events. The total burned areas derived from Landsat-TM/ETM+
imagery correspond to about 57% of total burned areas and to about 91% of
total burned forest areas derived from the 250 m product for entire Russia
during the year 2011.

The MODIS-derived products have different levels of RMSE (14.1% and
8.7% for AFBA and SRBA, respectively) with an underestimation of burned
areas. Our integrated burned area assessment approach allows providing
more comprehensive and accurate estimates.
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15.1 Introduction

Remote sensing data acquired by synthetic aperture radar (SAR) provide
unique opportunities for forest characterization, mapping, and monitoring,
largely because of sensitivity of the radar signal to vegetation physiognomic
structure and the provision of observations that are largely independent of
atmospheric (e.g., cloud and smoke haze) and solar illumination conditions.
Spaceborne SAR have been operating at a near global level since the 1990s,
and the wide range of frequencies, polarizations, and observation strategies
provide numerous opportunities for retrieving information on the past and
current state of forests and surrounding landscapes and changes associated
with natural and anthropogenic change, including climatic fluctuation.
The development of systems and algorithms for characterizing, mapping,
and monitoring forests, however, has been informed by studies using data
acquired by SAR onboard airborne and spaceborne systems (e.g., the Shuttle
Imaging Radar) and through dedicated missions.

This chapter reviews the use of spaceborne SAR for forest monitoring at
regional to global scales. Particular focus is on the use of single- and dual-
polarization backscatter data acquired at X-, C-, and L-bands, as these are
the most widely available to those charged with forest monitoring. However,
examples of how polarimetric SAR (POLSAR) and inteferometric SAR (InSAR)
data can be used to improve monitoring are considered. The chapter provides
essential background information on SAR and an overview of how key change
processes of deforestation, degradation, and regeneration/afforestation can
be detected using these data. Case studies relating to SAR-based monitoring
of tropical rainforests in the Brazilian Amazon and Borneo, tree—grass savan-
nas in Australia, and boreal forests in Siberia are then presented. Advantages
of SAR for forest monitoring, either singularly or in combination with other
sensors, are conveyed. The future of SAR for forest monitoring is discussed,
particularly as this type of data is now increasingly used in support of local,
national, and regional to global forest monitoring frameworks.
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15.2 Suitability of SAR for Forest Monitoring
15.2.1 Forest Structural Diversity and Radar Modes

A wide range of forest types exist globally, with distinct formations occupy-
ing large areas including tropical rainforests, boreal and temperate forests,
and tree—grass savannas. In all biomes, forests can be broadly categorized
into evergreen, semi-deciduous, or deciduous. Common leaf types include
broad-leaf, needle-leaf, and palm-like. Canopy cover ranges from sparse to
closed and primarily as a consequence of prevailing environmental condi-
tions (e.g., precipitation, evapotranspiration, soil types). As well as cover,
forests are often distinguished on the basis of height and the number of
canopy layers which, when distinct, can range from single layer (with no
understory) to multilayer. The plants themselves also vary in their moisture
content, canopy form and orientation, density, and size of their foliar and
woody components. The substrate underlying forests may range from dry to
wet and be smooth or rough, depending on the soil and geology and levels
of inundation. Forest structure in all regions is highly variable and depends
on growth stage, management practices, and natural and human-induced
events and processes.

These different characteristics of forests are primary determinants of
the variability in the SAR response at different frequencies and polariza-
tions and over time. Hence, an understanding of microwave interactions
with different components of the vegetation and the underlying surface is
essential if these data are to be used for monitoring. A recent overview of
imaging radar principles is provided in Kellndorfer and McDonald (2009),
but information specific to forest monitoring is conveyed in the following
sections.

15.2.2 SAR Frequencies and Polarisations

Spaceborne SAR, which provide capacity for monitoring over large areas,
operate at X- (~9.6 GHz, 3.1 cm), C- (~5.3 GHz, 5.7 cm), and L-bands (~1.275
GHz, 23.5 cm). Within closed-canopy and taller forests, the shorter X- and
C-band waves interact primarily with the foliage and smaller branches in
the upper layers of the canopy and allow discrimination of forest types
primarily as a function of differences in their leaf and small branch dimen-
sions, orientations, and densities (Mayaux et al. 2002). However, in more
open forests (e.g., tree-grass savannas), interactions may occur with the
ground and woody components of the vegetation (Lucas et al. 2004). In all
forests, microwaves emitted at lower frequency (L- and P-bands) generally
penetrate through the smaller elements of the canopy and interact with the
larger woody branches and trunks and ground surface.
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At all frequencies, single- and double-bounce scattering result in a large
amount of reflected energy returning to the sensor in the same polariza-
tion as that transmitted (i.e., HH or VV, with H and V representing the
horizontal and vertical polarizations, respectively). The strongest returns
are often at HH polarization, where double-bounce scattering between the
ground surface and vertical structures (e.g., plant stems) occur, enhanced
when forests are inundated by water. Volume scattering leads to depolariza-
tion of the transmitted signal and is caused by multiple interactions with
structures (e.g., branches, leaves) that have multiple angles of orientation.
Returns are comparatively lower from the cross-polarized wave (i.e., HV or
VH) and are typically minimal for bare areas, including water. However, the
HV backscatter generally increases asymptotically with the amount of plant
material in the canopy and has been related to the above ground biomass
(AGB) of forests at lower frequencies.

15.2.3 Interferometry

Spaceborne X-, C-, and L-band interferometric data have been used to map
forest extent, the distribution of plant components in the forest volume,
and canopy height. With single pass interferometry, one antenna is used to
emit and receive a wave (in a single polarization), while a second detects
the same polarization component of the reflected wave. In other words,
both antennas measure the backscatter in the same polarizations but, as
they are separated in range direction over a certain baseline, this causes
a very small time lapse between the reception of reflection. This can be
associated with the angle of the observed scatterer while the total elapsed
time corresponds with the distance of the scatterer. Consequently, the posi-
tion and height of the so-called scattering phase center can be determined.
In areas without vegetation, the height of the terrain can be determined,
while in areas with high vegetation in a single-resolution cell, scatterers
over a range of heights are present. This range of phases is expressed by a
parameter called interferometric phase difference, and the total correlation
(normalized similarity) between the two data is commonly referred to as
coherence. Most current SAR systems allow repeat pass interferometry, which
is based on the use of only one antenna where the second measurement
is undertaken within a short time period (from hours to weeks) and from
a slightly different position (thereby forming the baseline). Coherence is
high (approaches 1) when the same interaction with objects on the ground
occurs between two images and decreases as a result of temporal decor-
relation (e.g., because of changes in environmental conditions including
surface moisture and wind) and volume decorrelation (because of vari-
able scattering within volumes, including forests, as a function of observa-
tion parameters). Interferometric coherence is typically lower over forests,
although it depends upon the season of observation.
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15.3 Development of SAR for Forest Monitoring
15.3.1 Sensors Available for Monitoring

The benefits of using SAR for forest monitoring were recognized by a number
of early studies, commencing with the 1970 Brazilian RADAMBRASIL project,
in which airborne X-band SAR data were acquired over the entire Brazilian
Amazon Basin, and followed by those making use of the shuttle imaging radar
(SIR-A/B, SIR-C) SAR missions and other airborne datasets (e.g., NASA’s
AIRSAR). The Japanese Earth Resources Satellite (JERS-1) SAR provided
the first L-band observations globally over the years 1992 to 1998 while the
Canadian RADARSAT SAR and SAR on board the European Remote Sensing
(ERS-1 and -2) satellites provided C-band observations and interferometric
capability. From the mid-2000s and onwards, Italy and Germany launched
X-band satellite missions, the COSMO SkyMed constellation and TerraSAR-X.
Fully polarimetric observations were provided by the advanced land observing
satellite phased array L-band SAR (ALOS PALSAR) (L-band), RADARSAT-2
(C-band), and TerraSAR-X (X-band) instruments at a near global level. The
2000 Shuttle Radar Topographic Mission (SRTM) and the TanDEM-X mission
from 2010 provided unique capability for generating digital surface models
(DSMs) at global scales, allowing retrieval of canopy height in more densely
vegetated areas and the topographic ground surface.

The practical use of SAR for forest monitoring has followed developments
in the technology and observation capability. The RADAMBRASIL project
was the first to provide a baseline of the extent of forest cover in the Brazilian
Amazon without interference from cloud or smoke haze. Focusing on more
local areas, the SIR-C missions (X-, C-, and L-bands) allowed researchers to
identify the benefits of using different radar wavelengths and polarizations
for detecting forest extent, characterizing areas cleared of forest, and retriev-
ing forest biomass and structural attributes (Kellndorfer et al. 1998). The
capacity of interferometric SAR for retrieving forest height across larger areas
was demonstrated using SRTM (Kellndorfer et al. 2004). The JERS-1 mission
provided the first consistent pan-tropical and pan-boreal observations, from
which regional-scale mosaics of the boreal and tropical zones were generated
as part of the global rain forest mapping (GRFM) and global boreal forest map-
ping (GBFM) projects (Rosenqvist et al. 2000). The long-wavelength L-band
SAR data proved useful for the classification of forest/nonforest areas and
identification of secondary growth (Sgrenzaroli et al. 2002), particularly when
time-series data were used. The L-band HH data also facilitated temporal
mapping of standing water below closed-canopy forests, and hence differentia-
tion of floodplain and swamp forests, and better understanding of the seasonal
dynamics of inundation across large river catchments such as the Amazon
and Congo (Hess et al. 1995). The successor of the JERS-1 SAR, the ALOS
PALSAR, provided the first global systematic observations at a global level
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between 2006 and 2011. The ALOS mission highlighted the potential of SAR
for operational forest monitoring, with the HV data providing better detection
of deforestation across many regions compared to HH data. As the data accu-
mulated into a time series, the benefits of using these and also JERS-1 SAR data
for identifying events or processes that might lead ultimately to expansion
of the area deforested or degraded or tracking histories of land use became
apparent. As well as changes in the backscattering coefficient, interferometric
observations proved useful for detecting disturbances within the canopy and
suggested capacity for mapping degraded forest or identifying specific events
(e.g., selective logging). In the boreal regions in particular, the advantages of
using coherence data derived from combinations of spaceborne C- and L-band
SAR for forest characterization, mapping, and monitoring became apparent.
The advantages of integrating data from multifrequency SAR, optical sensors,
and light detection and ranging (LiDAR) were also recognized.

15.3.2 SAR Observation Strategies

The use of satellite data for forest monitoring is currently moving from local
studies on a limited number of satellite scenes, to regional or national scales
where whole countries are to be monitored on a regular basis. Many coun-
tries have or are establishing operational national forest monitoring systems
to meet their national reporting obligations in support of international
conventions, with a key driver being the UN Framework Convention on
Climate Change (UNFCCC) Reduction of Emissions from Deforestation and
Degradation (REDD+). However, national-scale monitoring requires the
availability of satellite sensor data that are consistent over countries, in terms
of both coverage (no gaps) and temporal frequency (all acquisitions within a
limited time period). A major strength of remote sensing technology is that
long-term, systematic, and repetitive observations can be provided over
large areas, particularly as SAR is not limited by low sun angles or persistent
cloud cover. However, many moderate (10-30 m) spatial resolution sensors
have not acquired data uniformly and regularly across large areas but
have, instead, focused on areas where specific requests have been submit-
ted. Consequently, some areas have received systematic coverage over long
periods of time while neighboring areas have been totally neglected. Many
satellite missions have also followed gap-filling background mission objec-
tives as and when operational resources permit. However, the data have
often been acquired without consideration given to the impacts of temporal
effects, and the heterogeneous archives are of limited use.

Optical missions, and notably Landsat, have generally been more success-
ful than their microwave counterparts, particularly over countries that have
their own ground receiving stations. However, where regions are associated
with frequent cloud cover, obtaining a full national coverage on an annual
basis remains a major challenge. While more or less continuous observations
are available through coarser spatial resolution MODIS or AVHRR data, the
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significantly higher data rates associated with moderate or fine spatial res-
olution sensors require a higher degree of planning if regional fragmenta-
tion is to be avoided. Therefore, a systematic observation strategy is needed
for moderate and also fine (<10 m) spatial resolution datasets in order to
meet the requirements of a remote sensing—based national forest monitoring
system. In particular, the following should be taken into consideration, as
highlighted by Rosenqvist et al. (2003):

¢ Spatially and temporally consistent observations over large areas
to avoid gaps in acquisitions and minimize backscatter variations
caused by seasonal differences in surface conditions between passes

* Adequate repetition frequency to facilitate detection of temporal
changes as a result of, for example, flooding or land use

¢ Appropriate timing such that long-term repetitive observations are
taken over the same time frame each year and ideally targeted to
seasons where backscatter conditions are more stable

¢ Consistency in sensor observation modes such that acquisitions are
limited to a small number of “best trade-off” sensor modes, thereby
maximizing data homogeneity and minimizing programming conflicts

* Long-term continuity such that observations can be continued from
sensors that are preceding or launched in the future

The first radar-based systematic observation strategy dates back to experiences
gained with the JERS-1 SAR which, during the last 3 years of its lifetime (1995
1998), was used to acquire data in a consistent manner over the entire tropical
and boreal zones of the Earth (Rosenqvist et al. 2000). For the first time, the util-
ity and feasibility of acquiring moderate spatial resolution data systematically
and repetitively at continental scales was demonstrated. The global acquisi-
tion strategy concept was implemented, in full, for the ALOS satellite, with the
PALSAR programmed to achieve at least one gap-free coverage of all land areas
every 6 months (Rosenqvist et al. 2007), as illustrated in Figure 15.1.

The importance of systematic acquisition strategies is becoming increasingly
recognized, and a number of near-future satellite missions are planning simi-
lar global observation plans. Of particular note was the joint effort made from
2012 to establish a coordinated multimission acquisition strategy by a number
of national space agencies under the framework of the global forest observa-
tion initiative (GFOI) of the group on Earth observations (GEO), comprising
moderate-to-fine (<10 m) spatial resolution optical and X-, C-, and L-band SAR.

15.3.3 Synergistic Use of SAR and Optical Data

The development of a forest monitoring program that integrates both SAR
and optical data acquired across a range of frequencies is ideal and the
benefits are being increasingly realized, with demonstration in a few cases
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FIGURE 15.1

(See color insert.) Global ALOS PALSAR color composite mosaic at 10 m pixel spacing (R: HH,
G: HV, B: HH/HV). 95% of the data—a total of approximately 70,000 scenes—were acquired
within the time period June—October 2009. (Courtesy of JAXA EORC, Tsukuba, Japan.)

(e.g., Queensland, Australia). The benefits include the provision of comple-
mentary information on the foliage/canopy and woody components of veg-
etation, which can assist mapping of forest types (e.g., regrowth, mangroves)
and retrieval of linked biophysical properties (e.g., canopy cover and AGB).
SAR data can also be used to “in fill” gaps in time series of optical remote
sensing data where cloud or haze cover prevents acquisition of the latter or
the revisit frequency or timing of acquisition is suboptimal. ScanSAR data,
in particular, have proven to be particularly useful for this purpose. Where
the timing of SAR and optical data acquisitions is not coincident, more com-
prehensive time-series datasets detailing changes in forest cover can be
generated. SAR data may also prove to be the workhorse of operational mon-
itoring programs in the event of failure by one or more sensors (e.g., Landsat).

A multi-sensor and multi-scale approach to monitoring also allows better
detection of hotspots of change (e.g., through observations of fire activity
from, for example, MODIS) or areas that are vulnerable to future change.
For example, fire activity detected by sensing in the middle or thermal infra-
red wavelengths from coarse spatial resolution sensors of high temporal fre-
quency can be followed up by SAR observations of the area affected (Siegert
and Hoffman 2000). Adverse changes in the long-term trends in measures
of vegetation productivity (e.g., the normalized difference vegetation index
[NDVI] or enhanced vegetation index [EVI]), as derived from coarse spatial
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resolution optical data, may indicate areas of regrowth or degradation
involving accumulation or loss of plant material, which can potentially be
characterized through time-series comparison of SAR data. In both cases,
fine spatial resolution and programmable data, such as that provided by
the Tandem-X mission or very high-resolution (VHR) optical sensors (e.g.,
Worldview, Quickbird), can then be used to associate observed changes with
an actual or likely cause such that measures can be put in place to prevent
further loss or degradation of forests. Long-term and regular wall-to-wall
observations at a regional level are critical as approaches that sample the
landscape often omit changes in forest cover because of their restricted extent
(e.g., along road networks or the borders between lowlands and uplands). In
all cases, the combination of optical and SAR data provides enhanced ben-
efits for forest monitoring and also understanding the processes of change.

15.4 Processes of Forest Change

Changes in forest cover are typically associated with specific events
(e.g., clearcutting), long-term degradation, natural succession, or human-
induced regeneration following clearance or disturbance. In each case, SAR
can play a role in mapping and monitoring change and also estimating the
magnitude of changes in structure and AGB, as outlined in the following
sections.

15.4.1 Deforestation

Deforestation is defined as a conversion of forest to nonforest. However,
establishing the boundary between forests and nonforest or the magnitude
of change that constitutes a deforestation event is often compromised by fac-
tors including the nature of forest loss in terms of structural components
removed and the methods of clearing. Using SAR data, such definitions are
compromised by prevailing climatic (e.g., rainfall, freeze—thaw cycles) and
background conditions (e.g., surface roughness, soil water-holding capacity).

Deforestation is ordinarily associated with complete removal of woody veg-
etation and hence a change in the dominance of volume and double-bounce
scattering to surface scattering. However, in some cases, cut stumps, fallen
woody material, and individual trees (e.g., palms, nonproductive timbers)
are often remaining following clearance events. In the tropics and at L-band,
an increase in the backscattering coefficient at HH polarization is typically
observed because of double-bounce interactions with woody debris (slash;
Almeida-Filho et al. 2009), which can be greater than that of the original forest,
as shown in the example from Riau Province in Indonesia (Figure 15.2a).
However, this is typically followed by a rapid decline because of loss of woody
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FIGURE 15.2

For a site in Riau Province, Indonesia, ALOS PALSAR image highlighting the difference
between forest and nonforest at (a) HH polarization and (b) HV polarization. For a tropical
rainforest site in Guyana, open gold mining is less evident within Cosmo-SkyMed X-band
(c) HH polarization data compared to (d) (See color insert.) a composite of HH data from
two dates (September 12 and 15, 2011) and coherence (in RGB respectively; blue areas indicate
deforested areas). Due to double-bounce scattering between tree stems and the water surface
at L-band, inundated forest in the Central Amazon Basin is clearly visible (bright) at (¢) HH
polarization, while barely visible at (f) HV polarization.
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debris such that deforested areas often become indistinguishable for a short
period because of similarity in backscatter with adjacent forest. Over time,
however, these become more separable, exhibiting a lower backscatter than
primary forest because of the dominance of specular scattering. In some cases,
woody material can be piled into rows, which leads to a high backscatter at
HH polarization. Trees can also be left standing and exhibit a high return at
L-band HH but a lower return if observed using, for example, C-band SAR or
optical data (Lucas et al. 2008). Areas of open ground may also exhibit a similar
backscatter as areas with dead standing trees. For detecting deforested areas,
greater contrast with undisturbed forests is generally obtained at L-band at
HV polarization (Figure 15.2b). However, the distinction between forest and
nonforest is often compromised using higher frequency (C-band/X-band) SAR
single-polarization data because of similarities in backscatter with herbaceous
vegetation (e.g, pastures). Differences are greater where interferometric coher-
ence data are used, as illustrated in the X-band example in Figure 15.2c and d,
allowing detection of the deforested area (appearing blue in Figure 15.2d). The
environmental conditions prevailing at the time of the SAR image acquisition
also have implications for mapping and monitoring the extent of forest cover.
For example, a reduction in SAR backscatter may occur as a consequence of
thawing or snowmelt, reductions in precipitation, or lowering/raising of the
water level beneath a forest canopy. In the latter case, the signature can be sim-
ilar to recently cleared forest, and hence misinterpretations may occur when
mapping deforested areas (Figure 15.2e and f).

Methods for defining the forest/nonforest boundary have ranged from
simple thresholding to more complex classifications, but, in each case, com-
promises have been necessary or errors are introduced for the reasons men-
tioned above. However, the decision as to what constitutes the boundary
has significant implications for countries reporting on the extent of forest
cover and hence the detection of change. An alternative option is to retrieve
biophysical attributes of forests (e.g., area, height, and cover) that are used
in standard definitions of forest cover and can be more easily interpreted,
although this has rarely been undertaken to date.

15.4.2 Forest Degradation and Natural Disturbances

Forest degradation typically involves the removal of individuals or groups of
trees through processes such as selective logging and fuel wood collection as
well as dieback as a consequence of, for example, burning or drought. Typically,
degradation results in a loss of trees and hence canopy material, with a corre-
sponding reduction in backscattering coefficient and a change in texture typi-
cally evident within the SAR image depending on frequency and polarization.

Many studies have highlighted how forest degradation can be observed
from SAR data. One example is in the peat swamp forests of Indonesia
where drainage of the central dome contributed to underground peat fires,
which eventually led to the collapse of the forest. This sequence of events was
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captured in a time series of JERS-1 SAR data acquired between 1995 and 1998
(Figure 15.3). Until 1996, the dome was still hydrologically intact, but the
construction of a very wide canal through the dome was visible in the JERS-1
SAR image of 1997. In the third image of the sequence (September 1997), the
canal was filled with water leading to specular scattering away from the sen-
sor and hence its black appearance in the image. A small but bright area is
also evident, which then grew in area, becoming brighter until the collapse
of the forest, as observed in January 1998. For many peat swamp areas in
Borneo and Sumatra, large series of historical JERS-1 images collected during
the period 1992-1998 (as many as 30 scenes) and ALOS PALSAR data from
2007 to 2010 show evidence of degradation of the peat swamp forests. The
sequence illustrated highlights the benefits of using time series of SAR data
from L-band, although data from other sensors can also indicate degradation.
From single-date SAR imagery, selective logging is often difficult to discern
because of the relatively coarse spatial resolution, although multitemporal
datasets can be used to better identify such areas. SAR coherence measure-
ments can also indicate disturbance. As examples, interferometric ERS-2
SAR data have been used to detect losses of canopy in Kalimantan following
large wildfires, while ALOS PALSAR coherence data have proved useful for
detecting the impacts of severe fires in Victorian forests in Australia in 2009.
These data also have the potential for detecting natural disturbances associ-
ated with, for example, downdrafts and lightning strikes as well as long-term
declines in the condition of forests as a consequence of drought or flooding.

15.4.3 Secondary Forests and Woody Thickening

Secondary forests often establish following deforestation or degradation
while in some intact forests, thickening of the vegetation may occur as a
consequence of rainforest expansion or lack of burning over long time
periods. A limitation of using SAR data, particularly in tropical regions, is
that the rapid increase in woody material renders them indistinguishable
from primary forest within a few years. Therefore, most information relat-
ing to different stages of regrowth is gathered in the early years of regrowth.

Where forests regenerate on land used previously for agriculture or clear
felled of trees, these can be identified through time-series comparison of
SAR data, although the point at which regrowing woody vegetation can be
considered to be forest can be contentious. Temporal datasets can, however,
be used to track the progression of regrowth as the SAR backscatter typically
increases over time up to the level of saturation. As an example, the recovery
of mangroves in Perak, Malaysia, that had been cleared in rotation can be
readily detected using time series of JERS-1 SAR and ALOS PALSAR data
through changes in backscattering coefficient. Time-series comparisons of
remote sensing data classifications assume that forests of the same age are
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FIGURE 15.3

The collapse of a forest on top of a peat dome in Central Kalimantan, Indonesia, as observed
using time series of JERS-1 SAR data acquired on (a) July 12, 1995, (b) March 19, 1997,
(c) September 11, 1997, (d) October 25, 1997, and (e) January 21, 1998. The image width is
~21 km.
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similar in terms of their structure, species composition, and biomass. SAR
data can, however, be used to differentiate forests that are of similar age but
may differ in terms of their structure or accumulated AGB.

The use of multifrequency SAR and optical data provides unique opportu-
nities to map the extent of regrowth and differentiate growth stages based on
structural development rather than age. At C-band, early stages of regrowth
are often indistinguishable from herbaceous vegetation while at L-band
and particularly at P-band, these may be unable to be distinguished from
nonforested areas as the stem size and density may be insufficient to evoke
a response. Forests at more advanced stages of growth are, however, able to
be detected. Hence, the use of X- and/or C-band or optical data to establish
the presence of plant material and lower frequency L- and P-band SAR to
determine whether woody components exist and their relative sizes are
useful for determining the nature of regrowth as a function of its structural
development. Applying thresholds to SAR data to discriminate regrowth
forests from nonforest is often problematic because of confusion with other
land and water surfaces and hence the application of thresholds to layers
representing retrieved biophysical attributes (e.g., AGB retrieved from SAR
data) may be more appropriate.

15.5 Forest Monitoring
15.5.1 Overview

Using SAR data, a large amount of information on the extent and nature
of deforestation and degradation associated with human activities, natural
disturbances through specific events and long-term processes, and the
patterns and dynamics of regrowth can be quantified. Such knowledge can
be used to inform subsequent use of the land, in planning for conservation
and sustainable management of the existing forest area, and for restoring
forests on land that had been previously cleared or degraded. In many cases,
forested landscapes have been classified into thematic categories (forest,
nonforest, regrowth stages, logged forest), with thresholds or specific algo-
rithms used. Forests can, however, be described on the basis of retrieved
biophysical attributes (e.g., height from interferometric SAR or AGB obtained
from lower frequency SAR), with continuous surfaces produced which are
subsequently subdivided according to predefined intervals. Nevertheless,
complications in the description, mapping, and monitoring of change have
arisen from variations in environmental conditions (e.g., surface moisture).
The following sections provide several case studies from boreal and tropical
forests as well as wooded savannas in which SAR data have been used for
monitoring forests at local to regional levels and demonstrate how some of
the issues presented above have been addressed.
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15.5.2 Xingu Watershed, Mato Grosso, Brazil

The Xingu watershed headwaters in southeastern Brazil is representative of
many areas along the Amazon’s “arc of deforestation.” The native vegetation
within the 387,000 km? of the headwaters includes tall evergreen (25-45 m)
and transitional semideciduous (10-30 m) and riparian forests as well as
savannas, with these encompassing cerrado woodland, grassland mosaics,
thickets, and gallery forest. In the late 2000s, the headwaters contained more
area in dense humid forest (~221,000 km?) than 90% of the world’s tropical
nations. However, annual deforestation in the forest biome from 2000 to 2007
ranged between 649 km and 3,170 km?, with an average annual rate over the
7-year period of 1951 km?. This represents between 5% and 13% of all defor-
estation in the Brazilian Amazon (Stickler et al. 2008).

Using a mosaic of ALOS PALSAR data generated using spatially and tem-
porally consistent images acquired during the period June to August 2007
(Figure 15.4a), areas of forest and nonforest (Figure 15.4b) were differentiated
by applying a random forest algorithm to objects generated using eCognition
and aggregating classes at several levels (Walker et al. 2010). This resulted
in an accuracy of 92.4% when ancillary spatial/topographic predictor vari-
ables were included. A similar approach applied to a Landsat sensor mosaic
(Figure 15.4c), comprised of data acquired over the same timeframe, resulted
in an accuracy of 94.8%. The overall agreement between the PALSAR and
Landsat-based forest cover products varied from 89.7% (1 pixel window) to
93.8% (11 pixel window), with minor discrepancies in some class boundar-
ies (e.g., in the agreement of forests/field edges) being the primary source of
spatial dissimilarity between the maps.

The observation strategy developed for the ALOS PALSAR allowed the
generation of both dual and single polarimetric data mosaics from quasi-
identical periods between 2007 and 2009. Change detected through compar-
isons of backscatter included clearcutting, logging, and wildfires. For the
detection of change, the use of objects rather than pixels was preferred, as
management activities or natural degradation typically occurred in areas
larger than single pixels. Furthermore, the reduction in image speckle
associated with averaging pixels within objects increased signal stability.
Change gradients, based on regression tree approaches (e.g., random forest
or support vector machines), were preferred over simple comparisons of
forest cover maps at several time steps, because of reductions in errors.

A composite of HV data acquired in 2007, 2008, and 2009 over the Xingu
watershed is shown in Figure 15.5. Forests clearcuts with slash removed
between the 2007 and 2008 acquisitions appear in bright red because of sig-
nificantly lower backscatter from clearcut areas (darker green and blue tones
due after logging). Areas with the same treatment imposed between the 2008
and 2009 acquisitions appear in bright yellow. Other land covers include
lower biomass cerrado with no significant change (medium gray), grassland,
and bare soil (dark gray to black). Agricultural fields are generally darker,
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FIGURE 15.4

(See color insert.) Satellite image mosaics produced for the Xingu River headwaters region.
(@) ALOS PALSAR mosaic consisting of 116 individual Level 1.1 (single-look complex) fine
beam, dual-polarimetric scenes (R/G/B = polarizations HH/HV/HH-HV difference). (b) Map
of forest (green) and nonforest (beige) generated with an overall classification accuracy of
92.4% + 1.8%. (c) Landsat 5 mosaic consisting of 12 individual Level 1G (Geocover) scenes
(R/G/B =Dbands 5/4/3).

with the variability in backscatter associated with changes in crop phenol-
ogy and also surface (soil and vegetation) moisture. While algorithms for
change detection can be based on general principals of change, several ambi-
guities need to be taken into account when mapping change. In particular,
moisture changes from rain events can enhance the backscatter signal but are
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FIGURE 15.5

(See color insert.) Multitemporal ALOS PALSAR L-band HV image generated from data
acquired in 2007 (red), 2008 (green), and 2009 (blue) for a part of the Xingu watershed. Closed
forest (white) is interspersed with fire scars (red tones) along the main stem of the Xingu River
and tributaries (black).

often readily identified at a swath scale and bias corrections can sometimes
be applied in mosaic generation. In general, backscatter levels of standing
(primary) forest are around -7 to -9 dB in HH and -13 to -15 dB in HV, and
losses in AGB associated with logging, clearcutting, or fire reduce the ALOS
PALSAR backscatter by 5-7 dB. Smaller changes are mostly related to agri-
cultural activities and changes in both phenology and surface moisture.

15.5.3 Detecting Forest Degradation in Borneo

Borneo is the third largest island in the world and covers an area of approxi-
mately 750,000 km?2. Almost three quarters of the island is part of Indonesia
(Kalimantan) while Sarawak and Sabah are territories of Malaysia, and
the Sultanate of Brunei Darussalam occupies a small area. Until the 1950s,
Borneo was almost entirely covered by tropical evergreen broadleaved
forest, with other major natural vegetation covers including peat swamp
forests along the coastal and subcoastal lowlands, freshwater swamps along
the inland rivers, and mangrove forests on the coastal plains. However,
intensive logging of predominantly commercial dipterocarp species and
conversion to cropland, oil palm, and timber plantations have reduced
forest cover significantly.

The establishment of baseline maps of forest cover and type against which
to quantify and determine the nature and impact of change is essential. Using
ALOS PALSAR fine beam single (FBS) and dual (FBD) polarization (path)
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image pairs acquired in 2007, a map of forest and land cover types was gener-
ated (18 classes in total). These maps have been used subsequently to assist
government agencies in their spatial planning and reporting on the status of
the environment, thereby allowing compliance with international environ-
mental treaties (Hoekman et al. 2010). Furthermore, maps were generated
annually using data acquired in 2008 and 2009, with these highlighting areas
of forest degradation through selective logging (Figure 15.6).

FIGURE 15.6

(See color insert.) Forest degradation in Sarawak through selective logging observed through
comparison of forest maps generated using ALOS PALSAR data for the years (a—c) 2007
through to 2009.
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15.5.4 Rapid Detection of Deforestation by ScanSAR

Using optical imagery, deforestation in the Brazilian Amazon is moni-
tored and reported on an annual basis by the Brazilian Institute of Space
Research (INPE). The majority of data is acquired during the dry season
(July to October), although smoke haze and cloud reduce acquisition rates
as this season progresses and during the wet season. While INPE provides
deforestation alerts every 15 days, the Brazilian Institute for Environment
and Natural Renewable Resources (IBAMA) is charged with implementing
measures that prevent deforestation before it occurs. For this purpose, the
Japan Aerospace Exploration Agency (JAXA) operated the ScanSAR routinely
over Brazil every 3 days and provided the processed ScanSAR images to the
IBAMA within 5 days from the acquisition date. Provided with information
on deforestation events from IBAMA’s Remote Sensing Centre, environmen-
tal law enforcement agents visit affected sites through ground or helicopter
transportation. The imagery also assists the agents to define the logistics and
strategies for subsequent field actions. While optical imagery is used, the
wide-swath ScanSAR mode of the ALOS PALSAR has allowed detection of
early deforestation. Each area identified as indicating a change is delineated
within the image and the area is classified as being in the initial processes of
deforestation or is a consequence of ongoing clearcutting of the forest. The
information is assembled into a deforestation indication document enabling
the law enforcement agents to respond rapidly to deforestation events, with
particular focus on halting those that are illegal.

15.5.5 Change Detection in Boreal Forests

Boreal forests are extensive throughout the northern hemisphere and are
located primarily in Siberia and North America. The SIBERIA project aimed
to generate baseline maps of boreal forest cover across Siberia by using a
combination of ERS-1 and ERS-2 SAR tandem coherence data and JERS-1
SAR backscatter data for 1997 to 1998. Mapping of forest cover was informed
by relationships established between growing stock volume and both C-band
coherence and L-band backscatter. The classification was undertaken using
a maximum likelihood algorithm based on class statistics generated from
training data.

Within the boreal zone, the ability to detect change depends upon the
timing of observation. During the winter months, extensive snow cover
and frozen conditions limit detection of forest cover using backscatter data.
However, using interferometric pairs of ALOS PALSAR data, Thiel et al.
(2009) established that temporal decorrelation was low during the winter
months, and areas of forest and nonforest could be separated using a combi-
nation of winter-coherence data and PALSAR summer backscattered intensi-
ties. Operational delineation of forest cover was suggested, with accuracies
exceeding 90% when an object-based classification was applied.
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15.5.6 Quantifying Regrowth Dynamics in Amazonia and Australia

Australia supports a diversity of vegetation, with the greatest expanse asso-
ciated with sparse to open tree—grass savannas. Temperature, sub-tropical,
and tropical closed forests occur towards the coast and often at higher eleva-
tions. Within Queensland, Australia, vegetation monitoring is undertaken
through the Statewide Landcover And Trees Study (SLATS) (Danaher et al.
2010) and primarily using time series of Landsat sensor data. The extent of
woody vegetation is mapped on an annual basis using Landsat-derived foli-
age projective cover (FPC). The type and ecological importance of vegeta-
tion cleared is determined by intersecting mapped areas of deforestation
with regional ecosystem (RE) mapping of vegetation types. Through this
approach, changes in vegetation cover are tracked and ameliorative mea-
sures taken where appropriate.

While SAR data have not yet been used for operational monitoring in
Queensland, potential exists for refining maps of woody vegetation and forest
growth stage, thereby increasing the reliability of estimates of deforestation
and regenerating forest areas. For example, confusion between herbaceous
and woody vegetation occurring within Landsat sensor data is largely over-
come by integrating ALOS PALSAR data because of the lack of interaction
with the former although confusion with rough ground can occur, particu-
larly with increasing amounts of surface moisture. Integration of the ALOS
PALSAR with Landsat FPC data also allows the detection of the early stages
of woody regrowth, which typically exhibit an FPC equivalent to forest
(e, >12%, equivalent to a canopy cover of 20%) but an L-band backscatter
more characteristic of nonforest (Lucas et al. 2006). Using such an approach,
the dynamics of regrowth can be tracked, including the progression of
regrowth through different stages.

15.5.7 Wider Use and Future Sensors

The studies outlined above have highlighted the benefits of using SAR data
for monitoring deforestation, degradation, regrowth dynamics, and natural
disturbances. In each case, the benefits for better understanding the cycling
of carbon through landscapes, conserving biodiversity, and contributing to a
range of national policy and international conventions are evident. However, in
many cases, such datasets have not been effectively exploited nor recognized.

In the future, a number of SARs are planned, which are anticipated to pro-
vide significant advances in forest characterization, mapping, and monitor-
ing at a global scale. These include the European Space Agency (ESA) Sentinel
satellites, which are anticipated to provide interferometric and polarimetric
observations at C-band (two satellites). The ALOS-2 and the Argentinian
SAOCOM satellites are expected to provide L-band SAR observations while
the ESA BIOMASS mission will be the first to provide P-band observations,
specifically for the retrieval of forest biomass. The NASA DESDynl mission
is also intended to provide a dedicated L-band SAR. The challenge will be
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the full integration of data from these sensors into forest monitoring sys-
tems and the use of data acquired in different modes and following different
acquisition strategies.

15.6 Conclusions

While optical remote sensing data are the workhorse of many forest
monitoring systems, SAR are able to acquire data regardless of clouds and
haze, and are increasingly providing opportunities to uniquely detect defor-
estation activity as well as degradation and regeneration in a consistent and
repetitive manner. These data can also inform on the conditions imposed
through clearance operations or during subsequent use of the land.

The benefits of providing routine and consistent observations have been
demonstrated through the JERS-1 SAR and ALOS PALSAR and while the
archives only span over limited number of years, comparison of these data
has allowed long-term trends in the amount and type of woody vegetation to
be quantified in some cases.

While the relative benefits of SAR and optical data have been debated in
the remote sensing community for some time, the integration of these data-
sets provides the greatest potential for monitoring systems. In particular,
SAR data can fill in gaps where cloud cover or smoke haze prevents observa-
tions from optical sensor data (for periods covering several years) or can be
integrated to provide better mapping of, for example, regeneration stages.

The increasing diversity of observation modes is expected to enhance the
use of SAR into the future. The continued and future provision of global
single, dual, and fully polarimetric data at X-, C-, and L-bands and inter-
ferometric capability together with a greater understanding of the informa-
tion content of these data is anticipated to lead to increased use of SAR in
many forest monitoring activities across a range of biomes and scales. The
key challenge is to optimize the development and use of these data such that
they ultimately contribute to not only halting the relentless loss of forest but
also restoration through better understanding of the dynamics of the forest
ecosystems in response to human activities.
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16.1 Introduction

Satellites in polar orbits, like Landsat, image the entire planet’s surface
every day or every couple of weeks, depending on the swath of the satellite
overpass; images with detailed spatial measurements (1-30 m) are usually
only available once or twice a month—for example Landsat 5 and 7 (image
every 16 days at 30 m resolution)—while coarser resolution imagery (e.g.,
the MODIS sensor on Terra at 250 m or the SPOT satellites” Vegetation
sensor at 1 km) are provided nearly daily. Because the information is
captured digitally, computers can be used to process, store, analyze, and
distribute the data in a systematic manner. And because the same sensor on
the same platform is gathering images for all points on the planet’s surface,
these measurements are globally consistent and independent—a synoptic
record of earth observations ready-made for monitoring, reporting, and
verification systems linked to multilateral environmental agreements as
well as individual government policies.

Forty years ago, the United States of America was the only source of earth
observation imagery—today there are more than 25 space-faring nations
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flying imaging systems. In 1972, Landsat 1 was the only civilian satellite
capable of imaging Earth at a level of spatial detail appropriate for measur-
ing any sort of quantitative changes in forests; today there are more than
60 satellites flying that can provide suitable imagery (or at least they could, if
they had a suitable data acquisition, archiving, processing, access, and distri-
bution policy). Figure 16.1 lists the polar orbiting imaging satellites, in chron-
ological order according to launch date and shows period of operation. Earth
observations from space are becoming more widely employed and increas-
ingly sophisticated. The latest systems launched, such as the Franco-Italian
Pleiades system (the first of which was launched December 17, 2011), combine
very high spatial resolution (70 cm) with a highly maneuverable platform,
capable of providing an image of any point on the surface (cloud cover per-
mitting) within a 24 h period. Concurrent to these technological advances
is an increasing appropriation of the land surface in the production of food,
fiber, and fuel at the global scale. Forests in particular are under increasing
pressure from humankind. Earth observations are critical in assessing and
balancing the immediate economic drivers of forest change with the equally
important, but less appreciated ecosystem services forests provide.

The previous chapters of this compilation show that recent developments
in regional to global monitoring of forests from earth observations have prof-
ited immensely from changes made to data policies and access (Woodcock
et al. 2008). We now have an unbroken record of global observations stretch-
ing back over four decades, all freely available. This chapter provides some
perspectives on future earth observation technology for monitoring forests
at the global scale.

16.2 Future Earth Observation Technology

Monitoring forest areas over anything greater than local or regional scales
would be a major challenge without the use of satellite imagery, in particular
for large and remote regions. Satellite remote sensing combined with a set of
ground measurements for verification plays a key role in determining rates
of forest cover loss and gain. Technical capabilities and statistical tools have
advanced since the early 1990s, and operational forest monitoring systems
at the national level are now a feasible goal for most countries of the world.
The use of medium spatial resolution satellite imagery for historical
assessment of deforestation has been boosted by changes to the policy
determining access and distribution of data from the U.S. Landsat archive.
In December 2008, the U.S. government released the entire Landsat archive
at no charge (Woodcock et al. 2008). This open access data policy means that
anyone interested in global forest monitoring now has access to an archive of
data spanning four decades. Current plans for the Landsat Data Continuity
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Mission (LDCM), with a launch scheduled for early 2013, and the European
Sentinel-2 mission (Martimort et al. 2007), with a launch date of mid-2014,
will both adopt global data acquisition strategies and will both (at least at the
time of writing) provide free and open access to acquired imagery.

LDCM, to be christened Landsat 8 upon reaching orbit, will have a swath
width of 185 km and feature a 15 m spatial resolution panchromatic band, nine
30 m multispectral bands (six of which will correspond to heritage Landsat
bandwidths), and two 120 m thermal bands. The 16-day revisit rate will match
that of past Landsat sensors but with an increased acquisition rate of at least
400 images per 24 h period. The open and free data policy will continue.

The Sentinel-2 satellite will have a swath width of 290 km and carry
onboard a multispectral sensor having four bands with a spatial resolution of
10 m, five bands at 20 m, and three bands at 60 m. The Sentinel-2 mission com-
prises two identical satellites (the second has a tentative launch date for 2015)
in identical orbits, but spaced 180° apart. This mission configuration gives
a revisit time of 10 days for one satellite and 5 days when both satellites are
operational. The Sentinel-2 mission will include a systematic acquisition plan
of satellite imagery over all terrestrial land areas of the world between -56°
and +83° latitude. The envisaged data policy will allow full and open access
to Sentinel-2 data, aiming for maximum availability of earth observation data
in support of environmental and climate change policy implementation.

In the near future, the practical utility of radar data is also expected to
be enhanced from better data access, processing, and scientific advances.
In particular, future space missions will provide complementary Synthetic
Aperture Radar (SAR) imagery systems for the monitoring of forest area and
biomass. The Sentinel-1 mission (Attema et al. 2007) is a pair of two C-band
SAR sensors, the first is planned for launch in 2013 to be followed by a second
satellite a few years later. This system is designed to provide biweekly global
coverage of radar data at a fine spatial resolution (10 m X 10 m) with a revisit
time of 6 days (a swath width of 240 km).

The finer spatial resolution of data from the Sentinel satellites (from
10 m x 10 m) can be expected to allow for more precise forest area estimates
and canopy cover assessments, and therefore more reliable statistical
information on forest area change, in particular for estimating forest
degradation and forest regrowth.

16.3 Perspectives

The basic fact is that natural resources, such as natural forests, are becom-
ing increasingly scarce. There is considerably more pressure on our natural
resource base, and establishing a balanced use of forest resources is required.
Do you use a forest as a carbon sink? Do you use it as a protected area for
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biodiversity? Or do you use it for fuel wood or agroindustrial development?
To make sensible decisions on the trade-offs between different uses, infor-
mation on where different forest resources are, what condition they are in,
and how they are changing is required. In the framework of the UNFCCC
REDD+ activities, the extension of the analysis of tropical deforestation to
degradation and forest regrowth will be a crucial requirement (Asner et al.
2009). There are also strong incentives to reduce uncertainty in the estima-
tion of carbon fluxes arising from deforestation by using better data on forest
aboveground biomass or carbon stocks (Saatchi et al. 2011, Baccini et al. 2012)
in combination with improved satellite-derived estimates of deforestation
(Harris et al. 2012).

Mature forest monitoring methods need to be ported to operational set-
tings. Monitoring systems such as Brazil's PRODES deforestation map-
ping program need to be replicated in other countries where results can be
directly incorporated into policy and governance settings. Effective technol-
ogy transfer of mature, proven methods to developing world institutions
needs to be advocated and implemented. This can be envisaged as a leap-
frog technology where agencies with little or no past technical capacity may
advance in one step to the state of the art.

Researchers will be responsible for developing new capabilities by test-
ing new data sets, processing methods, and thematic outputs. Future satel-
lite image technology, including radar and optical imagery at finer spatial
resolutions (10 m finer) and higher temporal frequencies, will require both
improved scientific approaches, but also advanced processing systems,
including cloud-computing environments (Nemani 2011). The ongoing
methodological advances will narrow the gap between the demand for more
accurate estimation of the global carbon budget and the limitations of cur-
rent monitoring approaches.

The adoption of progressive data policies, such as those of NASA, USGS,
ESA, and INPE, should be promoted. International coordination between
space agencies and implementing institutions (e.g., through the Committee on
Earth Observation Satellites—CEOS—or the Group on Earth Observations—
GEO) is key to this prospect. Such international cooperation will ensure
repeated coverage of the world’s forests with varying observation types, all
with easy access at low or no cost (GEO 2010). Progress will be measured by
how quickly the methods reported here are made obsolete.
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