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Global, long-term monitoring of changes in Earth's land surface requires quantitative comparisons of satellite
images acquired under widely varying atmospheric conditions. Although physically based estimates of surface
reflectance (SR) ultimately provide the most accurate representation of Earth's surface properties, there has
never been a globally consistent SR dataset at the spatial resolution (<1 ha) or temporal extent (~40 years) of
the Landsat mission. To increase the consistency and robustness of Landsat-based land cover monitoring, we
atmospherically corrected the Global Land Survey (GLS) Landsat dataset using the Landsat Ecosystem Distur-

f:}‘,’g;rtds' bance Adaptive Processing System (LEDAPS) implementation of the Second Simulation of the Satellite Signal
Surface reflectance in the Solar Spectrum (6S) radiative transfer model. The GLS provides synoptic, orthorectified, cloud-free Landsat
Global coverage of Earth's land area in four nominal epochs (1975, 1990, 2000, and 2005). This paper presents the
MODIS resulting GLS surface reflectance dataset and a global assessment of the 2000- and 2005-epoch data against

Quality assessment coincident Moderate Resolution Imaging Spectroradiometer (MODIS) daily SR and Normalized Bidirectional

Distribution Function-Adjusted Reflectance (NBAR) measurements. Agreement with respect to MODIS SR and
NBAR data is very high, with overall discrepancies (Root-Mean-Squared Deviation (RMSD)) between 1.3 and
2.8 percent reflectance for Landsat-7 Enhanced Thematic Mapper Plus (ETM + ) and between 2.2 and 3.5 percent
reflectance for Landsat-5 Thematic Mapper (TM). The resulting Landsat surface reflectance dataset and the
associated quality metrics for each image are hosted on the Global Land Cover Facility web site for free download
(http://www.landcover.org/data/gls_SR). This new repository will provide consistent, calibrated, multi-decadal
image data for robust land cover change detection and monitoring across the Earth sciences.

© 2013 Elsevier Inc. All rights reserved.

Surface reflectance (SR) datasets have been produced from data col-
lected by space-borne sensors operating at various spatial and temporal

1. Introduction

Global, long-term monitoring of land-cover change is a central and
long-standing goal of the Earth sciences (Goward & Williams, 1997;
Huang et al., 2009; Townshend et al., 1991). Consistency and repeatability
in this arena require that the basic image-to-image comparisons be based
on data represented on the same thematic scale of measurement (Sexton
etal, 2013; Song et al., 2001; Stevens, 1946). Although radiance - the rate
of energy leaving a surface - is a more basic scale for representing
remotely sensed measurements, radiance varies with illumination and
viewing geometry, incoming radiation, and atmospheric conditions
(Chander et al., 2009). Alternatively, reflectance - the ratio of outgoing
to incoming radiance - provides a more robust representation of Earth's
surface over varying external conditions (Kaufman & Tanré, 1996;
Vermote et al., 1997a).
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scales, including the Moderate Resolution Imaging Spectroradiometer
(MODIS) (Vermote et al., 2002), Advanced Very High Resolution Radi-
ometer (AVHRR) (Kangas et al., 2001), and Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER) (Yamaguchi et al.,
1998). The Landsat series of sensors have been collecting measure-
ments uniquely scaled for monitoring land cover change since 1972,
but there has never been a standard surface reflectance product associ-
ated with the Landsat mission (Masek et al., 2006). To increase the com-
parability of Landsat data over space and time and to data from other
sensors, there is a need to retrieve estimates of surface reflectance
from this valuable record of Earth's recent history (Vermote et al.,
2006).

Estimates of Earth's surface reflectance, SR, are retrieved by
adjusting measurements of at-sensor, or “Top of Atmosphere” (TOA),
reflectance for atmospheric transmission and scattering. Based on the
software architecture of MODIS Adaptive Processing System (MODAPS)
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(Masuoka et al., 2007), the Landsat Ecosystem Disturbance Adaptive
Processing System (LEDAPS) is a codebase for atmospheric correction
of Landsat data to enable rapid retrieval of SR from large quantities of
Landsat images stored as quantized digital numbers (Masek et al.,
2006). It can be applied to any Landsat image for which radiometric
gains and biases are available. Using Landsat images assembled through
the joint National Aeronautics and Space Administration (NASA) — U.S.
Geological Survey (USGS) Global Land Survey (GLS) (Franks et al., 2009;
Gutman et al,, 2008; Tucker et al., 2004), LEDAPS is being used to create
global SR datasets in nominal 1975, 1990, 2000, and 2005 “epochs”,
which will serve as the benchmark first global surface reflectance
datasets at the Landsat scale. Previously, we developed a Landsat-
MODIS Consistency Checking System (LMCCS) for evaluating Landsat
SR products using near-simultaneous MODIS observations (Feng et al.,
2012).In this paper, we use the LMCCS to assess the quality of the global
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Landsat SR datasets developed using GLS 2000 and 2005 as compared
with MODIS observations.

Masek et al. (2006) introduced the LEDAPS system for atmospheric
correction of Landsat images. Tucker et al. (2004) and Gutman et al.
(2008) describe the development and characteristics of the GLS Landsat
dataset. After briefly reviewing the adaptation of LEDAPS for retrieving
SR across the 2000 and 2005 GLS epochs, this paper presents the
resulting Landsat-based global surface reflectance dataset through an
assessment of its agreement with coincident surface reflectance
retrievals from MODIS, with respect to known radiometric calibration
uncertainties of the two instruments. Although this should be consid-
ered a relative assessment, the high quality of the MODIS data, as well
as their global coverage, provides the best available reference for global
comparison (Vermote & Kotchenova, 2008a; Vermote et al., 2002;
Wang et al., 2009). For more absolute (i.e., ground-based) validations
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Fig. 1. Global coverage of GLS 2000 (A) and 2005 (B) epochs. TM images are represented in green, ETM + in blue, and EO-1 ALI images (which are not addressed in this paper) in

brown.
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Table 1
The six 30-m solar-reflective bands of Landsat TM and ETM + and their most similar
counterparts from MODIS.

Band MODIS  MODIS ™ ™ ETM+  ETM+
band bandwidth band  bandwidth band bandwidth
(nm) (nm) (nm)
B 3 459-479 1 450-520 1 450-520
G 4 545-565 2 520-600 2 520-600
R 1 620-670 3 630-690 3 630-690
NIR 2 841-876 4 760-900 4 770-900
SWIR1 6 1628-1652 5 1550-1750 5 1550-1750
SWIR2 7 2105-2155 7 2080-2350 7 2090-2350

of Landsat and MODIS SR based on smaller samples of near-surface
measurements, refer to Ju et al. (2012), Masek et al. (2006), and
Vermote et al. (2002).

2. Data and methods
2.1. The Global Land Survey Landsat dataset

The GLS is a partnership between USGS and NASA, in support of the
U.S. Climate Change Science Program and the NASA Land-cover and
Land-use Change (LCLUC) Program. Building on the existing GeoCover
dataset developed for the 1970s, 1990, and 2000 (Tucker et al., 2004),
the GLS was selected to provide wall-to-wall, orthorectified, cloud-
free Landsat coverage of Earth's land area at 30-meter resolution in
nominal “epochs” of 1975, 1990, 2000, and 2005 (Franks et al., 2009;
Gutman et al.,, 2008). A follow-up GLS dataset is being developed for
the 2010 epoch, which is nearing completion as of the writing of this
paper. The GLS is intended to provide one clear-view image acquired
during the peak growing season of each epoch for each World Reference
System (WRS) scene. In many cases, however, images had to be selected
with a date outside this range, mostly due to lack of cloud-free images
during the growing season (Franks et al., 2009; Gutman et al.,, 2008).
Because images have been selected from somewhat different dates,
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there are variations in phenology which accounts for the patchiness of
image mosaics in many locations (Kim et al., 2011; Townshend et al.,
2012).

The GLS 1975 is composed of 7337 Landsat-1 and Landsat-2 Multi-
Spectral Scanner (MSS) images acquired between 1972 and 1984, the
GLS 1990 by 7375 Landsat-5 Thematic Mapper (TM) images from
1984 to 1997, and the GLS 2000 (Fig. 1A) by 8756 Landsat-7 Enhanced
Thematic Mapper Plus (ETM +) images from 1999 to 2002. Due to the
failure of the Landsat-7 ETM + Scan Line Corrector (SLC) in 2003, the
GLS 2005 (Fig. 1B) is composed of a combination of 7284 gap-filled
Landsat-7 images and 2424 Landsat-5 TM images from U.S. and interna-
tional ground stations acquired between 2003 and 2008. The GLS 2005
also includes a Landsat image mosaic for Antarctica (http://lima.usgs.
gov) and supplemental images from ASTER and Earth Observing-1
Advanced Land Imager (EO-1 ALI) to increase coverage over small
islands. This study is based solely on the GLS 2000 and 2005 Landsat
images; however, accuracies reported here should be representative
of SR products derived using the GLS 1990, GLS 2010, and other
Landsat-5 and -7 images that have proper radiometric calibration
parameters.

2.2. Retrieval of SR by atmospheric correction

The LEDAPS surface reflectance algorithm (Masek et al., 2006) is
based on the MODAPS approach for retrieving SR estimates from
MODIS images. Assuming that Earth is an infinite, Lambertian surface
and that gaseous absorption and particle scattering in the atmosphere
can be decoupled, LEDAPS uses the 6S radiative transfer model
(Vermote et al., 1997b) to compute transmission, intrinsic reflectance,
and spherical albedo for relevant atmospheric constituents—including
gases, ozone, water vapor, and aerosols. LEDAPS then calculates SR by
compensating for these atmospheric scattering and absorption effects
to atmospherically correct TOA reflectance to SR.

Atmospheric variables were gathered from various data sources.
Ozone concentration was derived from the Total Ozone Mapping Spec-
trometer (TOMS) aboard the Nimbus-7, Meteor-3, and Earth Probe
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Fig. 2. Measurement uncertainties (10) of MODIS SR data in the R, G, R, NIR, SWIR1, and SWIR2 bands (calculated following the methods of Vermote and Kotchenova (2008a)).
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platforms and from NOAA's Television Infrared Observation Satellite
Program (TIROS) Operational Vertical Sounder (TOVS) when TOMS
data were not available. Column water vapor was taken from NOAA
National Centers for Environmental Prediction (NCEP) re-analysis data
(available at http://dss.ucar.edu/datasets/ds090.0/). A digital topogra-
phy dataset at 0.05 deg (derived from the 1 km GTopo30) and NCEP
surface pressure data were used to adjust Rayleigh scattering to local
conditions. Aerosol optical thickness (AOT) was derived empirically
from each Landsat image using the dark dense vegetation method
(Kaufman & Tanré, 1996), or using relationships between red and
blue bands and the SWIR band, as demonstrated by Vermote and
Saleous (2006). A default AOT value of 0.06 at 550 nm was used when
a valid value could not be retrieved using the dark dense vegetation
method or derived through spatial interpolation.

2.3. Quality assessment

2.3.1. Landsat-MODIS comparison

Comparisons were performed between MODIS daily SR (MOD09GA)
(Vermote & Kotchenova, 2008b; Vermote et al., 2002) and 16-day Nadir
Bidirectional Reflectance Distribution Function-Adjusted Reflectance
(NBAR) data products (MCD43A4) (Schaaf et al., 2002) at 500-m reso-
lution. Reflectance estimates were collected from samples of Landsat
and MODIS pixels using an algorithm designed by Feng et al. (2012)
to acquire, overlay, extract, and compare coincident satellite measure-
ments. Comparisons were then made over the pooled global sample
for an overall global quality assessment and also mapped across Landsat
Worldwide Reference System-2 (WRS-2) scenes to show spatial
patterns of data quality, as recommended by Schaaf et al. (2002). Fol-
lowing Masek et al.'s (2006) conclusion of the comparability of Landsat
and MODIS bands, each of the six Landsat TM and ETM-+
solar-reflective spectral bands were matched with its most similar
MODIS band (Table 1). Landsat-7 and MODIS Terra follow the same
orbit, and their equatorial crossing times differ by only about 30 min
(i.e., 10:00-10:15 AM for Landsat-7 vs. 10:30 for Terra) (Landsat 7
Science Data Users Handbook, 2009). However, orbits of Landsat-5
and Terra MODIS differ greatly, potentially leading to spurious disagree-
ment of SR retrievals due to BRDF effects (Roy et al,, 2008). We therefore
compared the TM SR with the MODIS NBAR product, which is computed
for the mean solar zenith angle of each 16-day period (Schaaf et al.,
2002). Although temporal resolution differs between MODIS NBAR
and Landsat SR, preliminary evaluations confirmed that this effect was
less than that imposed by changing BRDF (Roy et al., 2008). ETM + im-
ages were thus paired with coincident MODIS daily SR images, and TM
images were paired with the closest MODIS NBAR images in time.

A systematic joint sample of Landsat and coincident MODIS SR (or
NBAR) pixel values was extracted from within the extent of each
Landsat image. To mitigate resolution differences between the two
sensors, Landsat values were aggregated to MODIS resolution by av-
eraging Landsat values within the extent of each sampled MODIS
pixel. The sample coordinates were selected by picking one out of
nine MODIS pixels in both horizontal and vertical directions within
the overlapping region of the two images (Feng et al., 2012). The sam-
ple was then filtered to exclude heterogeneous pixels, pixels contam-
inated by clouds and/or their shadows, and pixels whose viewing
zenith angle was different between Landsat and MODIS. In the
MODIS data, cloud and shadow were identified using the MOD09
internal masks from the MODIS Quality Assessment (QA) band
(Vermote & Kotchenova, 2008b). Because cloud cover was minimized
in selecting the GLS images (Tucker et al., 2004), we did not check
for cloud cover in the Landsat images. Some MODIS SR images were
affected by poorly calibrated detectors early in the mission of
MODIS Terra (Xiong et al., 2007), and the erroneous values can lead
to unexpected disagreement for the Landsat SR quality assessment;
we visually checked the MODIS images acquired in 2000 to identify
images with erroneous pixels and then filtered the samples collected

from these images. Systematic quality issues identified by our analy-
sis were resolved to avoid impact to the final dataset.

2.3.2. Agreement measures

Consistency metrics were based on those recommended by
Willmott (1982) and supporting linear regression parameters for each
spectral band. Agreement was quantified by Mean Bias Error (MBE)
and Root-Mean-Squared Difference (RMSD):

mse = 2, B (1)
n 2

where L; and M; are SR values derived from Landsat and MODIS, respec-
tively, at a sample location i and n is the count of joint observations in
the sample. After modeling the relationship between L and M, the
(squared) difference between L and M is disaggregated into systematic
error (MSEs) and unsystematic error (MSEy;) based on a modeled linear
relationship:

R 2
o (Li=M;)

MSEs = 3_i4 I 3)
n L1_i‘i>

MSEy =2, 0 (4)

where ii is the MODIS equivalent of a Landsat-derived SR value predicted
by the modeled relationship (Y = a + X) between L and M. Consider-
ing that both MODIS and Landsat SR values have uncertainties, Reduced
Major Axis (RMA) regression (Berterretche et al., 2005; Cohen et al,
2003; Sokal & Rohlf, 1994) was used instead of the standard, ordinary
least squares (OLS) regression to fit the parameters « (intercept),
B (slope), and R?:

(5)

a—T—pM 6)
2 Sw (X8 (Li—L) (M;—M))?

TS S (M) (S 6 17) v

where M, Sy, L, and S; are mean and sample variance of M and L
respectively, and Sy is covariance of M and L (Sokal & Rohlf, 1994).

Systematic error measures the difference between the trend of
Landsat- and MODIS-based SR, and the variation surrounding that
trend is quantified by the unsystematic error. MSEs and MSEy, sum
to Mean-Squared Difference (MSD), and therefore:

RMSD = \/MSE, + MSE,. (8)

To maintain consistent units, we report the square roots of MSEs
and MSEy, i.e., RMSDs and RMSDy, in units of percent reflectance.

Part of the disagreement between Landsat and MODIS SR values is
likely due to measurement errors of the two satellites. Absolute cali-
bration uncertainties (10) of the reflective bands are 7% and 5% for
Landsat 5 TM and Landsat 7 ETM+, respectively (Markham &
Helder, 2012). Following the methods of Vermote and Kotchenova
(2008a), we calculated the uncertainties for the 6 reflective bands
in MODIS data (Fig. 2). Since these two types of uncertainties are
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(C) GLS 2005 TM vs. MODIS 16-day NBAR
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Fig. 3. Density plots computed over the samples pooled across the global Landsat images for the six bands (i.e., B, G, R, NIR, SWIR1, and SWIR2) of GLS 2000 and 2005. Figures (A) and
(B) show the scatter plots for GLS 2000 and GLS 2005 respectively, with MODIS daily SR as x-axis and Landsat-7 ETM + SR as y-axis. Figure (C) shows the scatter plots for GLS 2005
with MODIS 16-day NBAR as x-axis and Landsat-5 TM SR as y-axis.

independent, disagreement between Landsat and MODIS data (10)
that may arise from such uncertainties (RMSDyyst) can be calculated

as:

ERR_M)? + (ERRL)*

RMSDINST = \/Z?l (

n

Table 2

where ERR_M is the uncertainty (10) of MODIS data as described by
Fig. 2. ERRL_L is the absolute calibration uncertainty of Landsat data,
which is 7% of TM measurements and 5% of ETM + measurements
(Markham & Helder, 2012).

MBE and RMSD share the scale of the input data, the range of which
can lead to difficulties in comparing accuracies of bright and dark tar-
gets. In order to evaluate and compare RMSD calculated from different

Summary of global comparison between SR derived from GLS 2000 & 2005 Landsat (Landsat-5 TM and Landsat-7 ETM +) and coincident MODIS SR (daily SR and 16-day NBAR
compared with ETM+ and TM respectively). The metrics reported are global averages among available GLS Landsat scenes. Values are represented as percent reflectance (%) for

intercept, RMSD, RMSDs, RMSDy, and MBE.

Epoch Sensor Band n Slope Intercept R? RMSD RMSDsg RMSDy MBE RMSDg
2000 ETM + B 214,893 1.057 2.493 0.785 2.188 1.996 0.662 0.96 1.557
G 214,843 1.015 1.105 0.847 1.425 1.132 0.696 0.242 1.291
R 214,779 1.016 1.255 0.876 1.386 1.033 0.753 0.140 1.460
NIR 214,923 1.024 —0.993 0.896 1.728 0.971 1.297 —034 1.153
SWIR1 214,941 0.980 —1.742 0.901 2.672 2314 1.116 —2.174 2.603
SWIR2 213,850 0.972 —0.011 0.886 1.856 1.393 0.971 —0.772 2.412
2005 ETM + B 202,238 1.035 1.295 0.777 2.282 2.016 0.838 1.320 1.732
G 202,339 0.974 0.345 0.831 1.706 1.320 0.895 0.378 1.564
R 202,663 1.075 0.057 0.858 1.593 1.154 0.935 0.348 1.736
NIR 203,113 1.019 —0.845 0.891 1.956 1.085 1.493 —0.279 1.252
SWIR1 203,125 0.964 —1.241 0.891 2.770 2.342 1.240 —2.092 2.724
SWIR2 203,097 0.963 0.205 0.868 1.987 1.467 1.097 —0.702 2.618
™ B 94,915 1.197 0.283 0.562 2.547 1.906 1.544 0.974 1.718
G 95,866 1.044 —0.135 0.697 2.280 1.552 1.558 0.409 1.884
R 95,783 1.052 0.027 0.760 2.261 1.483 1.605 0.428 2.126
NIR 95,562 0.991 —1.422 0.810 3.434 2.305 2.296 —1.130 1.925
SWIR1 95,906 0.990 —2.638 0.789 3.404 2.461 2.089 —1.636 2.800
SWIR2 95,905 1.066 —0.521 0.802 2.261 1.406 1.655 0.171 2.679
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images, we report RMSDg, a ratio between RMSD of each image and its
RMSD)nst:

RMSDy = RMSD/RMSD

INST (] 0)

Spatial distributions of the RMSDy for Landsat SR images are illus-
trated in global maps, showing the geographic patterns of the Landsat
SR image quality as measured by agreement with MODIS data. An
RMSDg, value of less than 2 indicates that the observed disagreement
between Landsat and MODIS SR values is within 20 of the measure-
ment uncertainties of the two satellites.

2.4. Processing and distribution

LEDAPS was used to retrieve surface reflectance estimates from the
Landsat GLS 2000 and 2005 digital number (DN) data. The C and
FORTRAN codebase and the associated libraries were ported from a
32- to a 64-bit Linux environment. The Landsat-MODIS comparison
was developed in JAVA (Feng et al, 2012). The ancillary, input, and
output data were stored on Oracle's StorageTek 2540. Leveraging Net-
work File System (NFS) and PERL scripts were developed in-house to
automate the process, and the jobs were batched and distributed to
12 processing nodes (Oracle SunFire 4150). Using this system, 18,462
Landsat images were converted to SR in about 4 days. The output data
were in Universal Transverse Mercator (UTM) projection with the
World Geodetic System (WGS)-84 datum, consistent with the input
Landsat DN data, and stored internally in Hierarchical Data Format
(HDF 4) file format; however, to keep the format consistent with the

Table 3

GLCF archive, the data were then converted to GeoTIFF, compressed,
and made available online (http://www.landcover.org/data/gls_SR).
Because of differences in calibration, the distributed data do not include
ALL

3. Results
3.1. Global assessment against MODIS SR products

Correlation between SR retrieved from Landsat ETM + and the MODIS
daily SR product was strong in every band and for both 2000 and 2005
epochs (Fig. 3). The range of measured reflectance increased in propor-
tion to wavelength, with the visible bands recording less variation in
both MODIS and Landsat estimates than IR bands. The distribution of
each band was bimodal, with clouds and snow in both images forming
a diffuse minor mode at high values in both MODIS and Landsat SR. The
dominant mode of each band's distribution comprised data from mostly
clear pixels from both sensors, and the structure of each band's correlation
changed little between 2000 and 2005. The magnitudes of the secondary
modes were proportional to wavelength, with the visible bands more af-
fected by residual clouds and snow than the infrared bands.

Deviations between Landsat-7 ETM + and MODIS SR, as measured by
RMSD, ranged from 1.3 to 2.8 percentage points of reflectance (Table 2),
or about 20% of the dynamic range of reflectance over vegetated surfaces.
Most of this uncertainty was accounted for by systematic differences be-
tween the measurements from the two sensors; RMSDs > RMSDy, in all
bands except NIR. Bias (MBE) was consistently close to zero, ranging

Global summary of comparison between GLS 2000 and 2005 Landsat (Landsat-7 ETM +) derived SR and coincident MODIS daily SR estimates after removing samples from
snow-covered images. The metrics reported are global averages among available GLS Landsat scenes. Values are represented as percent reflectance (%) for intercept, RMSD,

RMSDs, RMSDy, and MBE.

Epoch Sensor Band n Slope Intercept R? RMSD RMSDs RMSDy MBE RMSDg

2000 ETM + B 208,841 1.079 1.124 0.790 1.781 1.613 0.595 1.319 1.442
G 208,837 1.029 0.157 0.854 1.174 0915 0.614 0.378 1.224
R 208,843 1.034 0.107 0.883 1.078 0.754 0.675 0.329 1.369
NIR 208,825 1.025 —1.076 0.902 1.610 0.875 1.238 —0.412 1.129
SWIR1 208,843 0.981 —1.821 0.904 2.704 2.364 1.105 —2.244 2.588
SWIR2 207,757 0.962 —0.072 0.891 1.807 1.347 0.960 —0.882 2.234

2005 ETM + B 197,510 1.041 1.183 0.774 2.066 1.842 0.737 1412 1.665
G 197,523 0.975 0.393 0.831 1.484 1.155 0.772 0.450 1.503
R 197,524 1.082 0.009 0.86 1.357 0.972 0.817 0412 1.665
NIR 197,555 1.016 —0.729 0.892 1.836 1.002 1.419 —0.352 1.228
SWIR1 197,560 0.965 —1.301 0.893 2.792 2.386 1.222 —2.157 2.687
SWIR2 197,537 0.954 0.161 0.872 1.948 1.439 1.077 —0.799 2477
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within —2.2-1.4 percentage points (Table 2). Correlations at the global
scale were strongly linear, with R? higher than 0.8 for all bands except
B. The sample sizes were on the order of 10° observations, and
p-values were all <0.05. Correspondingly, intercepts were near zero
and slopes were close to 1:1, although outliers - including saturation of
the Landsat sensor over snowy areas (see Section 3.2) — negatively im-
pacted regression parameters in the visible bands.

Correspondences between Landsat-5 TM-based SR and the most
coincident 16-day MODIS NBAR values were similar to those between
ETM + and MODIS daily SR. However, the spread of the data was
wider (Fig. 3C) and deviations (RMSD) ranged from 2.2 to 3.5 per-
centage points (Table 2), presumably due to surface and atmospheric
variation over the 16-day compositing window of MODIS as well as
the lower radiometric precision of the TM sensor compared to
ETM+ (Chander et al., 2009). The effect of differences in cloud
cover between Landsat TM acquisition and the composited MODIS
NBAR product was less than that observed between Landsat ETM +
and coincident MODIS SR, as the secondary mode was nearly absent
from the joint distribution in all bands.

Significant portions of the observed differences between Landsat
and MODIS SR values were likely due to instrument errors of the
two systems. Over 70% of the ETM + images had Landsat-MODIS dif-
ferences within 10 of the combined uncertainties of the two systems
in the green, red, and NIR bands, i.e., RMSDy < 1, and for the blue and
SWIR2 bands the percentages were near 50% (Fig. 4). Except for the
SWIR1 band, about 90% of the ETM + images had Landsat-MODIS
differences within 20 of the combined uncertainties of the two
systems. Assuming the normal distribution for uncertainty in both
Landsat and MODIS data (i.e. about 68% and 95% of the populations
distributed within 10 and 20, respectively), only a small percentage
of the ETM 4 images had Landsat-MODIS differences exceeding the
measurement uncertainties of the two systems for all 6 reflective
bands except SWIR1—although those percentages could be higher
for the blue and SWIR2 bands. Most of the ETM+ images with
Landsat-MODIS differences > 20 (i.e., RMSDg > 2) were located in
areas prone to frequent cloud cover (e.g., the tropics) or in high lati-
tude regions mostly covered by snow/ice. The large differences asso-
ciated with cloudy images were likely the result of cloud movement
during the 30 min between Landsat 7 and MODIS overpasses, while
saturated Landsat detectors were the likely cause for those associated
with images covered mostly by snow/ice (see more discussions in
Section 3.2).

Wavelength differences between Landsat and MODIS bands
(Table 1) were another likely source of the observed SR differences.
In particular, the much narrower bandwidths of the two MODIS
SWIR bands made it possible to avoid the spectral ranges with
lower atmospheric transmittance that were covered by the Landsat
SWIR bands (Lord, 1992). As a result, most Landsat SR values were
lower, though only slightly, than the MODIS values in those two
bands (Fig. 3), and the SWIR1 band had higher RMSDs values than
any of the other 5 bands (Tables 2 and 3). Given that the MODIS SR
values had extremely low uncertainties in the SWIR1 band (Fig. 2),
the systematic differences between Landsat and MODIS SR values
due to bandwidth differences seemed to be high enough to greatly
reduce the percentage of ETM + images that had RMSDg < 1 (and
to a lesser degree for RMSDg < 2) as compared with the other 5 spec-
tral bands (Fig. 4).

In general, the percentages of TM images that had RMSDg < 1 and
RMSDg < 2 were lower than those of ETM + images (Fig. 4). While
this is no surprise given that the MODIS NBAR were derived using
16-days of observations and therefore more factors could con-
tribute to the TM-NBAR difference than to the difference between ob-
servations obtained within 30 min of each other. Cloud and snow/ice
were again the most likely reason for images having RMSDg > 3, be-
cause such images were mostly located in high latitude and
cloud-prone tropical regions (Fig. 5).

3.2. Further inspection of problematic images

The overall tight correspondence between Landsat and MODIS SR
allowed isolated discrepancies to be found between some ETM -+
images and their matching MODIS SR images relatively easily (Feng
et al, 2012). Further investigation revealed that the disagreements
were caused by quality issues with either the Landsat or MODIS input
datasets or by inconsistencies in the image metadata. First, although
the GLS Landsat data were selected to minimize cloud cover, remnant
clouds that may have moved during the ~30-minute overpass difference
between Landsat-7 and MODIS Terra magnified error estimates in
persistently cloudy regions such as tropical forests. Error estimates for
these regions should therefore be considered as upper bounds, with
true, cloud-free correspondence better than reported. Second, the
inspection uncovered a previously unknown discrepancy in the radio-
metric gains listed in the metadata of 98 Landsat-7 ETM + images of
the 2000 and 2005 epochs (Appendix 1) for all bands. Although the lin-
ear relationship between Landsat and simultaneously acquired MODIS
SR was strong (R? > 0.98), the slope of the relationship in affected im-
ages was near 0.7. The input images' metadata revealed that the discrep-
ancies were caused by errors in the ETM + High/Low (H/L) gains used
for rescaling DN values to radiance (Chander et al., 2009). An example
ETM + image acquired on April 12, 2001 over Morocco (WRS-2 path
200/row 37) shows these biases in every band except the NIR band
(Fig. 6A). Replacing the gains listed in the image metadata with values
recalculated from the LMIN/LMAX values in the metadata provided the
correct rescaling parameters, resulting in greatly improved consistency
between ETM + and MODIS surface reflectance (Fig. 6B).

Third, saturation of the 8-bit Landsat sensor by snow and other ex-
tremely bright surface types also led to poor correspondence between
Landsat- and the (12-bit) MODIS-derived SR values in some images.
In such cases, relationships between ETM + and MODIS values were
very weak (R? < 0.1) in the visible and near-infrared bands. The R?
values remained relatively high for the SWIR1 and SWIR 2 bands
because the reflectance values of snow/ice are lower in these bands
(Fig. 7). The contrast of the R? values between the SWIR bands and
the other 4 bands allowed us to identify Landsat images that had sig-
nificant saturation problems due to substantial snow cover—234 im-
ages in GLS 2000 and 220 images in GLS 2005 were identified thus,
checked visually, and removed (Appendix 2).

To evaluate the impact of Landsat saturation on the global quality
assessment, we recalculated the metrics after removing images with
the issue for both GLS 2000 and 2005 epochs (Table 3). The improve-
ments were quite significant in the visible bands, which were more
prone to the saturation problem than the three infrared bands
(Fig. 3). The ETM + images that had saturation problems as identified
using the above method comprised about 2.8% of the sample for the
2000 epoch and 2.5% for the 2005 epoch. Removing the affected
data reduced RMSD by 10%-23% for the three visible bands, and
reduced the regression intercept by >50% for the blue band and to
near O for the green and red bands, although the slope increased
slightly. Because the three infrared bands were less affected by the
saturation problem, there was little change to the various metrics
after removing the potentially saturated samples.

4. Discussion
4.1. The value of surface reflectance for monitoring global change

Among the most fundamental remotely sensed measurements of
Earth's land surface, surface reflectance provides a primary, physically-
based input for retrieving many higher-level terrestrial attributes such
as vegetation indices, albedo, and land cover (Fang et al., 2007; Huete
et al,, 2002; Myneni et al., 1997; Townshend et al., 2012). Independent
of sensor differences, retrieval of surface reflectance provides a more
appropriate basis upon which to estimate these surface properties
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Fig. 5. Global spatial distribution of RMSD of ETM + SR images from GLS 2000 (A) GLS 2005 (B) and from TM SR images from GLS 2005 (C). Images with RMSD, less than 0.5, 1.0,
1.5, 2.0, 3.0, and higher than 3.0 are shown in dark blue, blue, light blue, green, yellow, and red, respectively.

than do arbitrarily scaled DN or uncorrected radiance and TOA
reflectance (Vermote et al., 2002). Use of surface reflectance allows
researchers to directly compare satellite observations to laboratory- or
field-measured spectra, reflectance data from other instruments, pre-
dictions of canopy radiative transfer models, or to measurements
made by the same sensor over long times and/or large areas (Masek
et al.,, 2006). By removing atmospheric noise to focus on the surface
signal itself, surface reflectance datasets increase precision in mapping
land-cover, surface water resources, vegetation biophysics, and land-
cover changes (Masek et al., 2006; Townshend et al., 2012).

This expansive comparability is apparent in the global true-color
mosaic of Landsat SR for the 2000 GLS epoch (Fig. 8) and over
Cape Cod, Massachusetts, USA (longitude 72 W-67.5 W, latitude
41 N-46 N) (Fig.9). Radiometric consistency is very high not only glob-
ally, but also among adjacent individual images, with greatly reduced
need for histogram matching or other ad hoc techniques that are
often employed to create visually consistent images.

Due to the reduction of atmospheric noise, surface features are
also more clearly distinguishable in the SR than the TOA mosaic. Al-
though some remnant atmospheric noise still contributes to differ-
ences between adjacent SR images, the effect of the atmosphere on
image clarity is greatly diminished relative to TOA. Instead of haze
or aerosol contamination, true land cover differences - including es-
pecially phenological variation of agricultural croplands and natural
vegetation - are the dominant factors of heterogeneity in the data.
Alongside ongoing improvements to corrections for atmospheric
(e.g., cloud and aerosol), bidirectional (including terrain), and other
effects, it appears that addressing phenological variation - either by
image selection or model-based correction - is set to become the

next major advancement in systematic image processing for long-
term land cover monitoring.

4.2. The first global Landsat SR product

Fig. 8 shows the first global, multi-temporal mapping of Earth's
land surface by atmospheric correction of Landsat data. Masek et al.
(2006) used an earlier version of the LEDAPS algorithm to produce
seamless SR mosaics over North America, and Roy et al. (2010) used a
novel temporal compositing approach to produce 30-meter terrain-
corrected Landsat-7 ETM + mosaics at various temporal intervals over
the conterminous United States (CONUS) and Alaska. But prior to this
effort, atmospheric correction has not been applied consistently to
Landsat data at the global scale, nor has such an extensive quality
assessment been performed on any derived Landsat data product.

A large part of the success of this effort is due to the 6S atmospheric
correction algorithm (Vermote et al, 1997b), whose foundation in
physical radiative transfer theory yields benefits in both the short and
long term. The LEDAPS implementation of 6S not only yields obvious
immediate improvements to interpretation and analysis over of SR
images over DN and TOA reflectance, but also provides a framework
for advances in atmospheric science to be incorporated to improve
data products over time. The globally applicable algorithm supports
scalability of production and ensures spatial and temporal consistency
of Landsat and Landsat-class data products, and the high level of consis-
tency between Landsat and MODIS SR products will allow better inte-
gration of these two data types in many applications (e.g., Hilker et al.,
2009; Potapov et al., 2008).
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Fig. 6. Scatter plots for each band of the April 12, 2001 ETM + image acquired over Morocco (WRS-2 path 200/row 37), based on H/L gain values (A) and LMIN/LMAX values
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(B) from the ETM + metadata. The 1:1 (dashed blue line) and the linear regression line (dashed green line) are added to each chart.

To our knowledge, this effort has been the most systematic, consis-
tent, and comprehensive comparison between global surface reflec-
tance image datasets to date. Comparisons were performed at two

scales: globally in order to understand sources of error and at the
scale of each Landsat image to provide image-level quality indicators,
which are necessary to prevent problematic images from being used
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Fig. 7. Scatter plots for each band of the ETM + image acquired on June 5, 2001 over Greenland (WRS-2 path 9/row 5). The MODIS and Landsat values are represented at x-axis and
y-axis respectively. The 1:1 (dashed blue line) and the linear regression line (dashed green line) are added to each chart.

in downstream applications. Whereas ground or in situ measurements
are the preferred reference for assessing absolute errors in remotely
sensed data products, reference data that are coincident with each
image are also needed to detect image-specific errors resulting from in-
correct ancillary data or metadata, or other sources (Feng et al., 2012).
The global MODIS SR products, which are available from
2000-present, provide the best available data sources for testing
Landsat-based SR products within the MODIS era. Our comparison
with MODIS data was a relative assessment; however, given that
MODIS SR products were derived and evaluated consistently at the
global scale (Roy et al,, 2002), have been rigorously evaluated using
ground-based and other in situ observations (Liang et al., 2002;
Vermote & Kotchenova, 2008a; Vermote et al., 2002), and were used

to derive other global data products that have themselves been assessed
comprehensively (Friedl et al., 2002; Hansen et al., 2005; Myneni et al.,
2002; Roy et al., 2002; Running et al., 2004 ), a Landsat SR image consis-
tent with MODIS data should be considered a reliable estimate of sur-
face reflectance. The small differences between Landsat and MODIS SR
values were mostly due to slightly different spectral responses of the
two sensors and their calibration uncertainties. At the global scale,
strong agreement between the Landsat ETM + and MODIS daily SR
datasets suggests that overall quality of the Landsat SR products is
high. Among-scene differences visible in the global Landsat SR mosaic
(Fig. 8) were mostly due to actual differences in surface conditions aris-
ing from images acquired in different seasons and/or years (Kim et al.,
2011; Townshend et al., 2012), although in extremely hazy areas

Fig. 8. Global, true-color (R, G, B) Landsat surface reflectance (SR) mosaic for the GLS 2000 epoch.
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(A)

(B)

Fig. 9. Comparison between TOA (A) and SR (B) over Cape Cod, USA (longitude 72W-67.5W, latitude 41N-46N). Both SR and TOA mosaics are displayed with the same logarithmic

stretch to ensure comparability (Appendix 3).

there could be residual atmospheric effects that could not be corrected
by the LEDAPS algorithm. Strong agreement between Landsat-5 SR and
MODIS NBAR suggest that similar quality can be expected for retrieval
of SR from the Landsat archive prior to the MODIS era. Many
Landsat-5 images from the Landsat archive - including those in the
1990 GLS epoch - do not currently have correct calibration parameters
required to convert DN to radiance (Chander et al., 2009; Loveland &
Dwyer, 2012), but USGS efforts to repatriate the raw (Level-0) data
from international collaborators are ongoing. Only those TM images
with the required radiometric information and coincident MODIS data
are included in this analysis, but their assessment should be considered
indicative of the quality of identically calibrated 1990 GLS images, as
well as any other properly calibrated images from Landsat-5 or
Landsat-7.

5. Conclusions

A global, multi-temporal surface reflectance dataset at Landsat
(30-m) resolution has been produced by atmospheric correction of
the GLS 2000 and 2005 datasets, followed by a comprehensive assess-
ment of data quality relative to MODIS surface reflectance products.
Consistency with MODIS daily SR and 16-day NBAR data is very
high, with overall discrepancies between 1.3 and 2.8 percentage
points for Landsat-7 ETM+ and between 2.2 and 3.5 percentage
points for Landsat-5 TM. A comparison between the observed
Landsat-MODIS differences and the measurement uncertainties of
the two systems revealed that the observed Landsat-MODIS differ-
ences were within the two systems' measurement uncertainties in
all bands but the SWIR1 band for the majority of the ETM + images.
This was also true for a smaller percentage of TM images, although
the percentages were much lower for the infrared bands. Saturation
of Landsat sensors over snow and ice, as well as cloud movement be-
tween MODIS and Landsat 7 overpass, were the likely reasons for
most ETM + images showing differences exceeding the measurement
uncertainties of the two systems, and systematic biases between
Landsat and MODIS SWIR bands were likely due to bandwidth differ-
ences between the two systems. Incorrect H/L gain settings as speci-
fied in the metadata file of some ETM + images resulted in incorrect
SR estimates, but this problem was corrected after the rescaling

gain/bias values were calculated using the LMIN and LMAX values
provided in the same metadata files. In general, agreement between
TM SR and MODIS NBAR data was also high, but agreement was not
as high as was observed between ETM + and MODIS daily SR data.
Because this assessment of Landsat SR was performed relative to
MODIS estimates with similar model assumptions, there remains po-
tential for shared errors between the two datasets. Assessment rela-
tive to a representative global sample of near-surface observations
will be an important step for further research. Despite the ongoing
need for refinement, routine production of Landsat-based surface
reflectance data with strong correlation to MODIS retrievals is now
possible. The 1990 epoch of the GLS will be processed following sim-
ilar methods and added to the archive, followed by images selected to
increase coverage of peak growing season and other conditions of in-
terest. The dataset has been posted, along with a quality assessment
report for each image, on the Global Land Cover Facility web site
(http://www.landcover.org/data/gls_SR), where the images are avail-
able for free download. This first global surface reflectance dataset at
sub-hectare resolution will serve as a valuable resource to the ecolog-
ical, climatological, and other Earth science communities. As USGS is
planning to make SR one of its standard imagery products for existing
and future Landsat data, the Landsat-MODIS comparison approach test-
ed globally through this study provides a mechanism for assessing each
Landsat SR image, to the degree allowed by MODIS data availability.
This approach can also be adapted for use in situations when MODIS
data are not available but other global observations similar to MODIS
data do exist. The ability to perform quality assessment of tens of thou-
sands of Landsat SR images demonstrated in this study is unprecedent-
ed. Such a comprehensive assessment would essentially prevent
erroneous imagery products from being distributed, and therefore
greatly reduce users' burden in quality-screening of such products.
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Appendix 1. List of GLS Landsat images with erroneous
radiometric gain values

GLS epoch Sensor WRS-2 path/row Acquisition date
2000 Landsat-7 ETM + p200r037 2001-04-12
2000 Landsat-7 ETM + p031r001 2001-06-15
2000 Landsat-7 ETM + p134r027 2001-08-20
2000 Landsat-7 ETM + p004r014 2001-09-06
2000 Landsat-7 ETM + p231r093 2001-01-15
2000 Landsat-7 ETM + p175r012 2000-06-29
2000 Landsat-7 ETM + p192r017 2001-05-06
2000 Landsat-7 ETM + p176r036 2001-01-30
2000 Landsat-7 ETM + p118r030 2001-09-21
2000 Landsat-7 ETM + p133r019 2000-08-10
2000 Landsat-7 ETM + p143r014 2001-07-18
2000 Landsat-7 ETM + p134r039 2001-10-23
2000 Landsat-7 ETM + p010r063 2000-10-31
2000 Landsat-7 ETM + p097r013 2000-07-12
2000 Landsat-7 ETM + p088r013 2000-07-13
2000 Landsat-7 ETM + p035r001 2000-06-24
2000 Landsat-7 ETM + p011r001 2000-07-02
2000 Landsat-7 ETM + p099r016 2001-07-30
2000 Landsat-7 ETM + p141r017 2001-08-05
2000 Landsat-7 ETM + p168r014 2001-07-17
2000 Landsat-7 ETM + p004r016 1999-07-31
2000 Landsat-7 ETM + p102r017 2001-08-04
2000 Landsat-7 ETM + p048r015 2001-07-24
2000 Landsat-7 ETM + p186r038 2000-03-22
2000 Landsat-7 ETM + p084r060 1999-06-29
2000 Landsat-7 ETM + p114r031 2001-09-25
2000 Landsat-7 ETM + p163r041 2000-04-22
2000 Landsat-7 ETM + p085r050 2001-01-16
2000 Landsat-7 ETM + p171r011 2000-06-01
2000 Landsat-7 ETM + p070r015 2001-06-16
2000 Landsat-7 ETM + p130r051 2000-12-27
2000 Landsat-7 ETM + p161r027 2001-04-27
2000 Landsat-7 ETM + p056r012 2000-06-11
2000 Landsat-7 ETM + p099r024 2001-08-31
2000 Landsat-7 ETM + p156r013 2001-07-13
2000 Landsat-7 ETM + p197r033 2001-04-23
2000 Landsat-7 ETM + p137r028 2001-06-06
2000 Landsat-7 ETM + p021r013 2001-07-11
2000 Landsat-7 ETM + p053r019 2001-08-12
2000 Landsat-7 ETM + p179r012 2001-06-12
2000 Landsat-7 ETM + p191r034 2001-02-08
2000 Landsat-7 ETM + p165r007 2000-08-10
2000 Landsat-7 ETM + p145r013 2001-07-16
2000 Landsat-7 ETM + p132r036 2001-10-09
2000 Landsat-7 ETM + p015r043 2001-11-06
2000 Landsat-7 ETM + p148r029 2000-09-04
2000 Landsat-7 ETM + p163r013 2000-07-11
2000 Landsat-7 ETM + p173r037 2000-11-06
2000 Landsat-7 ETM + p231r009 1999-07-05
2000 Landsat-7 ETM + p151r032 2000-08-24
2000 Landsat-7 ETM + p199r035 2002-04-24
2000 Landsat-7 ETM + p109r018 2000-07-17
2000 Landsat-7 ETM + p005r069 2001-06-25
2000 Landsat-7 ETM + p033r001 2000-06-26
2000 Landsat-7 ETM + p121r032 2000-09-07
2000 Landsat-7 ETM + p152r032 2000-09-16
2000 Landsat-7 ETM + p129r051 2002-01-08
2000 Landsat-7 ETM + p136r039 2001-10-21
2000 Landsat-7 ETM + p131r013 2000-07-11
2000 Landsat-7 ETM + p067r015 2001-09-15
2000 Landsat-7 ETM + p043r014 2000-07-18
2000 Landsat-7 ETM + p163r026 2001-04-25
2000 Landsat-7 ETM + p147r037 2000-10-15
2000 Landsat-7 ETM + p103r016 2001-07-26
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GLS epoch Sensor WRS-2 path/row Acquisition date
2000 Landsat-7 ETM + p022r001 2001-06-16
2000 Landsat-7 ETM + p052r014 2000-07-17
2000 Landsat-7 ETM + p143r025 2001-09-04
2000 Landsat-7 ETM + p144r027 2000-08-07
2000 Landsat-7 ETM + p105r018 2000-07-21
2000 Landsat-7 ETM + p145r031 2000-05-10
2000 Landsat-7 ETM + p023r012 2001-07-09
2000 Landsat-7 ETM + p107r018 2001-06-20
2000 Landsat-7 ETM + p2061041 2000-08-09
2000 Landsat-7 ETM + p006r068 2001-08-03
2000 Landsat-7 ETM + p039r015 2001-07-25
2000 Landsat-7 ETM + p167r013 2000-07-07
2000 Landsat-7 ETM + p178r006 2001-08-08
2000 Landsat-7 ETM + p109r018 2001-09-22
2000 Landsat-7 ETM + p127r051 2002-01-10
2000 Landsat-7 ETM + p111r018 2000-07-15
2000 Landsat-7 ETM + p174r012 2001-06-09
2000 Landsat-7 ETM + p021r018 2000-08-09
2000 Landsat-7 ETM + p014r041 2000-10-27
2000 Landsat-7 ETM + p232r091 2001-12-08
2000 Landsat-7 ETM + p193r035 2000-04-24
2000 Landsat-7 ETM + p049r020 2001-08-16
2000 Landsat-7 ETM + p179r007 2000-08-12
2000 Landsat-7 ETM + p158r019 2001-08-12
2000 Landsat-7 ETM + p218r013 2000-06-26
2000 Landsat-7 ETM + p003r005 2000-06-08
2000 Landsat-7 ETM + p034r013 2000-07-03
2000 Landsat-7 ETM + p051r019 2001-08-14
2000 Landsat-7 ETM + p139r035 2000-10-07
2000 Landsat-7 ETM + p032r012 2001-07-08
2000 Landsat-7 ETM + p176r038 2000-11-11
2000 Landsat-7 ETM + p233r006 1999-07-03
2005 Landsat-7 ETM + p176r011 2004-07-01
2005 Landsat-7 ETM + p177r011 2004-07-08
2005 Landsat-7 ETM + p172r043 2005-01-13

Appendix 2. List of GLS Landsat images affected by sensor
saturation over snow-covered areas

GLS epoch Sensor WRS-2 path/row Acquisition date
2000 Landsat-7 ETM + p012r008 2001-07-28
2000 Landsat-7 ETM + p230r013 2001-08-04
2000 Landsat-7 ETM + p232r012 2001-08-02
2000 Landsat-7 ETM + p019r004 2000-06-24
2000 Landsat-7 ETM + p011r005 2000-07-02
2000 Landsat-7 ETM + p004r013 2001-09-06
2000 Landsat-7 ETM + p053r002 2002-07-30
2000 Landsat-7 ETM + p219r015 2000-08-20
2000 Landsat-7 ETM + p022r006 2001-07-18
2000 Landsat-7 ETM + p054r022 2000-04-10
2000 Landsat-7 ETM + p147r031 2000-09-13
2000 Landsat-7 ETM + p233r013 2001-07-08
2000 Landsat-7 ETM + p013r008 2001-06-01
2000 Landsat-7 ETM + p006r015 2001-08-03
2000 Landsat-7 ETM + p048r025 2000-09-23
2000 Landsat-7 ETM + p233r009 2000-06-19
2000 Landsat-7 ETM + p023r011 2001-07-09
2000 Landsat-7 ETM + p049r025 2000-06-26
2000 Landsat-7 ETM + p061r018 2001-07-19
2000 Landsat-7 ETM + p003r004 2000-06-08
2000 Landsat-7 ETM + p233r017 2001-07-08
2000 Landsat-7 ETM + p233r018 2000-11-10
2000 Landsat-7 ETM + p016r007 2001-06-06
2000 Landsat-7 ETM + p033r002 2000-06-26
2000 Landsat-7 ETM + p229r010 2001-07-12
2000 Landsat-7 ETM + p009r010 2000-05-17
2000 Landsat-7 ETM + p003r011 2000-06-08
2000 Landsat-7 ETM + p011r004 2000-07-02
2000 Landsat-7 ETM + p232r094 2001-05-14
2000 Landsat-7 ETM + p023r011 2002-06-26
2000 Landsat-7 ETM + p052r022 2000-05-30
2000 Landsat-7 ETM + p232r093 2001-03-11

(continued on next page)
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Appendix 2 (continued)

GLS epoch Sensor WRS-2 path/row Acquisition date GLS epoch Sensor WRS-2 path/row Acquisition date
2000 Landsat-7 ETM + p048r003 2000-06-19 2000 Landsat-7 ETM + p025r001 2000-06-18
2000 Landsat-7 ETM + p011r007 2000-07-02 2000 Landsat-7 ETM + p002r013 2001-06-04
2000 Landsat-7 ETM + p006r012 2000-06-29 2000 Landsat-7 ETM + p029r002 2000-06-14
2000 Landsat-7 ETM + p011r003 2000-07-02 2000 Landsat-7 ETM + p229r009 2001-07-12
2000 Landsat-7 ETM + p009r009 2000-05-17 2000 Landsat-7 ETM + p008r010 2001-08-01
2000 Landsat-7 ETM + p058r019 2001-08-15 2000 Landsat-7 ETM + p016r006 2001-06-06
2000 Landsat-7 ETM + p015r008 2000-06-28 2000 Landsat-7 ETM + p069r018 2002-07-30
2000 Landsat-7 ETM + p021r005 2000-07-24 2000 Landsat-7 ETM + p016r001 2000-06-19
2000 Landsat-7 ETM + p025r003 2000-06-02 2000 Landsat-7 ETM + p004r015 2001-09-06
2000 Landsat-7 ETM + p019r003 2000-06-24 2000 Landsat-7 ETM + p065r017 2002-08-03
2000 Landsat-7 ETM + p026r005 2000-06-09 2000 Landsat-7 ETM + p021r006 2000-07-24
2000 Landsat-7 ETM + p062r018 2001-06-08 2000 Landsat-7 ETM + p011r006 2000-07-02
2000 Landsat-7 ETM + p009r009 2001-06-05 2000 Landsat-7 ETM + p178r006 2001-08-08
2000 Landsat-7 ETM + p029r004 2000-06-14 2000 Landsat-7 ETM + p002r009 2001-06-04
2000 Landsat-7 ETM + p012r008 2000-06-07 2000 Landsat-7 ETM + p010r010 2000-09-13
2000 Landsat-7 ETM + p149r035 2000-10-29 2000 Landsat-7 ETM + p136r039 2001-10-21
2000 Landsat-7 ETM + p004r014 2001-09-06 2000 Landsat-7 ETM + p013r009 2001-08-04
2000 Landsat-7 ETM + p227r011 2000-08-28 2000 Landsat-7 ETM + p011r011 2000-07-02
2000 Landsat-7 ETM + p006r014 2001-08-03 2000 Landsat-7 ETM + p021r002 2000-06-06
2000 Landsat-7 ETM + p064r018 2001-09-10 2000 Landsat-7 ETM + p233r015 2001-07-08
2000 Landsat-7 ETM + p006r006 2001-04-29 2000 Landsat-7 ETM + p001r012 2001-06-13
2000 Landsat-7 ETM + p029r003 2000-06-14 2000 Landsat-7 ETM + p033r001 2000-06-26
2000 Landsat-7 ETM + p013r010 2001-08-04 2000 Landsat-7 ETM + p019r005 2000-06-24
2000 Landsat-7 ETM + p010r009 2000-09-13 2000 Landsat-7 ETM + p054r020 2002-03-15
2000 Landsat-7 ETM + p232r013 2001-08-02 2000 Landsat-7 ETM + p011r006 2002-05-21
2000 Landsat-7 ETM + p001r013 2001-06-13 2000 Landsat-7 ETM + p016r003 2000-06-19
2000 Landsat-7 ETM + p009r003 2000-07-04 2000 Landsat-7 ETM + p009r011 2001-07-07
2000 Landsat-7 ETM + p006r013 2001-08-03 2000 Landsat-7 ETM + p051r023 2000-06-24
2000 Landsat-7 ETM + p233r014 2001-07-08 2000 Landsat-7 ETM + p003r006 2000-06-08
2000 Landsat-7 ETM + p023r006 2001-08-26 2000 Landsat-7 ETM + p136r038 2001-10-21
2000 Landsat-7 ETM + p031r005 2000-06-28 2000 Landsat-7 ETM + p013r007 2001-06-01
2000 Landsat-7 ETM + p060r018 2001-08-13 2000 Landsat-7 ETM + p011r008 2000-07-02
2000 Landsat-7 ETM + p037r007 2001-08-28 2000 Landsat-7 ETM + p025r004 2000-06-02
2000 Landsat-7 ETM + p002r011 2001-06-04 2000 Landsat-7 ETM + p011r004 2002-06-06
2000 Landsat-7 ETM + p056r001 2000-07-29 2000 Landsat-7 ETM + p006r013 2000-06-29
2000 Landsat-7 ETM + p007r014 2001-07-09 2000 Landsat-7 ETM + p008r011 2001-08-01
2000 Landsat-7 ETM + p004r012 2001-09-06 2000 Landsat-7 ETM + p006r011 2000-06-29
2000 Landsat-7 ETM + p013r008 2001-08-04 2000 Landsat-7 ETM + p053r021 2001-08-12
2000 Landsat-7 ETM + p016r002 2000-06-19 2000 Landsat-7 ETM + p003r005 2000-06-08
2000 Landsat-7 ETM + p067r017 2002-08-01 2000 Landsat-7 ETM + p003r009 2000-06-08
2000 Landsat-7 ETM + p219r014 2001-09-08 2000 Landsat-7 ETM + p227r010 2000-08-28
2000 Landsat-7 ETM + p009r008 2001-06-05 2000 Landsat-7 ETM + p221r014 2000-09-19
2000 Landsat-7 ETM + p062r017 2002-05-26 2000 Landsat-7 ETM + p229r011 2001-07-12
2000 Landsat-7 ETM + p022r005 2002-06-19 2000 Landsat-7 ETM + p059r014 2002-05-21
2000 Landsat-7 ETM + p012r009 2001-07-28 2000 Landsat-7 ETM + p021r003 2000-06-06
2000 Landsat-7 ETM + p016r004 2000-06-19 2000 Landsat-7 ETM + p003r008 2000-06-08
2000 Landsat-7 ETM + p009r007 2001-06-05 2000 Landsat-7 ETM + p233r016 2001-07-08
2000 Landsat-7 ETM + p029r005 2000-06-14 2000 Landsat-7 ETM + p053r001 2002-07-30
2000 Landsat-7 ETM + p231r007 2001-06-08 2000 Landsat-7 ETM + p054r008 2000-09-01
2000 Landsat-7 ETM + p013r006 2001-06-01 2000 Landsat-7 ETM + p011r001 2000-07-02
2000 Landsat-7 ETM + p139r035 2000-10-07 2000 Landsat-7 ETM + p075r022 2002-03-18
2000 Landsat-7 ETM + p009r013 2001-07-07 2000 Landsat-7 ETM + p229r008 2001-07-12
2000 Landsat-7 ETM + p040r005 2002-07-19 2000 Landsat-7 ETM + p060r004 2001-07-12
2000 Landsat-7 ETM + p016r005 2000-06-19 2000 Landsat-7 ETM + p063r001 2002-06-18
2000 Landsat-7 ETM + p035r001 2000-06-24 2000 Landsat-7 ETM + p227r009 2000-08-28
2000 Landsat-7 ETM + p229r012 2001-07-12 2000 Landsat-7 ETM + p043r004 2000-06-16
2000 Landsat-7 ETM + p003r010 2000-06-08 2000 Landsat-7 ETM + p230r014 2001-08-04
2000 Landsat-7 ETM + p002r017 2000-08-04 2000 Landsat-7 ETM + p021r007 2000-07-24
2000 Landsat-7 ETM + p050r024 2000-09-21 2000 Landsat-7 ETM + p228r008 2000-06-16
2000 Landsat-7 ETM + p233r010 2000-06-19 2000 Landsat-7 ETM + p055r003 2000-06-20
2000 Landsat-7 ETM + p003r007 2000-06-08 2000 Landsat-7 ETM + p040r006 2000-07-29
2000 Landsat-7 ETM + p007r012 2001-07-09 2000 Landsat-7 ETM + p150r043 2001-09-21
2000 Landsat-7 ETM + p019r006 2000-06-24 2000 Landsat-7 ETM + p039r006 2002-09-14
2000 Landsat-7 ETM + p148r035 2001-05-18 2000 Landsat-7 ETM + p063r018 2000-08-31
2000 Landsat-7 ETM + p064r017 2001-09-10 2000 Landsat-7 ETM + p005r003 2000-07-24
2000 Landsat-7 ETM + p007r013 2001-07-09 2000 Landsat-7 ETM + p216r015 2000-09-16
2000 Landsat-7 ETM + p016r005 2001-06-06 2000 Landsat-7 ETM + p060r005 2001-07-12
2000 Landsat-7 ETM + p045r004 2000-06-14 2000 Landsat-7 ETM + p039r007 2002-09-14
2000 Landsat-7 ETM + p057r020 2000-06-02 2000 Landsat-7 ETM + p046r001 2002-07-13
2000 Landsat-7 ETM + p231r095 2001-10-14 2000 Landsat-7 ETM + p063r002 2002-06-18
2000 Landsat-7 ETM + p056r012 2000-06-11 2000 Landsat-7 ETM + p037r006 2000-07-24
2000 Landsat-7 ETM + p009r012 2001-07-07 2000 Landsat-7 ETM + p039r008 2002-09-14
2000 Landsat-7 ETM + p002r008 2001-06-04 2000 Landsat-7 ETM + p027r005 2000-06-16
2000 Landsat-7 ETM + p233r011 2000-06-19 2000 Landsat-7 ETM + p229r007 2001-07-12
2000 Landsat-7 ETM + p231r094 2000-10-27 2000 Landsat-7 ETM + p038r005 2000-06-29
2000 Landsat-7 ETM + p025r005 2000-06-02 2000 Landsat-7 ETM + p225r011 2001-08-01
2000 Landsat-7 ETM + p021r004 2000-07-24 2000 Landsat-7 ETM + p015r009 2000-06-28
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GLS epoch Sensor WRS-2 path/row Acquisition date GLS epoch Sensor WRS-2 path/row Acquisition date
2000 Landsat-7 ETM + p065r018 2000-09-30 2005 Landsat-7 ETM + p147r006 2005-06-23
2000 Landsat-7 ETM + p011r002 2000-07-02 2005 Landsat-7 ETM + p189r013 2005-04-26
2000 Landsat-7 ETM + p227r012 2000-08-28 2005 Landsat-7 ETM + p046r012 2007-04-22
2000 Landsat-7 ETM + p231r006 2001-06-08 2005 Landsat-7 ETM + p197r013 2006-05-07
2000 Landsat-7 ETM + p232r095 2002-08-05 2005 Landsat-7 ETM + p022r002 2005-06-11
2000 Landsat-7 ETM + p024r010 2002-08-20 2005 Landsat-7 ETM + p028r006 2007-08-14
2000 Landsat-7 ETM + p174r006 2002-08-15 2005 Landsat-7 ETM + p021r003 2007-08-29
2000 Landsat-7 ETM + p223r013 2000-09-01 2005 Landsat-7 ETM + p100r024 2007-06-04
2000 Landsat-7 ETM + p031r005 2001-06-15 2005 Landsat-7 ETM + p011r006 2004-05-10
2000 Landsat-7 ETM + p013r001 2001-07-03 2005 Landsat-7 ETM + p013r009 2006-09-19
2000 Landsat-7 ETM + p026r006 2000-07-27 2005 Landsat-7 ETM + p032r008 2005-08-20
2000 Landsat-7 ETM + p067r018 2002-09-02 2005 Landsat-7 ETM + p039r002 2007-07-26
2000 Landsat-7 ETM + p011r010 2000-06-16 2005 Landsat-7 ETM + p190r015 2004-03-13
2000 Landsat-7 ETM + p232r015 2001-08-02 2005 Landsat-7 ETM + p227r010 2005-07-25
2000 Landsat-7 ETM + p032r011 2001-08-25 2005 Landsat-7 ETM + p179r006 2006-04-23
2000 Landsat-7 ETM + p040r004 2000-06-27 2005 Landsat-7 ETM + p012r006 2007-09-15
2000 Landsat-7 ETM + p057r005 2002-06-24 2005 Landsat-7 ETM + p021r004 2007-08-29
2000 Landsat-7 ETM + p178r007 2001-08-08 2005 Landsat-7 ETM + p001r018 2007-10-20
2000 Landsat-7 ETM + p228r012 2001-09-07 2005 Landsat-7 ETM + p163r028 2006-05-25
2000 Landsat-7 ETM + p001r018 2000-06-26 2005 Landsat-7 ETM + p233r007 2005-07-19
2000 Landsat-7 ETM + p012r007 2000-06-07 2005 Landsat-7 ETM + p009r009 2007-08-09
2000 Landsat-7 ETM + p232r018 2000-06-28 2005 Landsat-7 ETM + p035r003 2005-07-08
2000 Landsat-7 ETM + p233r018 2001-07-08 2005 Landsat-7 ETM + p227r011 2005-07-25
2000 Landsat-7 ETM + p149r005 2000-07-09 2005 Landsat-7 ETM + p041r002 2007-08-09
2000 Landsat-7 ETM + p075r021 2002-04-03 2005 Landsat-7 ETM + p012r001 2007-06-27
2000 Landsat-7 ETM + p032r012 2002-06-25 2005 Landsat-7 ETM + p021r011 2005-06-04
2000 Landsat-7 ETM + p022r007 2000-10-03 2005 Landsat-7 ETM + p026r006 2005-08-26
2000 Landsat-7 ETM + p056r004 2001-06-14 2005 Landsat-7 ETM + p026r005 2007-09-17
2000 Landsat-7 ETM + p161r042 2000-05-26 2005 Landsat-7 ETM + p147r035 2005-08-26
2000 Landsat-7 ETM + p007r011 2001-07-09 2005 Landsat-7 ETM + p013r010 2006-09-19
2000 Landsat-7 ETM + p021r001 2000-06-06 2005 Landsat-7 ETM + p021r001 2007-08-13
2000 Landsat-7 ETM + p085r024 2000-06-22 2005 Landsat-7 ETM + p012r002 2005-07-23
2000 Landsat-7 ETM + p002r010 2001-06-04 2005 Landsat-7 ETM + p022r002 2005-06-27
2000 Landsat-7 ETM + p002r014 2001-06-04 2005 Landsat-7 ETM + p031r005 2007-08-19
2000 Landsat-7 ETM + p064r003 2000-06-19 2005 Landsat-7 ETM + p177r020 2004-04-03
2000 Landsat-7 ETM + p060r019 2001-08-13 2005 Landsat-7 ETM + p196r010 2005-06-14
2000 Landsat-7 ETM + p078r023 2001-06-08 2005 Landsat-7 ETM + p015r014 2004-06-23
2000 Landsat-7 ETM + p002r016 2000-08-04 2005 Landsat-7 ETM + p021r004 2007-08-13
2000 Landsat-7 ETM + p002r012 2001-06-04 2005 Landsat-7 ETM + p016r008 2005-07-19
2000 Landsat-7 ETM + p009r006 2001-06-05 2005 Landsat-7 ETM + p179r007 2004-07-06
2000 Landsat-7 ETM + p081r075 2001-04-26 2005 Landsat-7 ETM + p022r006 2004-06-24
2000 Landsat-7 ETM + p012r001 2000-06-07 2005 Landsat-7 ETM + p007r013 2005-08-05
2000 Landsat-7 ETM + p055r016 2001-09-11 2005 Landsat-7 ETM + p002r014 2004-09-16
2000 Landsat-7 ETM + p223r014 2000-06-13 2005 Landsat-7 ETM + p217r014 2005-09-21
2000 Landsat-7 ETM + p009r005 2001-06-05 2005 Landsat-7 ETM + p035r005 2007-08-15
2000 Landsat-7 ETM + p171r011 2000-06-01 2005 Landsat-7 ETM + p015r015 2004-07-09
2000 Landsat-7 ETM + p218r016 2000-09-30 2005 Landsat-7 ETM + p037r003 2007-08-13
2000 Landsat-7 ETM + p002r015 2001-06-04 2005 Landsat-7 ETM + p232r014 2005-08-29
2005 Landsat-7 ETM + p120r015 2005-05-09 2005 Landsat-7 ETM + p051r001 2005-07-08
2005 Landsat-7 ETM + p227r012 2005-07-25 2005 Landsat-7 ETM + p039r001 2007-08-11
2005 Landsat-7 ETM + p219r013 2004-03-24 2005 Landsat-7 ETM + p030r006 2006-08-25
2005 Landsat-7 ETM + p217r015 2006-07-22 2005 Landsat-7 ETM + p035r004 2005-06-22
2005 Landsat-7 ETM + p011r011 2004-06-11 2005 Landsat-7 ETM + p008r011 2004-06-22
2005 Landsat-7 ETM + p153r005 2006-07-06 2005 Landsat-7 ETM + p231r094 2005-02-27
2005 Landsat-7 ETM + p006r014 2007-08-04 2005 Landsat-7 ETM + p027r005 2007-08-23
2005 Landsat-7 ETM + p037r004 2007-08-13 2005 Landsat-7 ETM + p199r017 2004-05-31
2005 Landsat-7 ETM + p231r094 2004-08-19 2005 Landsat-7 ETM + p012r001 2007-06-11
2005 Landsat-7 ETM + p099r018 2007-05-28 2005 Landsat-7 ETM + p229r008 2007-08-14
2005 Landsat-7 ETM + p025r005 2007-08-09 2005 Landsat-7 ETM + p021r001 2007-06-10
2005 Landsat-7 ETM + p034r008 2006-09-22 2005 Landsat-7 ETM + p023r011 2005-09-06
2005 Landsat-7 ETM + p228r012 2004-08-14 2005 Landsat-7 ETM + p021r007 2005-08-07
2005 Landsat-7 ETM + p028r012 2005-04-18 2005 Landsat-7 ETM + p105r017 2006-06-04
2005 Landsat-7 ETM + p041r001 2007-07-24 2005 Landsat-7 ETM + p198r014 2007-06-02
2005 Landsat-7 ETM + p004r017 2007-07-21 2005 Landsat-7 ETM + p004r014 2007-10-09
2005 Landsat-7 ETM + p198r012 2005-06-12 2005 Landsat-7 ETM + p012r009 2005-08-08
2005 Landsat-7 ETM + p021r011 2007-09-14 2005 Landsat-7 ETM + p148r035 2004-08-14
2005 Landsat-7 ETM + p009r014 2004-09-01 2005 Landsat-7 ETM + p041r002 2007-07-24
2005 Landsat-7 ETM + p004r014 2007-09-23 2005 Landsat-7 ETM + p053r017 2005-03-16
2005 Landsat-7 ETM + p198r013 2005-04-25 2005 Landsat-7 ETM + p146r006 2004-09-01
2005 Landsat-7 ETM + p019r005 2007-08-15 2005 Landsat-7 ETM + p010r010 2006-07-28
2005 Landsat-7 ETM + p015r015 2004-07-25 2005 Landsat-7 ETM + p219r014 2006-09-22
2005 Landsat-7 ETM + p231r010 2005-07-21 2005 Landsat-7 ETM + p232r093 2005-04-23
2005 Landsat-7 ETM + p197r010 2005-05-04 2005 Landsat-7 ETM + p219r015 2006-09-06
2005 Landsat-7 ETM + p017r013 2005-07-10 2005 Landsat-7 ETM + p158r004 2005-07-06
2005 Landsat-7 ETM + p199r015 2006-05-05 2005 Landsat-7 ETM + p231r008 2006-07-24
2005 Landsat-7 ETM + p046r002 2007-06-09 2005 Landsat-7 ETM + p232r095 2006-02-21
2005 Landsat-7 ETM + p010r020 2007-06-13
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GLS epoch Sensor WRS-2 path/row Acquisition date GLS epoch Sensor WRS-2 path/row Acquisition date

2005 Landsat-7 ETM + p021r005 2007-08-29 2005 Landsat-7 ETM + p232r094 2006-02-21

2005 Landsat-7 ETM + p003r005 2004-06-19 2005 Landsat-7 ETM + p007r011 2007-08-27

2005 Landsat-7 ETM + p019r014 2004-03-31 2005 Landsat-7 ETM + p021r005 2007-08-13

2005 Landsat-7 ETM + p009r011 2007-08-09 2005 Landsat-7 ETM + p072r021 2005-02-01

2005 Landsat-7 ETM + p015r016 2006-09-17 2005 Landsat-7 ETM + p127r007 2007-06-17

2005 Landsat-7 ETM + p231r095 2005-07-05 2005 Landsat-7 ETM + p100r023 2007-06-04

2005 Landsat-7 ETM + p032r008 2007-07-09 2005 Landsat-7 ETM + p229r012 2005-08-24

2005 Landsat-7 ETM + p009r014 2004-09-17 2005 Landsat-7 ETM + p010r021 2007-05-28

2005 Landsat-7 ETM + p024r010 2006-07-14 2005 Landsat-7 ETM + p029r005 2007-08-21

2005 Landsat-7 ETM + p149r035 2006-07-26 2005 Landsat-7 ETM + p232r094 2005-04-23

2005 Landsat-7 ETM + p009r021 2005-04-29 2005 Landsat-7 ETM + p009r003 2004-07-15

2005 Landsat-7 ETM + p017r016 2007-04-27 2005 Landsat-7 ETM + p147r036 2006-09-30

2005 Landsat-7 ETM + p004r016 2007-07-21 2005 Landsat-7 ETM + p155r004 2005-07-01

2005 Landsat-7 ETM + p009r012 2007-08-09 2005 Landsat-7 ETM + p220r014 2004-09-23

2005 Landsat-7 ETM + p012r003 2006-07-26 2005 Landsat-7 ETM + p154r006 2005-06-24

2005 Landsat-7 ETM + p233r013 2005-08-04 2005 Landsat-7 ETM + p028r006 2007-08-30

2005 Landsat-7 ETM + p198r016 2005-04-25 2005 Landsat-7 ETM + p019r007 2006-09-13

2005 Landsat-7 ETM + p019r012 2006-07-11 2005 Landsat-7 ETM + p229r009 2005-08-24

2005 Landsat-7 ETM + p223r013 2005-07-13 2005 Landsat-7 ETM + p017r016 2005-10-14

2005 Landsat-7 ETM + p074r018 2006-05-25 2005 Landsat-7 ETM + p232r013 2007-08-19
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