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Abstract

This paper describes a procedure to validate the thematic
accuracy of the International Geosphere-Biosphere Pro-
gramme, Data and Information System (IGBP-DIS) DISCover
(Version 1.0) 1-Kilometer Global Land-Cover Data Set. Issues
of data set sampling design, image geometry and registration,
and core sample interpretation procedures are addressed.
Landsat Thematic Mapper and SPOT satellite image data were
used to verify 379 primary core samples selected from DISCover
1.0 using a stratified random sampling procedure. The goal
was to verify a minimum of 25 samples per DiSCover class;
this was accomplished for 13 of the 15 verified classes. Three
regional Expert Image Interpreters independently verified
each sample, and a majority decision rule was used to deter-
mine sample accuracy. For the 15 DISCover classes validated,
the average class accuracy was 59.4 percent with accuracies
forthe 15 verified DISCover classes ranging between 40.0 percent
and 100 percent. The overall area-weighted accuracy of the
data set was determined to be 66.9 percent. When only samples
which had a majority interpretation for errors as well as for
correct classification were considered, the average class ac-
curacy of the data set was calculated to be 73.5 percent.

Introduction

The focus of this research is the validation of the International
Geosphere Biosphere Programme, Data and Information Sys-
tem (IGBP-DIS), DISCover (Version 1.0) 1-Kilometer Global Land-
Cover Data Set. DISCover was developed in a cooperative effort
by the U.S. Geological Survey EROS Data Center (USGS/EDC),
Sioux Falls, South Dakota, and the European Commission'’s
Joint Research Center, Ispra, Italy. Prior to this validation effort,
there was no statistically based accuracy estimate for any glo-
bal land-cover data set: DISCover 1.0 stands as the first such
data set.

Global climate, ecological, and chemical cycle modeling
are among the most important scientific techniques currently
available to measure, monitor, and predict critical physical and
biological processes and environmental changes in the Earth's
environmental system. Global ecological models are developed
and implemented to provide information about a variety of
ecological and biogeochemical regimes. Important among these
are carbon cycles, hydrologic cycles, and terrestrial energy bal-
ance (Tucker et al., 1985). These processes are quite complex
and must be addressed using numerical models.

Global ecological models require as inputs spatially refer-
enced terrestrial vegetation and land-cover data sets. Require-
ments have been demonstrated for these data at spatial resolu-
tions of 1 kilometer (and finer) with high temporal resolution
(Lunetta et al., 1991). To date, a number of global coverage land-
cover data sets have been developed (Defries and Townshend,
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1994). In the past, these data have been spatially and tempo-
rally incomplete, inadequate, and inaccurate (Townshend et
al., 18991). The DisCover land-cover data set and associated vali-
dation procedures were implemented, in part, because scientifi-
cally valid continental- or global-scale land-cover data sets of
known accuracy did not exist (Estes and Mooneyhan, 1994;
Townshend et al., 1994).

The DIsCover Data Set was assembled to meet data require-
ments for studies of climate, biogeochemical cycles, atmo-
spheric chemistry, water, energy, vegetation, and ecosystems
(Loveland and Belward, 1997). DISCover was compiled on an
individual continental basis using data from the National
Oceanographic and Atmospheric Administration (NOAA) Ad-
vanced Very High Resolution Radiometer (AVHRR) data col-
lected daily through the efforts of a number of AVHRR receiving
stations coordinated by USGS/EDC. A summary description of
this data set, including processing and classification, is found
in Eidenshink and Faundeen (1994) and Loveland et al. (1999,
in this issue).

The material that follows provides a brief background on
the DISCover data set and the data compiled during the valida-
tion effort. The techniques and methodologies employed in the
core sample development are then presented. The procedures
developed at a Verification Test Workshop and employed at the
Global Validation Workshop (Gvw) are also discussed. Results
obtained from the conduct of the GvWare reviewed and ana-
lyzed and conclusions and recommendations are presented.

Background

The specific protocol for validation of DISCover 1.0 was devel-
oped by the IGBPValidation Working Group (VWG) and re-
viewed and approved by the Land Cover Working Group
(LcwG). The protocol specified a stratified random sample
design and a methodology that relies on testing the DisCover
thematic classes against an independent data source, in this
instance, higher spatial resolution satellite imagery. This gen-
eral method of validating a data product by employing higher
spatial resolution data is well established (Fitzpatrick-Lins,
1980; Rosenfield ef al., 1981) and has been employed exten-
sively at local and regional scales (Borella et al., 1982; Estes et
al., 1987). This study is the first application of such a tech-
nique at the global scale,

The core sample validation had the principal objective of
providing relatively simple statistical statements of accuracy
to (1) characterize the accuracy of the DISCover 1.0 product as a
single data product and (2) estimate the error variance in areal
totals of individual DisCover 1.0 land cover types.
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In order to determine the most effective and practical
approach to sampling the DISCover data set, four sampling
methods were evaluated by the VWG, A random unstratified
(simple random) sampling approach was considered along
with three variations of a stratified random sample. The three
stratified sampling techniques were (1) random sampling stra-
tified by continent (based on the fraction of total land area in
each continent), (2) random sampling stratified by land-cover
class, and (3) random sampling stratified by both continent
and class.

The simple random sampling approach insures that each
location in the data set has an equal chance of being sampled.
The random selection technique also results in a sample set
with good statistical properties (Congalton and Green, 1999). In
the context of the DISCover validation, a random sample would
have the advantage of allowing the samples acquired for the
piscover data set to be employed for validation of the other
land-cover data products. Of particular interest are those data
sets utilizing different classification systems that were pro-
duced as a part of the IGBP-DIS global land-cover mapping
effort. The simple random sampling technique is limited by an
inherent area bias: land-cover classes that are small in areal
extent will be sampled relatively less frequently and their clas-
sification accuracy will thus be less well known, Implement-
ing this technique with the DISCover data product also would
likely have resulted in certain land-cover classes not being
sampled at all.

Using a stratified random approach insures that samples
are acquired from all strata, no matter their size or distribution.
Original plans called for the global DISCover 1.0 data set to be
produced by a number of participating laboratories processing
portions of the global data set on a continental basis. In an effort
to document possible variations in classification accuracy
resulting from this system of distributed processing, a random
sample stratified by continent was considered. This sampling
technique would yield such regional accuracy measures, but
the problem of class area bias found in simple random sam-
pling would not be overcome,

By specifying a minimum sample set for each class, a ran-
dom sampling procedure stratified by class produces the de-
sired unbiased class accuracy estimates of cover with roughly
equal confidence ranges. This technique was chosen over a
sampling procedure stratified by both class and region. Al-
though sampling stratified by class and region would yield sta-
tistical accuracy estimates applicable independently over all
processing regions, the costs would have been prohibitive
because the specified number of samples per class would have
to be located and validated for each continent.

Utilizing higher spatial resolution data to validate a prod-
uct derived from lower spatial resolution data on a global scale
requires several assumptions. Foremost is the assumption that
the validation is being done on the thematically classified
product of the processing of the lower resolution data set, not
the specific component data that are the basis for the product.
Second, it must be assumed that the registration accuracy of the
data sets is sufficient to minimize the errors resulting from ver-
ifying a sample that has been incorrectly located on the valida-
tion imagery. Finally, it must also be assumed that a predictive
relationship exists between the structural and phenologic char-
acteristics of the land-cover classes represented across the
Earth’s surface in the DiSCover data set and the spectral signa-
tures of these classes recorded by the sensors acquiring the ver-
ification data: Landsat Thematic Mapper (TM) and Systeme
Probatoire de la Observation de la Terre (SPOT) image data.

In order to address these assumptions, the IGBP Land Cover
Working Group organized a Validation Working Group (VWG),
which then developed a two-tiered DISCover data set validation
strategy. This strategy specified a core sampling effort to pro-
duce statistical statements of DiSCover thematic accuracy and a
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confidence site mapping exercise to provide additional detail
and depth to the validation. The rationale behind this valida-
tion protocol and its development are described in Belward
(1996).

The validation protocol also specified that teams of Expert
Image Interpreters (Ells) verify the high-resolution image data
selected from around the world. The procedure calls for three
interpreters to independently interpret each core sample. Sam-
ples were verified as correct using a majority decision rule: at
least two of the three independent interpretations had to agree
in order for a sample to be verified as correct. Ells shared re-
gional knowledge and expertise and discussed among them-
selves any aspect of the validation interpretation process. Ells
were explicitly aware, however, that the final validation of each
individual core sample was to be determined individually. The
three interpreters worked together to perform the confidence
mapping, but their specific interpretations and confidence site
mapping were performed individually.

The IGBP protocol specifies a target classification accuracy
for DISCover 1.0 of 0.85. The methodology also calls for the
accuracy analysis to be conducted with the goal of providing a
thematic classification accuracy estimate at the 95 percent
confidence level (a measure of the reliability of the accuracy
measurement). This goal has an impact on the sample size that
must be verified for each DISCover class. The Normal approxi-
mation to the binomial distribution suggests that a sample size
of 25 (n = 25) for each class based upon an expected accuracy of
0.85 at the 95 percent confidence level would yield an interval
with a range of =0.143.

Examination of standard charts for binominal confidence
intervals shows that n = 25 meets the basic LCWG requirements
and also shows the impacts on accuracy confidence intervals
when smaller sample sizes are used (Pearson and Hartley, 1966).
A sample size of 25 for each class was also determined to be an
affordable and practical sample set for the 15 classes to be
validated.

Core Sampling Procedure

Sample points corresponding to 1-kilometer DISCover pixels
were selected from the data set using a stratified random sam-
ple. The DisCover data set includes 17 land-cover classes
(Table 1).

Fifteen of these classes were validated; samples in Snow
and Ice (Class 15) and Water (Class 17) were not verified, prin-
cipally due to issues of high-resolution data availability. The
sampling routine was automated by producing a computer
algorithm (written in C++) to segment DISCover into its constit-
uent classes and sequentially cast 50 samples in each class
(Plate 1). Universal Transverse Mercator (UTM) centroid coordi-
nates, initially seeded by a random number generator, identi-
fied the location of each sample. This over sampling was per-
formed in order to locate a sufficient number of samples to
include at least 25 in each class for which T™™ or SPOT data cov-
erage would be available.

An image search was then performed using the USGs Global
Land Information System (GLIS) to identify those sample loca-
tions for which Thematic Mapper imagery was available. This
search was performed for each sample in the order in which the
samples appeared in the random selection process. The search
included the following parameters:

® Images acquired within * 1 year of the DISCover 1992-93 AVHRR
time series data,

® Images contained < 0.40 to 0.50 cloud cover,

® [mages were individually browsed to insure that they contained
the DiSCover core sample,

® Images contained maximum spectral signature variation, and

® Images were chosen with consideration of sample class
phenology.
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TasLe 1. IGBP DISCover DatA SET LAND-COVER CLASSIFICATION SYSTEM
Class Class Name Description

1 Evergreen Needleleaf Forests Lands dominated by trees with a percent canopy cover >=60% and height exceeding 2 meters.
Almost all trees remain green all year. Canopy is never without green foliage.

2 Evergreen Broadleaf Forests Lands dominated by trees with a percent canopy cover >60% and height exceeding 2 meters.
Almost all trees remain green all year. Canopy is never without green foliage.

3 Deciduous Needleleaf Forests Lands dominated by trees with a percent canopy cover =60% and height exceeding 2 meters.
Consists of seasonal needleleaf tree communities with an annual cycle of leaf-on and
leaf-oft periods.

4 Deciduous Broadleaf Forests Lands dominated by trees with a percent canopy cover >60% and height exceeding 2 meters,
Consists of seasonal broadleaf tree communities with an annual cycle of leaf-on and
leaf-off periods.

5  Mixed Forests Lands dominated by trees with a percent canopy cover >60% and height exceeding 2 meters.
Consists of tree communities wiit interspersed mixtures or mosaics of the other four
forest cover types. None of the forest types exceeds 60% of landscape.

6  Closed Shrublands Lands with woody vegetation less than 2 meters tall and with shrub canopy cover is >60%.
The shrub foliage can be either evergreen or deciduous.

7 Open Shrublands Lands with woody vegetation less than 2 meters tall and with shrub canopy cover is between
10-60%. The shrub foliage can be either evergreen or deciduous.

8  Woody Savannas Lands with herbaceous and other understory systems, and with forest canopy cover between

Savannas

30-60%. The forest cover height exceeds 2 meters.
Lands with herbaceous and other understory systems, and with forest canopy cover between

10-30%. The forest cover height exceeds 2 meters.

10  Grasslands
11 Permanent Wetlands

Lands with herbaceous types of cover. Tree and shrub cover is less than 10%.
Lands with a permanent mixture of water and herbaceous or woody vegetation that cover

extensive areas. The vegetation can be present in either salt, brackish, or fresh water.

12 Cropland

Lands covered with temporary crops followed by harvest and a bare soil period (e.g., single

and multiple cropping systems. Note that perennial woody crops will be classified
as the appropriate forest or shrub land cover type.

13 Urban and Built-up

Land covered by buildings and other man-made structures. Note that this class will not be

mapped from the AVHRR imagery but will be developed from the populated places
layer that is part of the Digital Chart of the World.

14  Cropland/Natural Vegetation Mosaics

Lands with a mosaic of croplands, forest, shrublands, and grasslands in which no one

component comprises more than 60% of the landscape.

15 Snow and Ice
16 Barren

Lands under snow and/or ice cover throughout the year.
Lands exposed soil, sand, rocks, or snow and never has more than 10% vegetated cover

during any time of the year.

17 Water Bodies

Oceans, seas, lakes, reservoirs, and rivers. Can be either fresh or salt water bodies

Where T™ imagery was not available for the minimum sam-
ple set in a class, SPOTdata archives were queried using the
same sample search parameters, From the two archives, imag-
ery was available for at least 25 samples in 13 of the 15 vali-
dated classes. Deciduous Needleleaf Forests (Class 3) and
Permanent Wetlands (Class 11) were underrepresented. Imag-
ery was available for only 11 samples in Class 3, primarily due
to the distribution of this class within the data set. Deciduous
Needleleaf Forests are primarily found in central Siberian Rus-
sia. This region is not covered by T™ or SPOT ground receiving
stations, and there is seldom a priority to collect imagery of
these areas via data recorders. Image data covering the core
samples located for this class could not be found. Imagery was
obtained for 17 samples in Class 11. Permanent Wetlands are
typically small in areal extent in relation to the 1-km DISCover
minimum mapping unit. In addition, most of the Permanent
Wetlands mapped in DISCover 1.0 are found at high latitudes,
and the same problem of image availability found in the Decid-
uous Needleleaf class occurs in this class.

Once identified, the high-resolution image data were then
acquired for use in the validation. The distribution of core sam-
ples that were identified (and for which high-resolution imag-
ery was obtained) is shown in Plate 2. Landsat TM and SPOT
image data were employed as validation interpretation source
data. Two-hundred eighty-nine Landsat TM scenes were con-
tributed to this study by the USGS EROS Data Center. The Euro-
pean Commission Joint Research Center, the Centre Nationale
Etudes Spatial, and the IGBP Secretariat contributed 143 SPOTs-
cenes for use at the Global Validation Workshop (Gvw).

Extensive image processing was required in order to com-
pile, format, organize, and prepare the high-resolution valida-
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tion data for analysis by the Ell team. The process of reprojecting
the validation imagery and registering it with DiSCover 1.0 was
a critical, and particularly complex, task. This task was made
more efficient by developing a computer program to extract
and re-project imagery from the original CD-ROM source media
and to generate manual interpretation products. Transforma-
tion of image corner coordinates to the Interrupted Goode’s
Homolosine projection was accomplished by compiling por-
tions of the USGS/EDC General Coordinate Transformation Pro-
gram (GCTP) into the program. The reprojection task was
complicated by the fact that none of the available image pro-
cessing or GISsoftware packages supported the Goode's projec-
tion. A complete description of this procedure may be found in
Husak et al. (1999, in this issue).

Once reprojection and registration was completed for each
scene, a validation subscene was extracted for each core sam-
ple/confidence site. Each core sample was included as a Pri-
mary Sample Point centered in a 40- by 40-kilometer image
subscene. The 40- by 40-km size was selected in order to pro-
vide the interpreter withsufficient regional land-cover context
for each sample.

An important subset of the core sample development was
the processing of data for the Confidence Site effort. Data and
processing requirements for the Confidence Site mapping were
the primary factors in many of the decisions that were made
regarding acquisition and image processing of the high-resolu-
tion core validation data. Subscene size and geometry as well
as selection and orientation of secondary sample points were
determined based on parameters specified for Confidence Site
mapping.

In order for the validation to be applicable to an updated
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B EVERGREEN NEEDLELEAF FOREST
B EVERGREEN BROADLEAF FOREST
" DECIDUOUS NEEDLELEAF FOREST
" DECIDUOUS BROADLEAF FOREST

5 MIXED FOREST

2 CLOSED SITRUBLANDS

B OPEN SHRUBLANDS

— WOODY SAVANNAS

- SAVANNAS

B GRASSLANDS

B PERMANENT WETLANDS

B CROPLANDS

& CROPLAND/NATURAL VEGETATION MOSAICS
B SNOW AND ICE

B URBAN AND BUILT-UP

“/ BARREN OR SPARSELY VEGETATED

Plate 1. IGBP DIsCover by class validation sample distribution.

global land-cover product, as well as to improve the core vali-
dation procedure, the idea of Confidence Site analysis was
adopted by the IGBP VWG (Belward, 1996). The concept of Con-
fidence Sites became the second important component of the
overall validation methodology. As envisioned by the VWG, the
Confidence Sites would comprise a set of locations at which a
variety of fine-resolution land-cover descriptors and data sets
have been acquired for a broad region and will be made readily
available for future research.

The VWG felt that work conducted at Confidence Sites
could serve specifically to improve our overall understanding
of data accuracy and validation issues for a number of global
land-cover research applications. These applications include

e Improved land-cover classification schemes,

® Improve the methods used in developing global land-cover
databases,

® As a test bed for improved core sampling procedures,

® To test advanced thematic accuracy assessment procedures, and

® To assess improved locational accuracy assessments.

The process of Confidence Site development and mapping is
described in Muchoneyet al. (1999, in this issue).

Another important step in developing the validation pro-
cedure was the segmentation of the global land surface into 13
separate validation regions based on the IGBPGlobal Change
Systlt:m for Analysis, Research and Training (START) frame-
work: i.e.,

® Region 1—North America: Canada and Alaska
® Region 2—North America: U.S. and N, Mexico
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Region 3—Central America and Northern South America
Region 4—Amazonia and Brazil

Region 5—South America and the Andes

Region 6— Western Europe

Region 7—Saharan and Subsarahan Africa
Region 8—Central Africa

Region 9—Southern Africa and Madagascar
Region 10—Russia and Northern Scandinavia
Region 11—China, India, Japan, and Central Asia
Region 12—Southeast Asia

Region 13—Australia and New Zealand

To address the complex technical and logistical problems
associated with this global scale endeavor, the IGBP LCWG had
previously developed a draft collaborative framework struc-
tured around three tiers of international cooperation. Based
upon a regional approach, an informal group of DiSCover Vali-
dation Regional Advisors was designated who could assist in
the identification and recruitment of Cooperating Laboratories
and Elts. Cooperating Laboratories served as regional centers to
support the collection of image data and ancillary materials for
each region. Ells were the regional experts who actually per-
formed the interpretation of high-resolution imagery for DIS-
Cover 1.0 validation. A complete listing of the individuals who
participated in this study as Ells is included in Scepan et al.
(1999, in this issue).

Validation samples were also aggregated into the 13
regions, primarily for convenience because the regional
approach made compilation of materials and scheduling of val-
idation activities easier.
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Plate 2 1GBP sample distribution by interpretation region.

A series of image interpretation keys were developed to
provide Ells with representative examples of land-cover classes
in a variety of spatial and temporal regimes. Researchers at the
Remote Sensing Research Unit (RSRU), University of Califor-
nia, Santa Barbara (UCSB) developed keys in an effort to estab-
lish a common reference framework for the core sample
validation process (Kelly et al., 1999, in this issue). The devel-
opment of these keys was based upon the following
assumptions:

e A correlation exists between image properties and land-cover
classes:

e AVHRR and validation imagery can be consistently identified,
registered, and cataloged, and

e Current state-of-the-practice interpretation techniques are ade-
quate to statistically validate land-cover classes and the
methodology.

Owing to logistics and financial considerations, interpreta-
tion keys were not completed for all classes in all regions for all
major class phenologic states. Keys that were developed were
provided to the Ell during the GVW in the form of hardcopy
graphics organized by IGBP interpretation region. Ells employed
these image interpretation keys as a part of the suite of ancillary
data that were available to the vwG (Kelly et al., 1999, in this
issue).

Methodology Test

The validation methods and specifications originally devel-
oped by the VWG were evaluated and refined during an early
Validation Test Workshop. This meeting was held on 01-03 Feb-
ruary 1998 in Santa Barbara, California, and led to the final def-
inition of the validation tools and protocol. IGBP Validation
Regions 1, 2, and 3 were used for this test (Canada, the U.S.,
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Mexico, Central America, and a portion of northern South
America). The Validation Test Workshop included partici-
pants from the UCSB; Joint Research Center Isrpa, Italy; Depart-
ment of Geography, Boston University; Desert Research
Institute, University of Nevada; USGS/EROS Data Center, Sioux
Falls, South Dakota; MeteoFrance, Toulouse, France; and the
University of Maryland, College Park, Maryland.

To test the core sampling procedure, 37 DiSCover Data Set
samples were validated by interpretation of Landsat TM imag-
ery. In accord with the IGBP validation procedure, each sample
was interpreted by three separate interpreters, and statistics
were summed for each point.

To evaluate confidence site mapping procedures, 15 T™™
subscenes, each approximately 40 by 40 kilometers in size and
centered on a DISCover sample, were manually mapped and
classified using the DISCover legend. Mapped polygons were
also coded with several specific vegetation cover parameters of
interest to confidence site investigators. Mapping times and
comments were recorded during completion of each subscene.

Following these activities, discussions were held among
participants to address the procedures and technical issues rel-
evant to the validation. Four topics were of principal interest:

e Global Validation Workshop schedule (including data
acquisiton),

e piscover/high-resolution (TM-SPOT) registration issues,

e Validation interpretation issues, and

® [ssues related to Confidence Site mapping.

A schedule was also developed for the DiSCover Global Val-
idation Workshop (Gvw). A listing of potential GVW invitees
was compiled. Following the validation test, a procedure to
identify any systematic bias in the co-registration of the Land-
sat TMverification imagery and the DISCover data set was dis-
cussed. A suite of suggested ancillary data to be provided for
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the Gvw was specified, including Digital Elevation Models
(DEM), the Digital Chart of the World (DCW), and a variety of
vegetation and other thematic maps covering each validation
region.

Global Validation Workshop

The 1GBP Global Validation Workshop (GvW) was held during
07-18 September 1998 at the USGS EROS Data Center in Sioux
Falls, South Dakota. GVW Session 1 took place during 07-11
September and included Validation Regions 3 (Central America),
4 (Northern South America), 7 (North Africa), 8 (Central
Africa), 9 (Southern Africa), 11 (Central Asia/Japan), and 12
(Southeast Asia/China). Group 2 was composed of Validation
Regions 1 (North America/Canada), 2 (North America/US), 5
(Southern South America), 6 (Europe}, 10 (Russia), and 13
(Australia/New Zealand). This group met during 14-18
September.

The core sampling procedure did not include the Water
and Snow and Ice classes due to data constraints and DISCover
data set characteristics. The required minimum 25 samples
were validated for 13 of the 15 classes, The Deciduous Nee-
dleleaf Forests and Permanent Wetlands classes (both relatively
small in spatial extent within DisCover 1.0) included fewer
than 25 samples. The principal reason for this lack of data is the
location of these classes relative to image availability. Confi-
dence Site mapping was accomplished for approximately 73
percent (302 of 415) of the confidence sites.

High-resolution image interpretation was accomplished
using digital subscenes presented to the interpreter on video
display. Each T™ subscene was provided to the Ells as seven-
band data sets.

All verification activities were performed using commer-
cially available hardware and image processing and geo-
graphic information system software packages. The USGS/EDC
facilities include IBM compatible personal computers support-
ing the Microsoft Windows-NT operating system. Raster/vector
image processing activities for the GVW were performed using
ERDAS/Imagine (Version 8.3.1) image processing software.

Within each region, all PSP/SSP sets were displayed and
verified by each EIl. A standardized hardcopy form was used
by Elis to record each verified sample. Information recorded for
each sample included Ell name, date, interpreted class, and
interpretation confidence for each sample. The original vWG
protocol specified that at least two of the three Ells must agree
on the land-cover type before a given AVHRR sample was
accepted as correct. If the three Ells all disagreed, and all identi-
fied three different land-cover types for a sample, the DISCover
classification was considered to be in error.

The results of the GWV core sample analysis are presented
as a series of tables, contingency matrices, and summary dis-
cussions. Individual class user accuracies (including confi-
dence intervals) are summarized along with the overall
DISCover 1.0 data set accuracy. Contingency matrices are also
provided in order to identify confusion classes. These tables
have been developed in two ways: by a summary which treats
each sample interpretation independently and a summary
which uses a majority rule for samples determined to be in error
as well as correctly classed samples.

Results

Table 2 shows that the highest individual class accuracies were
established in Class 2 (Evergreen Broadleaf Forests; 0.840),
Class 7 (Open Shrublands; 0.778), and Class 16 (Barren; 1.00),
Classes 2 and 16 meet the accuracy goal established by IGBP for
pisCover 1.0 of 0.85 accuracy (at 95 percent confidence).

The accuracies for DISCover Class 4 (Deciduous Broadleaf
Forests) and Class 9 (Savannas) are the lowest of the 15 classes
verified. Class 3 (Deciduous Needleleaf Forests) and Class 11
(Permanent Wetlands) also have low accuracy, but the number
of samples validated for these classes was well below the mini-
mum 25 samples specified in the validation protocol.

Measuring overall data set accuracy based upon the spatial
extent of each class is the appropriate estimate to use for stra-
tified sampling. Such an area-weighted accuracy measurement
combines results over strata to construct an overall accuracy
estimate (Cochran, 1977). Using this technique, the overall
accuracy of DISCover based on the original VWG protocol is
0.669 (Table 2). A bivariate analysis shows a positive correla-
tion between class accuracy and class coverage fraction (r
= 0.733), indicating that those DISCover classes that cover larger
porportions of area are classified with higher accuracy (Figure 1).

Thematic map accuracy is also commonly summarized
through a contingency table or “confusion matrix” approach
(Story and Congalton, 1986) where individual samples are plot-
ted as they were mapped on one of the x-y axes and as they
were verified on the other. Producing a confusion matrix for
DIsCover 1.0 using samples based on the original protocol was
complicated by the use of a majority decision rule for verifying
core samples as correct. The validation of each core sample
was comprised of three individual interpretations, and DIS-
Cover classification errors were sometimes not interpreted by
each interpreter as the same class. Thus, for core samples veri-
fied as incorrect, there is not always a single appropriate entry
that may be made in an error matrix.

Additional contingency tables were compiled using two
alternate methods. The first counted each Ell interpretation

TagLe 2. IGBP DISCover 1.0 OVERALL ACCURACY
Samples Confidence Overall
Verified Verified User’s Interval Percent DISCover
DISCover Class Samples Correct Accuracy (.95) Cover Accuracy
1-Evergreen Needleleaf Forests 26 15 .58 0.38-0.77 .0482 669
2-Evergreen Broadleaf Forests 25 21 .84 0.69-0.99 0916
3-Deciduous Needleleal Forests 11 5 46 0.15-0.76 .0123
4-Deciduous Broadleaf Forests 25 10 .40 0.20-0.60 0284
5-Mixed Forests 27 15 .56 0.36-0.75 0471
6-Closed Shrublands 27 15 .56 0.36~0.75 .0198
7-Open Shrublands 27 21 .78 0.62-0.94 1489
8-Woody Savannas 31 18 .58 0.40-0.76 0750
9-Savannas 26 11 42 0.23-0.62 L0755
10-Grasslands 26 15 .58 0.39-0.77 .0830
11-Permanent Wetlands 17 5 .29 0.07-0.52 0075
12-Cropland 28 18 .64 0.46-0.82 1028
13-Urban and Built-up 30 16 53 0.35-0.72 .0032
14-Cropland/Natural Vegetation Mosaics 26 13 .50 0.30-0.70 1114
16-Barren 27 27 1.00 0.87-1.00 1452
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0.4

DISCover 1.0 Coverage Fraction

Figure 1. Bivariate plot of Discover class accuracy and
cover fraction.

separately; there are typically three interpretations for each
core sample, although, due to various factors, some core sam-
ples were not verified by all three Elis. Individual verifications
were then charted and the matrix was produced (Table 3). An
examination of Table 3 shows that there are few DISCover 1.0
classes which were systematically confused with other
classes. In DISCover 1.0, Class 4 (Deciduous Broadleaf Forests)
is most often confused with Classes 12 (Cropland) and 14 (Crop-
land/Natural Vegetation Mosaics). Class 8 (Woody Savannas) is
most often confused with Class 9 (Savannas). Class 11 (Perma-
nent Wetlands) is confused with Class 7 (Open Shrublands).
Errors in classification within other DISCover classes are
clearly non-systematic. The greatest disparity is found in Ell
interpretations for Class 1 (Evergreen Needleleaf Forests), with
interpretations shown in 13 other classes.

In order to remove an element of interpretation inconsis-
tency in the accuracy analysis, a second method of producing
contingency tables was also employed. This method applied
the majority rule to the core samples that were verified in error
as well as those verified as correct. If a DISCover sample was to
be determined in error, at least two of the three Eiis had to verify

the sample as the same class. If two of the three Ells could not
agree on the sample class (i.e., all three interpreters identified

a different land-cover type), the sample was not included in the
accuracy assessment. This method has the advantage of sum-
marizing verified core samples (rather than EIl interpretations)
in a confusion matrix and applies the majority rule to samples
(those incorrectly mapped) which do not lie on the confusion
matrix diagonal as well as samples that do (correctly mapped
samples). While this approach reduces the number of samples
that are included in the matrix, it increases the consistency of
the sample set by directly coupling each sample to a land-cover
class assigned by a majority of interpreters. If no majority land
cover emerged for a sample during the verification, the sample
was not included in this analysis. The results of this analysis
are shown in Table 4, Calculated using this method, the overall
accuracy of DISCover 1.0 is 73.5 percent. Individual class accu-
racies range between 38.5 percent and 100 percent.

Finally, it is useful to assess the thematic accuracy of DIS-
Cover 1.0 within the context of the intended use of the data set.
DeFries and Los (1999, in this issue) examined the accuracy of
pISCover 1.0 within the specific context of global climate mod-
eling. In this study, the authors examined the land-cover
parameters required in the Simple Biosphere Model (siB2)
land-atmosphere interactions model (Sellers et al., 1996) and
related these to the characteristics of the thematic classes that
make up the DISCcover data set. Errors of commission were then
examined for each DISCover class to determine whether these
errors impact the specific parameters required for SiB2, The
results of this study show that the accuracy of the DiSCover data
set may be as high as 90 percent for SiBz model parameters.

In addition to the analysis of the accuracy of DISCover 1.0,
the interpretability of the high-resolution image data used to
validate the core samples was evaluated from the information
gathered during the conduct of this exercise, as well as the
reactions and comments of the Ells themselves.

As a part of the GVW interpretation process, each Ell placed
a confidence value on the interpretation of each core sample: 1
(Low Confidence), 2 (Medium Confidence), and 3 (High Confi-
dence). These confidence metrics were then compiled by class
in order to identify the IGBP classes which the Ells believed were
relatively more or relatively less interpretable. The overall
interpretation confidence level for the DisCover data set is
medium to high. Only Class 10 (Grasslands) and Class 11 (Per

TABLE 3 DISCover 1.0 VaLDaTION ERROR MATRIX (SUMMED FOR ALL EIl INTERPRETATIONS BY PROPORTIONS)

Verified Class (Proportion) Total

Samples

6 7 8 9 10 11 12 13 14 15 16 17 | Class

Evergreen Needleleaf Forests 1 .557 .013 .025 .089
Evergreen Broadleal Forests 2 775
Deciduous Needleleaf 3 485 061
Forests
Deciduous Broadleal Forests 4,013 .025 443 089
Mixed Forests 5.013 050 538
Closed Shrublands 6 .013 013
Open Shrublands 7
Mapped Woody Savannas 8 .043 022
Class Savannas <] 012 012 .012
Grasslands 10 .018 .038
Permanent Wetlands 11 .053 .018 .018
Cropland 12 .010 .012 .012 .012
Urban and Built-up 13 .013 .038 ,064
Cropland/Natural Vegetation 14 .077 .128 038
Mosaics
Snow and lce 15
Barren 16

Water Bodies

.013 .013 .038 .025 .038 .025 .038 .013 .076 038 79
013 038 .038 .088 025 .013 80

A52 .212 030 .030 .030 33

013 025 .025 .063 .013 .013 .127 114 .013 .025 79
.038 .088 038 .013 .013 .013 .038 050 .025 80
488 .113 .025 .063 .088 .038 .013 038 .050 .062 80
.024 ,735 .036 .024 .048 .012 .012 012 .096 83
.043 .054 .505 .183 .043 086 .022 93
.037 .062 .160 .444 .037 049 .012 111 .037 .012 81
.018 .088 075 .513 .025 113 025 088 .018 80
.105 .298 105 .316 070 .018 57
012 .023 .058 .081 .023 .605 .035 .116 86
038 .090 .584 .115 026 .038 78

026 .013 .026 .038 .038 .103 .051 .449 013 78

012 .012 .012 .952 .012 84
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TasLe 4 DISCover 1.0 VaupatioN ErRror MATRIX (MAJORITY RULE ERROR ANALYSIS BY PERCENT)

Total Samples

Varified Class (Proportion) In Class
with Majority
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 Agreement
Evergreen Needleleal Forests 1 .750 050 .050 .050 .050  .050 20
Evergreen Broadleaf Forests 2 875 .042 042 .042 24
Deciduous Needleleaf 3 9
Forests 556 222 222
Deciduous Broadleaf Forests 4 625 .063 188 063 063 16
Mixed Forests 5 .045 045 .681 136 045 .045 22
Closed Shrublands 6 750 .050 .050 050 .100 20
Open Shrublands 7 875 042 083 24
Mapped Woody Savannas 8 615 .154 .038 115 26
Class Savannas 9 176 .647 .059 118 17
Grasslands 10 050 750 .100 .050 .050 20
Permanent Wetlands 11 .077 385 077 .385 077 13
Cropland 12 .048 857 .048 .048 21
Urban and Built-up 13 .083 083 .667 .083  .042 042 24
Cropland/Natural Vegetation 14 23
Mosaics 087 .130 043 .130 .043 .565
Snow and Ice 15
Barren 16 1.00 27
Water Bodies 17

Total Number of Samples = 379

Number of Samples with Interpreter Majority Agreement = 306
Number of Samples Correct by EIl Majority Agreement = 225
Total Number of Samples Incorrect = 154

Number of Samples Incorrect with EIl Majority Class Agreement = 81
Percent of Samples Incorrect Samples with EIl Majority Agreement = 526 (81/154)

Percent of Majority Agreement Sampies Correct = .735 (225/306)

manent Wetlands) have average confidence values indicating
relatively low Ell confidence.

To identify any regional differences in Ell interpretation
confidence, ratings were also compiled by IGBP Validation
Region. Average Ell confidence values are below 2.0 (medium)
confidence for only Regions 1 (North America/Canada) and 11
(Central Asia/Japan).

Following the analysis of Ell interpretation confidence by
region and DISCover class, the data were correlated in order to
determine whether a relationship existed between the verified
individual DISCover class accuracies and Ell confidence. The
results of this analysis show that DISCover classes which were
verified to have the highest accuracies also tended to be inter-
preted with higher confidence by Enis (Scepan ef al., 1999, in
this issue).

This exercise demonstrates that Landsat ™™ and SPOT
imagery can be efficiently used to validate global land-cover
products such as DISCover. The utility of, and confidence that
may be placed in, this technique depends principally upon the
land-cover classification scheme in use or a subsel of catego-
ries. The 15 validated iGBPland-cover classes were not equally
interpretable on the T™™ and SPOT imagery. Interpreter confi-
dence was highest for Evergreen Broadleaf Forests and Urban
and Built-up DisCover classes while Grasslands and Permanent
Wetlands were interpreted with relatively less confidence.
Analysis of image interpretation in each of the 13 validation
regions indicates that confidence in interpretations for North
America and Canada (Region 1) and Central Asia/Japan (Region
11) are lower than average. Confidence in interpretations is sig-
nificantly higher than average for North America and the
United States (Region 2), Northern and Southern South
America (Regions 4 and 5), and Southeast Asia and China
(Region 12). A correlation of 0.733 is observed between the
accuracy of individual DisCover classes and the confidence of
the Expert Image Interpreter in class interpretation. Variations
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in interpretation confidence are also noted between regions or
based upon the geographic location of samples.

Summary and Conclusions

There is still a great deal not known about validating global-
scale thematic geospatial data sets. The methodology and the
procedures that were employed in this effort were not ideal in
approach or implementation, but a great deal was learned in
the course of this research. Many significant issues were
addressed in the conduct of this work; many of these issues
remain open for further study. What is clear, however, is that, to
the extent practical, the goals of this study were accomplished.
A statistical validation was performed of the IGBP DISCover (Ver-
sion 1.0) 1-kilometer global land-cover data set. While all nis-
Cover classes were not adequately validated to the standards
that were set, the classes that were validated cover 86.4 percent
of the global land surface. The validation did not include snow
and ice (11.4 percent of land surface), and there were inadequate
samples to validate permanent wetlands (0.9 percent of the
Earth’s land surface) and deciduous needleleaf forests (1.3 per-
cent). Water was the fourth class not validated.

The required minimum 25 samples were validated for 13
of the 15 DISCover classes. Deciduous Needleleaf Forests and
Permanent Wetlands classes (both relatively small in spatial
extenl within pDiSCover 1.0) included fewer than 25 samples,
principally due lack of high-resolution verification data. If we
are to continue to use stratified random sampling procedures
for the validation of global-scale land-cover products, methods
must be found to improve access to imagery of sample locations
across the globe,

For the 15 pIsCover classes validated, the average class
accuracy was 59.4 percent, with accuracies for the 15 verified
DIsCover classes ranging between 40.0 percent and 100 percent.
The overall area-weighted accuracy of the data set was deter-
mined to be 66.9 percent. When only samples which had a
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majority interpretation for errors as well as for correct samples
are considered, the average class accuracy of the data set is 73.5
percent.

The highest individual class accuracies were established
in Class 16 (Barren; 1.00), Class 2 (Evergreen Broadleaf Forests;
0.840), and Class 7 (Open Shrublands; 0.778). Classes 2 and 16
meet the accuracy goal established by IGBP for DISCover 1.0 of
0.85 accuracy (at 95 percent confidence). The accuracies for
pisCover Class 4 (Deciduous Broadleaf Forests) and Class 9
(Savannas) are the lowest of the 15 classes verified. Class 3
(Deciduous Needleleaf Forests) and Class 11 (Permanent Wet-
lands) also have low accuracy, but the number of samples vali-
dated for this class was well below the minimum 25 samples
specified in the validation protocol.

A bivariate analysis of class accuracy and class coverage
fraction shows a positive correlation between these variables
(r=0.733); larger and less fragmented classes in DISCover 1.0
have higher thematic accuracy. In addition, work by DeFries
and Los (1999, in this issue) indicates that, for certain climate
model parameters, the user accuracy of the DiSCover data set
may be as high as 90 percent.

Based on this study, it can no longer be assumed that all DIS-
Cover classes are equally interpretable on satellite spectral
imagery. This reinforces the desirability of having both disci-
pline scientists and remote sensing specialists involved in the
development of classification schemes for global geospatial
products, The results also clearly demonstrate the difficulty
associated with the interpretation of many of these classes from
remotely sensed data sets. In these instances, the question
remains regarding the strength of the spectral relationship
between the AVHRR-based DISCover classes and a number of the
classes as seen on the TM and SPOT imagery. Impacts of registra-
tion, interpreter consistency, and the availability and quality of
ancillary data may also be questioned based upon the results
described here. This study demonstrates that there is still
much to learn.

The 1GBP-DIS Global Validation program represents an
important first step towards the development of procedures to
operationally validate global-scale thematic land-cover prod-
ucts at regular intervals. This research has demonstrated that
such validation is possible, but depends upon the good will,
support, cooperation, and collaboration of interested organiza-
tions and institutions. This effort can serve as a foundation for
future systematic global land-cover validation efforts, Cur-
rently, there are no plans in place to extend this validation
effort. Altough efforts are underway to garner support for
future validation activities, it remains easier to support produc-
tion of these data sets than to support their validation,
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