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Abstract. Free and open access to the more than 40 years of data captured in the Landsat archive, combined with improvements
in standardized image products and increasing computer processing and storage capabilities, have enabled the production of
large-area, cloud-free, surface reflectance pixel-based image composites. Best-available-pixel (BAP) composites represent a new
paradigm in remote sensing that is no longer reliant on scene-based analysis. A time series of these BAP image composites
affords novel opportunities to generate information products characterizing land cover, land cover change, and forest structural
attributes in a manner that is dynamic, transparent, systematic, repeatable, and spatially exhaustive. Herein, we articulate the
information needs associated with forest ecosystem science and monitoring in a Canadian context, and indicate how these new
image compositing approaches and subsequent derived products can enable us to address these needs. We highlight some of the
issues and opportunities associated with an image compositing approach and demonstrate annual composite products at a national-
scale for a single year, with more detailed analyses for two prototype areas using 15 years of Landsat data. Recommendations
concerning how to best link compositing decisions to the desired use of the composite (and the information need) are presented,
along with future research directions.

Résumé. L’acces libre et gratuit a plus de 40 ans de données dans I’archive Landsat combiné a ’amélioration des produits
d’imagerie standardisés et ’augmentation des capacités de traitement et de stockage informatiques ont permis la production
d’images composites basées sur les pixels de réflectance de surface de grande superficie sans nuages. Les composites du « meilleur
pixel disponible » (best-available-pixel; BAP) représentent un nouveau paradigme en matiere de télédétection qui ne dépend plus
de I’analyse par scene. Une série chronologique de ces images composites BAP offre de nouvelles occasions de générer des produits
d’information qui caractérisent la couverture terrestre, le changement de la couverture terrestre et les attributs structurels de
la forét d’une maniére dynamique, transparente, systématique, répétable et spatialement exhaustive. Ici, nous articulons les
besoins d’information liés a la science et a la surveillance des écosystemes forestiers dans un contexte canadien, et nous indiquons
comment ces nouvelles approches de composition d’image et les produits qui en découlent peuvent nous permettre de répondre
a ces besoins. Nous soulignons quelques-uns des problemes et des possibilités associés a une approche de composition d’image et
nous démontrons des produits composites annuels a I’échelle nationale pour une année, avec des analyses plus détaillées pour deux
zones prototypes utilisant 15 ans de données Landsat. Des recommandations concernant la meilleure facon de lier des décisions
de composition d’images a ’utilisation souhaitée du composite (et le besoin d’information) ainsi que les orientations futures de la
recherche sont présentées.
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INTRODUCTION

Free and open access to the Landsat archive enables the
generation of pixel-based composites that can be used to ad-
dress a broad range of information needs associated with na-
tional ecosystem monitoring. For a country the size of Canada
(approaching 10 million km?), with limited access to remote
forests and a multiplicity of jurisdictions responsible for re-
source stewardship, remotely sensed data offers the only viable
means, economic or otherwise, to generate national information
products for ecosystem monitoring in a dynamic, transparent,
systematic, repeatable, and spatially exhaustive manner (Wul-
der et al. 2007a; Falkowski et al. 2009). Landsat data brings
two key elements to ecosystem monitoring: a spatial dimen-
sion that is at a scale appropriate for capturing anthropogenic
impacts (Townshend and Justice 1988), and a temporal dimen-
sion that enables retrospective analyses and characterization of
changes over the more than 40 years of data captured by suc-
cessive Landsat sensors (Wulder et al. 2012). Pixel-based image
compositing with Landsat is a new paradigm in remote sensing
science that applies a suite of user-defined rules to leverage the
extensive Landsat archive for generating cloud-free, radiomet-
rically and phenologically consistent image composites that are
spatially contiguous over large areas (Roy et al. 2010; Hansen
and Loveland 2012; Griffiths et al. 2013).

Pixel-based image compositing of Landsat data has emerged
from a unique confluence of scientific and operational develop-
ments, predicated by free and open access to the Landsat archive
(Woodcock et al. 2008; Wulder et al. 2012), and supported by
the computing and data storage capacity to fully automate ra-
diometric and geometric pre-processing and create increasingly
robust standardized image products (Masek et al. 2006; Roy
et al. 2010). Prior to the era of free access to the Landsat
archive, pixel-based compositing approaches were limited to
low spatial resolution data, with pixels 500 x 500 m or greater,
such as Advanced Very High Resolution Radiometer (AVHRR)
(Holben 1986; Cihlar et al. 1994) and MODerate-resolution
Imaging Spectrometer (MODIS) (Roy 2000; Justice et al. 2002;
Ju et al. 2010). Common to these datasets is their free avail-
ability with near-daily global coverage allowing for selection
of pixels based upon user-defined rules. The compositing ap-
proaches were used primarily to reduce the impact of clouds,
aerosol contamination, and view angle effects, as well as data
volumes (Holben 1986; Cihlar et al. 1994). Due to the large
number of observations available, AVHRR and MODIS com-
positing approaches were relatively simple, using rules such as
the maximum Normalized Difference Vegetation Index (NDVI)
or the minimum view angle to select the “best” observation for a
given pixel within a specified compositing period (e.g., 16 days)
(Wolfe et al. 1998). For Landsat, high data purchase costs prior
to 2008 precluded the application of any such data-intensive
compositing approach. With the opening of the Landsat archive,
compositing approaches using Landsat data became economi-
cally feasible. Such approaches have benefitted and been in-
formed by earlier compositing methods developed for AVHRR
and MODIS data (Roy et al. 2010).

Early efforts at compositing with Landsat serendipitously
took advantage of the overlap between adjacent Landsat scenes.
For example, Du et al. (2001) created a large-area Landsat
mosaic and applied pixel-based compositing in overlap areas
between adjacent scenes, selecting the pixel with the highest
NDVI for the final composite. Post-classification compositing
of Landsat data from scene overlap areas has also been used to
produce large-area land cover products (Guindon and Edmonds
2002; Wijedasa et al. 2012). Epochal global Landsat datasets—
whereby single best observations are selected over a given time
period—were also produced and distributed free of charge to
the science community and the general public via the Global
Land Survey (GLS) project (Townshend et al. 2012; Gutman
et al. 2013). The 1975, 1990, and 2000 GLS datasets were
produced using the best single-date image for each Landsat
path/row (Tucker et al. 2004), whilst the 2005 and 2010 GLS
data were produced via compositing up to three dates of imagery
for each path/row, primarily to fill gaps resulting from Scan Line
Corrector (SLC)-off data (Gutman et al. 2013). Given the lim-
ited availability of cloud-free Landsat data in some areas of the
globe, epochal composites have been used extensively to sup-
port change detection studies (e.g., Hansen et al. 2008; Potapov
et al. 2011). Lindquist et al. (2008) evaluated the potential of
the epochal 2000 and 2005 GLS datasets, relative to more data
intensive per-pixel compositing approaches (e.g., Hansen et al.
2008), for mapping forest cover change in the tropics. The au-
thors concluded that in order to provide sufficient spatial cover-
age to support change detection between epochs, Landsat-based
image compositing approaches should make use of all available
Landsat data for any given path/row (and certainly more than the
three images prescribed for in the GLS products). In a similar
study, Broich et al. (2011) generated epochal Landsat compos-
ites for 2000 and 2005 over Sumatra and Kalimantan, Indonesia
and assessed the efficacy of these composites for quantifying
forest cover change. The authors found that a time series ap-
proach that used “all good land observations” provided more
accurate estimates of forest cover change when compared to
change maps generated from the epochal composites. It should
be noted however that these epochal composites were generated
to serve a broad range of applications and were not tailored
specifically to forest monitoring.

Since the opening of the Landsat archive in 2008, several
Landsat compositing approaches have emerged in the literature
(Table 1). Many of the approaches have relied exclusively on
Landsat Enhanced Thematic Mapper (ETM+- data) corrected to
TOA reflectance (Roy et al. 2010; Potapov et al. 2011, 2012).
The per-pixel compositing approach applied by Hansen et al.
(2008) that was later adapted by Potapov etal. (2011), reliedona
MODIS-generated forest/non-forest mask to support radiomet-
ric normalization via a dark object subtraction (DOS) method
(Chavez 1988). Potapov et al. (2012) further refined this ap-
proach, using a 10-year MODIS surface reflectance composite
to facilitate band-wise mean bias adjustments with correspond-
ing Landsat bands. For very large areas, the use of coarser spa-
tial resolution data for normalization increases computational
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overhead and imposes temporal limitations related to the op-
erational lifetime of a given satellite or sensor (i.e., precludes
applicability to the pre-MODIS era in this case). A more recent
trend is to combine observations from both TM and ETM+
that have been corrected to surface reflectance (Flood 2012;
Griffiths et al. 2013) using standardized and largely auto-
mated approaches such as LEDAPS (Masek et al. 2006;
Feng et al. 2013). Indeed, the United States Geological Survey
(USGS) now provides Landsat surface reflectance products as a
Climate Data Record (CDR)!, and the provision of these higher
level products could further reduce the amount of pre-processing
required to enable pixel-based compositing in the same way that
the standard Level-1 Terrain Corrected (L1T) products have en-
abled processing efficiencies (Hansen and Loveland 2012). L1T
products are 8-bit with a compressed file size of approximately
250 MB/file (Landsat-8 L1T files are 16-bit with a compressed
file size of 1GB/file). By contrast, CDR products are 16-bit, with
a file size of approximately 500 MB/file. Given the increased
file size of the CDR, there is a trade-off between download-
ing the larger CDR files via the internet, versus downloading
the smaller L1T files and running LEDAPS locally to generate
surface reflectance products.

The majority of compositing approaches detailed in Table 1
have relied on customized cloud detection algorithms, devel-
oped using supervised approaches such as decision tree classi-
fiers (Hansen et al. 2008; Roy et al. 2010; Potapov et al. 2011,
2012). As an alternate, a robust automated cloud detection al-
gorithm is now available that is being included into workflows
for compositing approaches (i.e., Fmask; Zhu and Woodcock
2012). It should be noted that Fmask is also now being used
in the production of CDR products (United States Geological
Survey 2013).

Hansen and Loveland (2012) posit that advances in pixel-
based image compositing signal the end of scene-based analysis
approaches, making way for progressively more novel opportu-
nities for large-area characterization and monitoring. This shift
from a scene-based perspective to a pixel-based perspective for
image understanding and processing is key, and certainly mir-
rors trends and developments in time series analysis approaches
(Kennedy et al. 2010). The full impact of this change from
scene-based to pixel-based analysis has yet to be realized. New
approaches of providing data to users based upon multiple spa-
tial and temporal considerations, rather than solely on image
temporal resolution and programmatic acquisition plans are an-
ticipated (e.g., area of interest driven rather than by path / row).
Further, a best-available pixel philosophy also creates opportu-
nities for fusion of multiple streams of image data from comple-
mentary sensors. For instance, given a sufficient level of similar-
ity between image data and processing levels, the best-available
pixels could come from different sensors. The Landsat series
of sensors, with similar viewing geometry, precise geolocation,
analogous band passes, and—critically—rigorous calibration

Thttps:/landsat.usgs.gov/CDR_ECV.php

that enables reflectance conversion, have offered insights into
how measures from multiple satellites can be combined. The
ability to integrate measures from different satellite programs
in a virtual constellation would reduce reliance on individual
satellite programs and offer an increased temporal resolution.
The scheduled 2015 launch of Sentinel-2 will provide measures
that are analogous to those of the Landsat-8 Operational Land
Imager (OLI) and will provide an opportunity to develop and
test a virtual constellation. Sentinel-2 is designed to place two
satellites in orbit. A five day revisit will be realized with the
launch of the second Sentinel-2 satellite (Drusch et al. 2012)
and when combined with Landsat-8, a three day revisit cycle is
anticipated. Areas of persistent cloud, such as some locations
in the humid tropics, will remain a challenge for both Land-
sat and Sentinel, and although the increased revisit frequency
increases the total number of acquisitions, it does not guaran-
tee cloud-free observations (Kovalskyy and Roy 2013). Both
Landsat-8 OLI and Sentinel-2 are calibrated instruments, al-
lowing for conversion of at-satellite digital numbers to surface
reflectance. Data blending techniques (such as those after Gao
et al. 20006) also provide for the production of image values that
could be included in a compositing application. Based upon the
maturity of compositing algorithms and a growing suite of satel-
lites and sources of suitable imagery, operational programs built
upon these data streams are increasingly possible and appear
sustainable.

There are a wide range of information needs that drive na-
tional mapping and change detection efforts in Canada that pro-
vide the motivation for transparent and operational image com-
positing applications. The objective of this paper is to present
the context and current status of data and processing knowl-
edge that allow for these needs to be met in a novel fashion
through pixel-based image composites. We outline various ap-
proaches and considerations when developing pixel-based com-
posites over large areas and define a lexicon that describes the
different types of composites that may be generated and link
these back to the required information needs. To demonstrate
pixel-based compositing over large areas, we present an annual
BAP composite for Canada for the year 2010. Then, to further
demonstrate the potential for products to support times-series
applications, we present 15 years of Landsat data from 1998
to 2012 for the province of Saskatchewan and the island of
Newfoundland. We close with an exploration of potential appli-
cations and product directions and identify persistent issues and
research opportunities that remain.

BACKGROUND

Forest Ecosystem Monitoring in Canada: Information
Needs

In Canada, national forest data are needed to support a range
of science and program information needs, policy development,
and to fulfill national and international reporting obligations.
For example, Canada produces an annual State of the Forest
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TABLE 2
Key attributes for Canada’s NFI and Carbon Accounting
programs
Attributes

Land cover

Crown closure

Age

Species

Height

Volume

Biomass

Pre-disturbance land cover
Post-disturbance land cover
Disturbance agent
Disturbance year
Disturbance extent (area)
Disturbance intensity

report (Natural Resources Canada 2013), and reports on spe-
cific criteria and indicators for sustainable forest management
(Canadian Council of Forest Ministers 1995) and forest certifi-
cation. Internationally, Canada has reporting commitments as-
sociated with the United Nations FAO Forest Resource Assess-
ment program, The Montreal Process (Criteria and Indicators
for the Conservation and Sustainable Management of Temperate
and Boreal Forests), the United Nations Framework Convention
on Climate Change, and the United Nations Convention on Bi-
ological Diversity. These data must be timely, consistent, and
spatially exhaustive, and must enable assessment of trends over
time, as well as characterization of non-timber resources (Gillis

2001). Canada’s National Forest Inventory (NFI) is designed to
provide the necessary data to support, in part, the aforemen-
tioned information needs; however, the NFI is a sample-based
inventory, designed to survey a minimum of 1% of Canada’s
landmass (Gillis et al. 2005). There is a need to extend this in-
formation beyond the existing sample plots to provide spatially
explicit information that can support increasingly sophisticated
information and modelling requirements for both the NFI and
carbon accounting programs, particularly for Canada’s northern
forest areas where there is currently the greatest paucity of for-
est information (Wulder et al. 2004; Falkowski et al. 2009). The
attributes listed in Table 2 represent a subset of the full suite
of attributes required by the NFI and carbon accounting pro-
grams (Gillis et al. 2005; Wulder et al. 2004; Kurz et al. 2009).
This subset includes those attributes that are fundamental for
meeting programmatic information needs. For example, land
cover, crown closure, and height are necessary for the NFI to
distinguish “forest” from “other wooded land”—an important
distinction for reporting purposes (Gillis 2005). Some of the at-
tributes presented in Table 2 are readily obtained from remotely
sensed data (e.g., land cover, crown closure, and disturbance
related attributes), whilst in other cases, remotely sensed data
can be used to generate a proxy for the attribute of interest
(i.e., time since disturbance as a proxy for age (Helmer et al.
2010)). Other attributes can be modeled (i.e. height, volume,
and biomass), with the aid of an appropriate source of calibra-
tion data (e.g., Chen et al. 2012; Wulder et al. 2012). Of the
items listed in Table 2, species is the most difficult attribute to
determine using medium resolution remotely sensed data such
as Landsat (e.g. van Aardt and Wynne (2001)), although for-
est types (e.g., coniferous, deciduous) can be reliably mapped
(Wulder et al. 2007b).

TABLE 3
A lexicon of pixel-based image composites

Composite type Typical compositing period

Typical rule-base

Annual BAP Target DOY = 30 days (for a

single year)

Multi-year BAP For a given target year and target

DOY = 30 days (£ 1 or 2 years)

Proxy value
composite

Same as per annual BAP

. DOY (relative to a target DOY, i.e., Aug 1)

. Distance to cloud and cloud shadow

. Sensor

. Atmospheric opacity

. Year (relative to a target year)

. DOY (relative to a target DOY, i.e., Aug 1)

. Distance to cloud and cloud shadow

. Sensor

. Atmospheric opacity

Annual BAP composite used as source (generated using
contextual rule-base as described above. Areas of no data or
anomolous values are assigned a proxy value by examining a
temporal trajectory of pixel values at the same or
neightbouring pixel locations.

N A W=~ W~
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FIG. 1. An overview of pixel-based image compositing methods used to generate prototype products for Saskatchewan and

Newfoundland.

A Lexicon for Pixel-Based Image composites

In overall terms, we propose three unique types of pixel-based
image composites: annual (single-year) composites, multi-year
composites, and proxy-value composites (Table 3). Annual
composites are surface reflectance composites that use the best
available pixel observation (from the target year) for any given
pixel location. Annual composites are produced using a set of
specified rules that are defined according to the information
need. For example, an annual composite may be designed to
capture a specific time period or a limited phenological window
(e.g., August 1 £ 30 days). In addition to a day-of-year rule,
rules may also constrain observations according to sensor (e.g.,
preference for Landsat-5 over Landsat-7), distance to cloud and
cloud shadows, and atmospheric opacity (to reduce the impact
of haze). If there are no observations that satisfy the composit-
ing rules for a given pixel location, then the pixel is coded as
“no data” and as a result, annual composites may have areas of
missing data. Multi-year composites are generated according to
a set of user-specified rules; however, pixel observations from
previous or subsequent years may be used when no suitable
observation is found within a desired target year. Proxy value
composites are annual BAP composites where “no data” pixels
are populated using a time series of annual BAP composites
to determine proxy values. Likewise, pixels with anomalous
values—those that exceed a pre-defined range of expectation
or which have opacity values indicative of hazy imagery—may
also be assigned a proxy value. In essence, the objective of
the proxy value composite is to assign the most similar value
in time and space to a pixel that either has “no data” or has
an anomalous value. Ideally, a pixel’s full temporal trajectory
is used to determine whether the pixel is stable over time (i.e.,

within an expected range of spectral values), or whether spectral
change has occurred beyond a specified range of expectation.
If a pixel has a stable trajectory, the infilling of missing val-
ues or resetting of anomalous values through the averaging (or
some other method) of pixel values in the pixel’s trajectory is
possible. If the pixel’s value is not stable through time, proxy
values will have to be determined in accordance with spectral
change events and (possibly) by examining the pixel’s immedi-
ate spatial neighbourhood in the year of missing data. Detection
of change events in the pixel’s spectral trajectory is a necessary
precursor to the generation of proxy value composites.

METHODS

An overview of the pixel-based imaging composite methods
used to develop annual BAP composites is provided in Figure 1;
details follow in the subsequent sections.

Study Area

Approaching 10 million km? in area, Canada is a large
nation with a gradient in ecosystem productivity that is in-
fluenced by latitude and precipitation (Hofgaard et al. 1999)
(Figure 2). Forested ecosystems represent over 60% of Canada’s
land area (Wulder et al. 2008) and ninety-three percent of
Canada’s forests are publicly owned (Wulder et al. 2007a), with
the capacity to harvest and process timber allocated through
tenure agreements to the private sector (Haley and Luckert
1990). As a complex mosaic of trees, wetlands, and lakes, the
forests of Canada represent 10% of global forests, and offer
a range of ecosystem services that are economic, ecological,
and sociocultural in nature. Canada’s terrestrial area is repre-
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FIG. 2. Study area: Canada, Saskatchewan, and Newfoundland.

sented by 1285 unique WRS-2 path/rows and approximately
10.7 billion 30 x 30 m pixels. Saskatchewan is the seventh
largest province or territory in Canada with an area of approx-
imately 651,900 km?. More than half of this area is forest,
with wildfire as the dominant disturbance agent (Saskatchewan
Ministry of Environment 2012). Saskatchewan is comprised of
approximately 702 million 30 x 30 m pixels (with 71 WRS-2
path/row locations), and has a diverse forest assemblage and a
latitudinal gradient. Newfoundland has an area of approximately
108,860 km? with 46% of this area considered forest (Depart-
ment of Forest Resources and Agrifoods 2003). Newfoundland
is the most eastern extent of the Boreal Shield Ecozone and its
forests are typically composed of small trees that are primar-
ily coniferous species, with the dominant species being Black
spruce (Picea mariana [Mill.] B.S.P.). Newfoundland is an is-
land and is comprised of approximately 122 million 30 x 30 m
pixels (with 21 WRS-2 path/row locations).

Data

Candidate images for producing an annual composite for a
given year were selected from the Landsat metadata archive
based on distance to a specified target day of year (DOY) and
percent cloud cover. Images acquired within £62 days of the
target DOY with less than 70% cloud cover were considered
viable candidates for compositing. A target DOY of August
1 (Julian day 213) was selected for its likelihood of being
within the growing season for the majority of Canada’s ter-

restrial landscape (McKenney et al. 2006). In Canada’s north
(that is, >60°N) the date range for candidate images was fur-
ther restricted to 30 days, to minimize the presence of snow
cover. Image overlap is significant in the north (i.e. 85% at
80°N; Wulder and Seemann 2001) increasing the likelihood
of cloud-free observations despite the more limited date range
for candidate images. When cloud cover exceeds 70%, images
are difficult to geometrically correct due to obscured ground
control points (White and Wulder 2013). Identified candidate
images were downloaded from the USGS Landsat archive as
L1T products; L1T products are systematically corrected for ra-
diometric, geometric, and terrain distortions (Irons et al. 2012).
A master list of all candidate images for the area of interest is
compiled that contains a user-generated unique numeric identi-
fier for each image, as well as the unique Landsat scene identifier
(i.e., LT50350232001211PCO00). This list is used as a look-up
table (LUT) to track the source image that is used for each pixel
in order to support the development of image composites.

Pre-Processing

The LIT candidate images are pre-processed using Fmask
(version 2.1), an object-based algorithm designed to identify
clouds and cloud shadows, as well as clear land and water pixels,
snow, and areas of no data (Zhu and Woodcock 2012). The
Landsat Ecosystem Disturbance Adaptive System (LEDAPS;
version 1.3.0; Schmidt et al. 2013) is used to generate surface
reflectance values for use in the final image composite. LEDAPS
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produces top-of-atmosphere (TOA) reflectance from Landsat
TM and ETM+ digital numbers (DN) and applies atmospheric
corrections to generate a surface reflectance product (Masek
et al. 2006). LEDAPS atmospheric corrections are based on the
Second Simulation of a Satellite Signal in the Solar Spectrum
(6S) radiative transfer model (Vermote et al. 1997).

Calculate Pixel Scores

Four scores were calculated for each pixel: sensor score, day
of year score, distance to cloud or cloud shadow score, and
opacity score. The sensor and DOY score were calculated at
the image level (i.e., all pixels within the image receive the
same score), whilst the cloud/cloud shadow and opacity scores
were unique to each pixel. All scores were then summed to
provide a total score for each pixel, and the pixel with the largest
score (i.e., the BAP) was used in the image composite.

Sensor Score

In order to give preference to images captured by the Landsat
TM sensor and mitigate the impact of spatial gaps associated
with Landsat 7 ETM+ SLC-off data, a sensor score is assigned
to the pixels in each image acquired after May 31, 2003 as
follows: pixels from Landsat TM images were assigned a score
of 1; pixels in Landsat ETM+ images were assigned a score of
0.5. Pre-2003, both sensors received a score of 1.

Day of Year Score

A score was assigned to all pixels in an image according to
the DOY the image was acquired relative to the target DOY. A
DOY score was assigned to all pixels in an image as per Griffiths
et al. (2013):

L a()

e 2\ (1]
o21
where ¢ and o denote the mean and standard deviation respec-
tively of all the image DOYs, and x; is the DOY for the image
being assessed. In our processing, 1 was forced to our target
DOY (August 1 or Julian day 213) and the standard deviation
was set to 38 by examining the distribution of DOYs for all
candidate images in the two prototype regions of Saskatchewan
and Newfoundland. The DOY score is scaled to a value between
0 and 1 by dividing by the maximum score.

Scorepoy =

Distance to Cloud or Cloud Shadow Score

Using the outputs from Fmask, a distance to cloud or cloud
shadow score is assigned, whereby pixels identified as clouds
or cloud shadows are assigned “no data” value and any pixel
located at a distance greater than 50 pixels from an identified
cloud or cloud shadow pixel is assigned a score of 1. Pixels that
are not identified as clouds or cloud shadows and that are less
than 50 pixels away from clouds and cloud shadows are assigned

a score between 0 and 1 using Equation (2) as per Griffiths et al.
(2013):

1
1+e(—OAZ(min(D;,D“,q)_(D’szDmin)))

where D; is the pixel’s distance to cloud or cloud shadow, D,
is the minimum required distance (i.e., 50 pixels), and D, is
the minimum distance of the given pixel observations (i.e., 0
pixels).

(2]

ScorecioudDistance =

Opacity Score

LEDAPS applies the dark dense vegetation method of Kauf-
man et al. (1997) to estimate aerosol optical thickness (AOT)
directly from the imagery and the AOT is one of the inputs used
in the 6S radiative transfer model (Ju et al. 2012). The LEDAPS
surface reflectance output includes an AOT map derived from
the Landsat TM or ETM+ blue band (Masek et al. 2006), here-
after referred to as opacity. In general, opacity values less than
0.1 are considered clear, opacity values between 0.1 and 0.3
are average, and opacity values greater than 0.3 are considered
hazy?. Since hazy images can confound the generation of qual-
ity image composites, an opacity score was calculated using the
atmospheric opacity band output by LEDAPS. Pixels with an
opacity value < 0.2 were assigned a score of 1 and pixels with
an opacity value > 0.3 were labelled as “no data”. Pixels with
opacity values > (0.2 and < 0.3 were assigned a score between
0 and 1 using Equation (3).

1

14+ o (0.2 (min(0;, 01— (222 0min ) )

(3]
where O; is the pixel’s opacity value, O, is the maximum
opacity value (i.e., 0.3), and O,;,, is the minimum opacity value
(i.e., 0.2).

Scoreopaci,y =1- (

Pixel-Based Image Compositing

The objective of the composite processing is to populate
the final image composite with the surface reflectance value
from the BAP for each pixel in the composite. To develop the
pixel-based image composites, the summed score rasters for all
available L1T candidate images are evaluated to determine the
image with the maximum score for each pixel location. This is
accomplished in two stages: first, the BAP for each pixel in each
WRS-2 path/row is identified, and then the overall area of inter-
est is considered, at which time overlap with adjacent path/row
locations also figures into the determination of the BAP. Once
the final BAPs are identified, the surface reflectance data is pro-
jected from its source UTM projection to a standard national
Lambert Conformal Conic projection using cubic convolution,
to populate the final composite.

Zhttp://landsat.usgs.gov/PLSRP_Tables.php
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Annual BAP Composites

A national, annual BAP composite was generated for the tar-
get year 2010. This composite used Landsat TM and ETM+
imagery from 2010. For this national annual BAP composite,
we assessed the observation yield (the number of BAP obser-
vations from within the target range of £30 days of August 1),
distance to target DOY, and prevalence and spatial distribution
of missing data (i.e., data > £30 days from August 1). In addi-
tion, annual composites were generated for Saskatchewan and
Newfoundland to demonstrate the image compositing approach
for time series applications. We assessed the observation yield
and evaluated the number of consecutive years where the an-
nual composites had missing data. Newfoundland is, by nature
of its geography, prone to clouds and our expectation was that
the production of annual composites in this area would result in
more areas of “no data”.

The radiometric consistency of the annual BAP composites
for Saskatchewan and Newfoundland were assessed by select-
ing a single path/row in each area, identifying a target year, and
withholding the most cloud-free image in each case as a refer-
ence image. For Saskatchewan we used WRS-2 Path 38, Row
22 and generated an annual BAP composite for 2001 using 18
unique images with DOY ranging from July 10 to August 27.
The reference image was a Landsat 7 ETM+ image from Au-
gust 3, 2001. For Newfoundland, we used Path 3, Row 26 and
generated an annual BAP composite for 2000 using 8 unique
images with DOY ranging from July 1 to August 27. The ref-
erence image was a Landsat 7 ETM+ image from August 27,
2000. The remaining set of images was used to build an an-
nual BAP composite for the same path/row locations using the
aforementioned scoring system. Samples of pixels (n = 500)
were then randomly selected from areas of dense forest for
each of these two scenes, constrained by a DOY of August 1
=+ 30 days. Dense forest areas were identified using a combina-
tion of circa 2000 land cover classification (Wulder et al. 2008)
and an NDVI threshold of 0.9. Values for surface reflectance
were extracted at the selected sample locations from both
the annual BAP composites and the reference images and the
strength of the band-wise correspondence between reflectance
values was evaluated using the coefficient of determination
(R?).

RESULTS

National 2010 Annual BAP Composite

We generated a national 2010 annual BAP composite for
Canada (Figure 3a) using the aforementioned rule-base and as-
sessed the observation yield relative to our target DOY, August
1 (Figure 3b). Approximately 17% of pixels do not have BAP
observations within & 30 days of our target DOY; however, if
the date range is expanded to & 45 days, then only 4% of pixels
have no BAP observations (Figure 4). There are some areas in

the country (i.e., Rocky Mountains, central Saskatchewan, east-
ern Newfoundland), where pixels were obscured with persistent
cloud in 2010 and yielded no cloud-free observations within
a + 62 day window of August 1; however, this accounts for
less than 1% of pixels. To fill in these areas would require the
development of either a proxy BAP composite or a multi-year
BAP composite (Table 3). We generated a multi-year composite
(Figure 5) wherein pixels with no observations within the £
30 day window for 2010 were populated with BAP observa-
tions from 2009 and 2011.

Annual BAP composites for Saskatchewan
and Newfoundland: 1998-2012
BAP Observation Yield

For the annual image composites in Saskatchewan, 29% of
pixels had observations from within & 30 days of August 1 for
all 15 years considered, whilst 74% of pixels have 13 or more
years of observations within the target date range. All pixels in
Saskatchewan had at least seven years of observations within
the target date range (Figure 6a). Approximately 86% of pixels
in Saskatchewan have no consecutive years of missing data (i.e.,
they are either missing only 1 or no years of data) (Figure 7a).
Of the 14% of pixels with consecutive years of missing data,
approximately 11% have two consecutive years of missing data,
whilst 3% of pixels have 3 or more consecutive years of missing
data. The geometric fidelity of Landsat imagery and the SLC-
off failure are major contributors to this 14% of pixels that have
several consecutive years of missing data, since this situation is
more common after 2003 (the year of the SLC failure), as the
SLC-off no-data gaps recur spatially.

The observation yield from the annual composites for the
island of Newfoundland contrasts with that in Saskatchewan:
less than 1% of pixels had observations for 14 or more years
within £ 30 days of August 1, whilst 52% of pixels have 10
or more years of observations within the target date range (Fig-
ure 6b). All pixels in Newfoundland had at least three years of
observations within the target date range. Only about 18% of
pixels in Newfoundland have no consecutive years of missing
data, whilst 82% are missing two or more consecutive years of
observations (Figure 7b). Similar to the results of our analysis
in Saskatchewan, more pixels in Newfoundland had fewer con-
secutive years of missing data before 2003: 62% of pixels had
no consecutive years of missing data before 2003, compared to
only 24% of pixels after 2003.

Assessment of the Radiometric Consistency of Annual BAP
Composites

Our assessment of the radiometric consistency of our an-
nual BAP composites is summarized in Figure 8. The sur-
face reflectance values in the annual BAP composite for both
Saskatchewan and Newfoundland had strong correspondence
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FIG. 3. 2010 annual best available pixel (BAP) composite (A) using August 1 + 30 days. Approximately 17% of pixels have no
observations within that date range. The distance to target day of year (DOY; B) indicates the DOY distribution; less than 1% of
pixels have no observations (no data).
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FIG. 4. Observation yield for 2010 annual BAP composite for Canada.

with the single-date reference images in the near- and mid-
infrared regions (bands 4, 5, 7), with RZ> 0.79. Correspondence
was lower in the visible wavelengths (bands 1, 2, and 3), with
R? ranging from 0.60 to 0.75—Tlikely as a result of atmospheric
effects, which are more prevalent in these wavelengths. More-
over, despite the greater likelihood of clouds and cloud shadows
in Newfoundland, which further limits the selection of the BAP
and reduces the observation yield (Figures 6 and 7) compared to
Saskatchewan, the Newfoundland composites had greater corre-
spondence in the visible bands. Using a stable target (i.e., dense
forest), the assessment of the annual BAP composites relative to
an independent, single-date image indicates that no systematic
artifacts are being introduced in the compositing process.

DISCUSSION

Pixel-Based Compositing Over Large Areas

A pixel-based image compositing approach has been pro-
posed to address information needs associated with forest
ecosystem science and monitoring in the Canadian context.
Herein, we demonstrate the approach over large areas by pre-
senting an annual BAP composite for Canada generated with
Landsat data for the year 2010 and annual BAP time-series
from 1998 to 2012 for the province of Saskatchewan and the
island of Newfoundland. The compositing approach we present

is inherently flexible, and the rules used for compositing can,
in theory, be adjusted to accommodate a range of information
needs (Table 4). The parametric scoring mechanisms for se-
lecting BAP observations can be adjusted to give more or less
weight to particular sensors, DOY, or the influence of clouds
and haze according to specific information needs or application
requirements, and this flexibility is one of the key advantages of
the scoring mechanism used (Griffiths et al. 2013).

As indicated in our methods, we consider images acquired
within £ 62 days of the target DOY with less than 70% cloud
cover as viable candidates for compositing. However, given our
knowledge of phenology and growing season length for much
of the forested area of Canada, we limit our final composites
to BAP observations that are within £ 30 days of our target
DOY. We assign all BAPs from outside this temporal window
as “no data”. We would then attempt to fill these “no data” pixels
with proxy values derived using a time series approach or by
generating a multi-year composite (Figure 5). The majority of
BAP observations in the example presented in Figure 9 came
from a Landsat-5 TM image acquired on day 210 (July 29), 2010
(LT50440202010210EDCO00; Figure 9a). Pixels with clouds and
cloud shadows in this image were identified with Fmask, and a
distance to cloud score was assigned. In the final BAP composite
(Figure 9b), these pixels were filled using observations from a
number of different Landsat scenes (Figure 9¢). Observations
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FIG. 5. Multi-year BAP composite for Canada incorporating pixels from years 2009, 2010, 2011.

from images acquired outside the August 1 &£ 30 day window
(Figure 9d) are visibly different from the surrounding pixels,
clearly demonstrating the need to constrain the DOY range.
Characteristics relevant to particular geographic regions,
such as persistence of cloud cover, topography, dynamism of
landscape processes, phenology, and Landsat data availability,
are important considerations when applying a compositing ap-
proach. Likewise, different information needs (e.g., disturbance
mapping, estimation of biophysical parameters) may dictate
different compositing strategies, target dates, and compositing
rules that are specific to the application (Table 4). Usually, there
are trade-offs to be made in producing composite products. In
general, it is desirable to generate composites that have consis-
tent phenology with minimal “no data” pixels that best represent
the phenomenon of interest (e.g., land cover classes, forest struc-
tural attributes, or specific disturbance events). These trade-offs
may be location or application specific. For example, in north-

ern Canada, a narrower DOY range for composite development
is required to capture the shorter growing season in this area.
Although a narrow date range in theory would reduce the proba-
bility of obtaining a cloud-free observation, the 80% overlap be-
tween Landsat scenes in the north (Wulder and Seemann 2001)
ensures sufficient observations for annual BAP composites at
this latitude. To enable the characterization of discrete distur-
bance events such as wildfires, it may be preferable to have a
DOY range that is referenced to the end of the fire season (Ta-
ble 4). Similarly, to characterize disturbances related to insects,
the DOY range would very much depend on the type of dam-
age requiring detection (i.e., a defoliator versus a bark beetle).
An example of a program-specific information need is that of
the National Deforestation Monitoring System (NDMS), which
uses remotely sensed data to help create an estimate of anthro-
pogenic change from a forest to a non-forest land use. NDMS
is a sample-based program that produces national estimates of
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FIG. 7. The number and spatial distribution for consecutive years of missing data for Saskatchewan (A) and Newfoundland (B).

deforestation for a variety of clients; however, the mapping pro-
cess could benefit from increased automation. The detection of
possible deforestation events requires two core dates of imagery,
typically bracketing a five year time period. The mapping pro-
cess could be performed more efficiently by having access to

two national annual BAP composites, which would allow for
the display of various band combinations and the generation of
a change enhanced image between the two composite years.
Fire is the primary natural disturbance agent in most boreal
forests (Bond-Lamberty et al. 2007), and high inter-annual vari-
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FIG. 8. Quality assessment of annual BAP composite for a
sample path/row in Saskatchewan (p38r22) and Newfoundland
(p3r26). For a randomly selected set of 500 pixels, surface
reflectance values from a reference image are plotted against
BAP composite surface reflectance values (reflectance values
are scaled by 10000).

ability in the area burned, combined with large insect outbreaks,
can have a profound influence on the greenhouse gas balance of
Canada’s forests (Kurz et al. 2008). Monitoring these types of
natural disturbances requires acquisition of imagery before and

after the disturbance to best detect spectral response changes
that are in turn used to derive the spatial location, area, and
magnitude of the disturbance. Fire is a random event that can
occur over a broad temporal window from spring to late fall.
Presently, a national annual map of areas burned in Canada
is generated by compiling the best available information on
burned areas from a variety of data sources such as Landsat TM
or ETM+ imagery, SPOT VEGETATION, as well as data from
provincial/territorial government fire management agencies (de
Groot et al. 2007; Natural Resources Canada 2014). When the
presence of cloud or smoke prevents the selection of a Landsat
image, the burn polygon is extracted from fire agency data which
may or may not be as accurate as what could be mapped from
Landsat. Implementation of the BAP concept could potentially
increase the likelihood of having a suitable cloud-free image for
mapping burned areas.

The mapping of severe insect disturbances using remotely
sensed data is an application that is highly time sensitive since
the manifestation and detectability of damage varies by causal
agent and time of year (Hall et al. 2006; Hicke et al. 2012).
Particularly with insect defoliation, the opportunity to acquire
cloud-free Landsat images may be confined to two or three satel-
lite passes in the growing season (Hall et al. 2006). This very
narrow temporal window can limit the use of optical satellite
imagery for operational mapping of defoliation events. The po-
tential to create cloud-free BAP composites from Landsat and
Sentinel-2, with a three and five day revisit cycle could greatly
increase the prospects of having suitable pre- and post-outbreak
images for mapping of insect disturbances.

The most versatile compositing approach would have the en-
tire Landsat image archive of Canada accessible on demand.
Then, for any given information need, a customized rule-base
could be constructed and implemented to create a suitable BAP
composite. In this way, users bring their algorithms (and their
information needs) to the data, rather than the opposite, where
multiple users are downloading and replicating the Landsat
archive of Canada in order to generate data products inde-
pendently to support their information needs. Examples of this
capacity include the NASA Earth Exchange (NEX) (Nemani
et al. 2011), Google Earth Engine (Hansen et al. 2013), and
Geoscience Australia (Geoscience Australia 2014). While such
versatility is the ultimate goal, initial efforts are required to
demonstrate pixel-based compositing over large areas, evaluate
annual pixel-based composite products, and assess the potential
for annual pixel-based composite products to support time-series
applications.

Issues and Opportunities

Canada’s large size and geographic complexity pose signifi-
cant challenges for a pixel-based compositing approach. Primar-
ily, the probability of cloud-free observations is a complex com-
bination of regional weather conditions, acquisition scheduling,
and historic downlink activity, among other issues (White and
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TABLE 4
Examples of different information requirements and associated compositing criteria

Application area

Date range

Rule-base

Land cover Aug 1 +£ 30 days

Forest structural attribution
(height, volume, biomass)

Aug 1 £ 30 days

Deforestation monitoring

Wildfires Nominally

Aug 20 to Oct 10

Pre- and post-burn image dates are
influenced by early or late season

burns
Insects

Sep 1 430, —60 days

Variable depending on insect

Sensor

Day of year

Distance to cloud/cloud shadow

Opacity

Sensor

Day of year

Distance to cloud/cloud shadow

Opacity

Sensor

Day of year

Distance to cloud/cloud shadow

Opacity

Pixel temporal grouping

Sensor

Day of year

Distance to cloud/cloud shadow

Opacity

Date of end fire date

Sensor

Day of year

Distance to cloud/cloud shadow

Opacity

Type of damage: eg., defoliator vs bark
beetle based on agency aerial survey

Wulder 2013). When it comes to scheduling, the conterminous
United States (CONUS) has preferential data acquisition under
the Landsat program (Kovalskyy and Roy 2013), with approxi-
mately 831,318 images for 459 unique path/rows for the period
1972-2012. For that same time period, Canada, as a strong In-
ternational Cooperator in the Landsat program and with close
proximity to CONUS, has approximately 605,000 images in the
archive for 1224 unique path/rows (White and Wulder 2013).
With this lower total number of images also comes a lower prob-
ability of cloud-free imagery. Given the large size of Canada and
the need to monitor terrestrial ecosystems in a way that is sys-
tematic, consistent, transparent, and repeatable, BAP composit-
ing offers the potential to increase the availability of cloud-free
EO observations at a spatial resolution that can support monitor-
ing requirements, however, the challenge of acquiring complete
spatial and temporal coverage over large and geographically
complex areas remains. With Landsat-8, a more globally inclu-
sive data acquisition plan has been implemented that captures
the majority of terrestrial WRS-2 path/rows within the satellite’s
orbit each day (Roy et al. 2014).

Through our product development, it is clear that the ob-
servation yield for our standard rule-base varies markedly in
different regions of the country. Newfoundland is more prone to

cloud cover, resulting in lower annual observation yield and the
BAP compositing approach is most challenging in environments
that are prone to cloud cover and haze. In such circumstances,
leveraging the time series of Landsat is an important consid-
eration. Saskatchewan may have fewer issues associated with
cloud cover, but has a very dynamic natural disturbance regime,
which is also challenging if the information need is to charac-
terize discrete disturbance events.

The issue of “missing data” (i.e., pixels that have no BAP
observations within the specified DOY range) requires spe-
cific attention. This is especially true for areas where cloud
and haze conditions limit opportunities for pixels to meet the
criteria for consideration as BAPs. These data gaps limit ap-
plications that require spatially exhaustive and location-specific
coverage. Therefore, alternate methods are required to populate
missing data. As presented in the lexicon for pixel-based im-
age composites, the BAP approach could produce multi-year
composite products or proxy-value composites depending on
the information needs of the application. Multi-year compos-
ite methods, while simpler to develop, might be suitable for
generating products for national reporting for specific time win-
dows, while more complex methods for developing proxy-value
products are needed for annual monitoring and modeling appli-
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FIG. 9. Areas of cloud in a single-date image (LT50440202010210EDCO00) (A) are replaced with cloud-free observations in the
annual BAP composite for 2010 (B). The composite uses observations from several unique images (C), with the greatest difference
visible for those images acquired outside the August 1 + 30 day window (D).
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cations. In such cases, detection of change events in the pixel’s
spectral trajectory is a necessary precursor to the generation
of proxy-value composites. For the development of proxy
composites, the distribution of BAP observations within the
15-year period is also important: theoretically it is simpler to
assign proxy values to single years of missing data interspersed
in a time series of observations, than it is to assign proxy values
to five consecutive years of missing data. Further development
is needed in this area for operational implementation over large
areas.

Herein, we focused on forest ecosystem science and moni-
toring needs of the Canadian Forest Service. The goal was to
create satellite-based image composite products that could ex-
pand the current sample-based NFI monitoring approach and
provide spatially explicit information on forest dynamics for
carbon accounting as well as a myriad of other information
needs in Canada that would benefit from wall-to-wall image
and data products with an annual time stamp. In the case of
the NFI, satellite-based analyses are needed when plot density
or temporal coverage is insufficient to meet the monitoring and
reporting requirements at regional and national levels, such as
can occur in northern Canada (Falkowski et al. 2009). For the
products presented, we selected compositing parameters to sup-
port key forest ecosystem monitoring needs— characterization
of land cover and land cover change, and attribution of forest
structural parameters. Further research is needed to optimize
the parameters for more specific applications. For example, an
alternate DOY or narrower phenological window for identifying
BAPs may result in improved land cover classification accuracy
or improved predictions of structural parameters at the expense
of areal coverage (i.e. more missing data). For time sensitive
applications such as monitoring disturbances (e.g. fire, insect
defoliation), imagery is required following the disturbance. Of-
ten, there is a very small window for detection and the optimal
timing can vary by disturbance type. Capacity to generate prod-
ucts for such applications is currently limited by the frequency
with which images are collected, but this limitation may be
addressed with future sensors, with especial interest in the ca-
pacity of combined Sentinel-2 and Landsat 8 applications. Both
Sentinel 2’s remain to be launched and the complementarity of
the measurements yet to be determined, as well as the nature of
the data access. Opportunities for virtual constellations notwith-
standing, continuity of Landsat measures remains of the highest
priority, and the integration of Landsat-8 and Sentinel-2 obser-
vations into the BAP compositing process is an issue requiring
further research.

Herein we have made some recommendations concerning
how to best link compositing decisions to the desired use of
the composite; however, further research may help to optimize
these decisions across a broader range of applications. While
our efforts to date have focused on information needs of the
Canadian Forest Service (specifically, NFI and carbon account-
ing), monitoring, reporting, and science-based policy support
are core activities of several other federal agencies in Canada.

Each organization has sector-specific objectives associated with
terrestrial monitoring, and while these objectives can often be
met using the same or similar data, in some cases, optimization
may improve product suitability for more specific information
requirements (e.g. wetlands and agricultural monitoring).

CONCLUSIONS

The approach and products presented in this paper demon-
strate that annual BAP compositing is possible for large areas
and for time series application in the Canadian context. This is
the first time that an annual BAP composite has been generated
from Landsat imagery for all of Canada. In addition, annual
BAP time-series extending from 1998 to 2012 were produced
for Saskatchewan and the island of Newfoundland to support
the further development of ecosystem monitoring applications.
An important limitation for the application of annual BAP prod-
ucts to derive forest ecosystem information products (i.e., land
cover, land cover change, and structural estimation) is missing
data—pixels with no observations due to clouds, cloud shad-
ows, sensor issues (SLC-off), or restricted acquisition period. In
the future, it is expected that these limitations will be mitigated
with increased coverage from future satellite sensors. However,
to address historical and current information needs, further re-
search is necessary to develop multi-year and BAP proxy-value
composites targeted to specific monitoring applications. Future
research will focus on developing approaches for using a time
series of BAP proxy-value composites to generate information
products for land cover, land cover change, and forest structure.
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