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l. Members of the team

This Global Food Security-support Analysis Data 30-m (GFSAD30) Cropland Extent Validation
(GFSAD30VAL) was produced independent of the crop extent mapping teams by the following members. Their
specific role is mentioned.

Dr. Russell G. Congalton, Professor of Remote Sensing and GIS at the University of New Hampshire, led the
independent accuracy assessment/validation of the entire GFSAD30 project.

Ms. Kamini Yadav, PhD student at the University of New Hampshire was a lead member of the independent
accuracy assessment team led by Prof. Russell G. Congalton.

Ms. Kelley McDonnell, undergraduate at the University of New Hampshire collected reference data for this
project.

Mr. Justin Poehnelt, former member of the GFSAD30 team, helped initial conceptualization and development
of the croplands.org website.

Mr. Bo Stevens, former member of the GFSAD30 team, contributed significantly to the interpretation of very
high resolution imagery (VHRI) to provide independent reference samples used by the accuracy assess-
ment/validation team.

Dr. Murali Krishna Gumma, Senior Scientist at the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), helped collect reference data for the project.

Dr. Pardhasaradhi Teluguntla, Research Scientist, Bay Area Environmental Research Institute (BAERI) at
the United States Geological Survey (USGS), helped collect reference data for the project..

Dr. Prasad S. Thenkabail, Research Geographer, United States Geological Survey, is the Principal Investiga-
tor (PI) of the entire GFSAD30 project.

. Historical Context and Background Information

Monitoring global croplands is imperative for ensuring sustainable water and food security to the people of the
world in the twenty-first century. However, the currently available cropland products suffer from major limita-
tions such as: (1) The absence of precise spatial location of the cropped areas; (2) The coarse resolution of the
map products with significant uncertainties in areas, locations, and detail; (3) The uncertainties in differentiating
irrigated areas from rainfed areas; (4) The absence of crop types and cropping intensities; (5) The absence of a
dedicated Internet data portal for the dissemination of cropland products; and/or (6) poor or invalid accuracies
of these cropland maps. Therefore, the overall goal of our project is to close these gaps through a Global Food
Security Support-Analysis Data @ 30-m (GFSAD30) product. The specific goal of the validation/accuracy as-
sessment component of the GFSAD30 team is to provide a thorough, complete, and independent accuracy as-
sessment/validation of the mapping products produced by rest of the team.

This algorithm theoretical basis document (ATBD) provides a detailed account of the GFSAD30 cropland ex-
tent accuracy assessment/validation product for the globe (GFSAD30VAL, Table 1). This document is orga-
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nized into four broad sections. Section 1 introduces the rationale of generating the product. Section 2 provides
an overview and the technical background information and algorithms employed in the generation of the prod-
uct. Section 3 presents and discusses the results. Section 4 describes the validation activities of the product.

Table 1. Basic information of the Global Food Security support-Analysis Data @ 30-m cropland extent
accuracy assessment/validation product for the globe (GFSAD30VAL).

Product Name Short Name Spatial Resolution Temporal Resolution
GFSAD 30-m Cropland | GFSAD30VAL |3x3 30-m pixels form-|nominal 2015
Extent Accuracy Assess- ing 90 m homogeneous

ment/Validation Product samples

for the Globe

I1. Rationale for Development of the Algorithms

Mapping the precise location of croplands enables the extent and area of agricultural lands to be more effective-
ly captured, which is of great importance for managing food production systems and to study their inter-
relationships with water, geo-political, socio-economic, health, environmental, and ecological issues (Thenka-
bail et al., 2010). Further, accurate development of all higher-level cropland products such as crop watering
method (irrigated or rainfed), cropping intensities (e.g., single, double, or continuous cropping), crop type map-
ping, cropland fallow, as well as assessment of cropland productivity (i.e., productivity per unit of land), and
crop water productivity (i.e., productivity per unit of water) are all highly dependent on availability of precise
and accurate cropland extent maps. Uncertainties associated with cropland extent maps effect the quality of all
higher-level cropland products reliant on an accurate base map. However, precise and accurate cropland extent
maps are mostly nonexistent at the continental scale at a high spatial resolution (30-m or better). By mapping
croplands at a high-resolution at the continental scale, the GFSAD30 project has resolved many of the short-
comings and uncertainties of other cropland mapping efforts. In addition, the thorough and valid accuracy as-
sessment/validation of these cropland extent maps makes them even more valuable and is a critical component
of any mapping project (Congalton and Green 2009).

The most widely accepted approach to perform a quantitative accuracy assessment is generating an error matrix
(Congalton, 1991). The error matrix is a cross tabulation of the class labels predicted by the image classification
against that observed from a validation dataset. A global validation dataset was developed in this project that
covers only a sample of the cropland mapping area using an appropriate sample size, sample unit, and sampling
design (Congalton and Green, 2009). The sampling design, based on the inclusion probability of occurrence of
each mapped class in the region or the continent, is required to provide a statistically valid accuracy assessment
procedure (Strahler et. al., 2006). If the inclusion probabilities of crop and no-crop mapping area (i.e., crop ex-
tent) are ignored in assessing the thematic maps, a significant bias is likely to occur. Unless the validation sam-
ples represent the entire proportion of cropland distribution, the accuracy estimates are subject to uncertainty.
However, while individual measures of accuracy are well established in literature (e.g., Congalton 2015, Con-
galton and Green, 1999; Stehman, 1997; Congalton, 1991), considerable ambiguity remains about the imple-
mentation and interpretation of large area thematic map accuracy assessment. Therefore, this project investigat-
ed a variety of sampling methods to produce an effective and valid sampling and assessment methodology for
the globe (see an overview of this methodology in Figure 1).
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V. Algorithm Description

An overview of the algorithm used to conduct the accuracy assessment is shown in Figure 1. An overview of
this process is briefly described in this paragraph and presented in detail in subsequent sections of this ATBD
document. The accuracy assessment was conducted for each continental region separately. Table 1 shows the
breakdown of these continental regions. Each continental region was further divided (stratification) into either
Agro-Ecological Zones (AEZS) or a buffer zone to facilitate more homogeneous mapping and assessment (Ta-
ble 1). Reference data were collected for each continental region from a variety of sources. If reference data
existed for an area and were deemed acceptable, then these data were used. Where possible, ground reference
data were collected. Finally, interpretation of very high resolution imagery (VHRI) was employed to produce
reference samples. These data were produced either by Bo Stevens who was trained for this purpose by the
GFSAD30 team and placed in the Croplands.org database or by the validation team (see Table 3). Sufficient
reference data at an appropriate sample unit size were collected for each continental region. Once the reference
data were compiled, an error matrix was generated for each AEZ or buffer zone. Descriptive statistics including
overall, producer’s, and user’s accuracies were then generated for each matrix. Finally, overall accuracy was
computed for each continental region and then for the entire globe.

Accuracy Assessment of Global Cropland Maps

l > Agro-Ecological Zones (AEZ’s)
Stratification :

—> Buffer Zones Around Crop Patches

—>  Existing Crop Reference Data

> Ground Collected Samples
v

Reference Data Collection | ——> [nterpretation of High Resolution Imagery

—> Samples from HR Images on Cropland.org

\ 4

\
; Computing Descriptive

Sampling Delsign and Size Statistics
Simple Proportional Simulated Optimum Error Matrices for the Difference
Random Sampling Design Sample Size Continents Image
-6 - DCN

Version 1.1



Figure 1. Flowchart of the process used to conduct the independent accuracy assessment of the GFSAD30

mapping products.

Table 1. Area, number of zones, and total reference samples used for each continental region.

_-

North America including US, Canada, Mexico, and Central
America, Cuba, Caribbean. Is., DR Haiti

«» United States
Canada

Mexico

®, o,
*” °o*

®,
°o

Central America

®,
°o

®,
°o

Iceland

South America

South East Asia

Africa

Mongolia

New Zealand

China

Europe, Russia, and Mid East
South Asia

Australia (Only Crop Buffer 1)
Total

Cuba, Caribbean. Is., DR Haiti, Alaska, and Hawaii

2,190.7

13.35
10.86
2.36
0.68
64.67
0.17
20.60
6.21
33.31
2.28
26.3
14.86
3,076
861.64
768.7
7,000.60

9 2250
3 750
6 1463
2 496
5 1240
1 250
5 1250
7 1750
5 1750
3 300

2 500

3 1972
12 3000
6 1500
1 700

72 19,271
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Table 2. Sources of reference data used in the generation of the error matrices.

T e et s D

Africa Independent generated samples along with cropland.org
samples

Canada Samples from AAFC cropland reference layer

United States Samples from CDL cropland reference layer

Mexico Independent generated samples

Central America Independent generated samples

Cuba, DR Haiti, Caribbean Independent generated samples

Islands, Alaska, and Hawaii

Iceland Independent generated samples

Mongolia Independent generated samples

China Independent generated samples combined with cropland.org
samples

Australia Independent generated samples and Ground collected
samples

New Zealand Independent generated samples

South Asia Independent generated samples

South East Asia Only Cropland.org samples

Europe, Russia, and Mid East Independent generated samples

South America Only Cropland.org samples

a. Input data

1. Reference Data

In order to assess the accuracy of the maps generated by the GFSAD30 mapping teams, a reference data set col-
lected independently from any reference data used for training or testing by the mapping teams was required. In
total, 19,171 reference samples (see Table 1), gathered as described in the following paragraph, were used to
validate the maps. The assessment was performed individually for each AEZ or buffer zone (72 in total, Figure
2) and reported as an error matrix for each of these zones. The results were then compiled into an error matrix
for each continental region (15 regions, see Table 1) and then compiled into a single global error matrix.
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The independent reference data were obtained in the following ways. First, a search was conducted to deter-
mine if any country, region, or continent had readily available data that could be used as reference data. Both
the United States and Canada collect annual information that provides excellent reference data. The National

North America

Europe, Mid-East, and Russia 1 14 )
. 5 i Mongolia
Zone 2 3 16 £one Australia China
Zone 3 4 17 ZONSZ Crop Buffer 1 East
Zone 4 New Zealand 5 18 Buffer 10km Crop Buffer 2 WestA
Zone 5 Zone 1 6 19 Africa South East Asia West B
Zone 6 Zone 2 7 20 Zone 1 Zone 1 South Asia
Zone 7 South America 8 21 Zone 2 Zone 2 Zone 1
Zone 8 Zone 1 9 22 Zone 3 Zone 3 Zone 2
Zone 9 Zone 2 10 23 Zone 4 Zone 4 Zone 3
Zone 10 Zone 3 1 24 Zone 5 Zone 5 Zone 4
Zone 11 Zone 4 12 25 Zone 6 Zone 6 Zone 5
Zone 12 Zone 5 13 Zone7 Zone 7 Zone 6

Figure 2. Representing stratified zones for different continents selected to assess the cropland extent maps

Agricultural Statistics Service (NASS) of the US Department of Agriculture (USDA) developed the Cropland
Data Layer (CDL) product for the entire United States (Boryan et al. 2011). The CDL product is a comprehen-
sive, raster-formatted, geo-referenced, and crop-specific land cover map that utilizes ortho-rectified imagery to
identify field crop types accurately and geospatially (Han et al. 2012). Since 2009, CDL is available at 30m spa-
tial resolution for all 48 conterminous states in the United States. The Agriculture and Agri-Food Canada’s
(AAFC) Annual Space-Based Crop Inventory for Canada provides high quality information at 30m spatial reso-
lution for the location, extent and changes of Canadian crops (Fissette et al. 2013). Starting in 2009, AAFC be-
gan generating annual crop type digital maps using satellite imagery. Since 2011, AAFC has consistently deliv-
ered an annual crop inventory for all the Canadian provinces. As part of the Canadian federal government
commitment to open data, the entire datasets is uploaded to http://data.gc.ca.

Second, field campaigns were conducted by some mapping team members to collect reference data not only on

crop extent (cropland vs. no cropland), but also on crop type, irrigated vs. rainfed, and crop intensity (single,

double crop per year). Finally, the vast majority of reference data were collected by image interpretation of

very high resolution imagery (VHRI). This collection occurred in two ways. First, Mr. Bo Stevens, trained by
-9- DCN
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the GFSAD30 team interpreted a great deal of VHRI imagery to be used by the entire GFSAD30 team. These
data were spit 60/40 with 60 percent of the data being used by the mapping teams for training and testing of
their classification algorithms. Forty percent was set aside and hidden from the mapping teams and made avail-
able only to our accuracy assessment team. All of this reference data was housed in a database (Cropland.org).
Second, the accuracy assessment team used the 40 percent of the reference data in croplands.org, but only after
reviewing each sample and confirming the interpretation. If both interpretations agreed, then the sample was
selected for use. Additionally, the accuracy assessment team interpreted a supplemental sample of reference
data from VHRI. Again here, two interpreters were used to insure high accuracy in the reference data.

The distribution and source of reference data by AEZ/buffer zone are shown in Table 2. In every case, the best
data available was used to generate the error matrices and conduct the assessment. Figure 3 shows the distribu-
tion of reference samples broken into the four different sources of data: existing reference data, ground collect-
ed data, cropland.org data, and accuracy assessment team data.

Groand Collected Samples
[ ) Cropland.org'SampIes’
Existing Reference Layer Samples

@ Independent Random samples

Figure 3. The distribution of independent reference data samples by type used to assess the accuracy of the
GFSAD30 crop extent map product.

2. GFSAD30 Cropland Extent Maps

In order to generate error matrices to assess the accuracy of the GFSAD30 cropland extent maps, the maps pro-
vided by each mapping team were compared to the reference data as described above. The methods and algo-
rithms used to create each continental region map are described in separate reports for each region as part of this
GFSAD30 project.

b. Theoretical description
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1. Definition of Croplands

The Global Food Security-Support Analysis Data at 30-m (GFSAD30) project used the following definition for
cropland extent for both the maps and the reference data used to assess these maps: “lands cultivated with
plants harvested for food, feed, and fiber, including both seasonal crops (e.g., wheat, rice, corn, soybeans, cotton)
and continuous plantations (e.g., coffee, tea, rubber, cocoa, oil palms). Cropland fallow are lands uncultivated
during a season or a year but are farmlands and are equipped for cultivation, including plantations (e.g., or-
chards, vineyards, coffee, tea, rubber” (Teluguntla et al., 2015). Cropland extent includes all planted crops and
fallow lands. Non-croplands include all other land cover classes other than croplands and cropland fallow (Fig-
ure 4).

Croplands +

-<‘\l »
Figure 4. lllustration of definition of cropland used for both the cropland extent maps and the reference data.
Croplands included: (a) standing crop, (b) cropland fallows, and (c) permanent plantation crops.

Ii. Algorithms

This study used four processes, outlined below, to produce the accuracy assessment/validation for the cropland
extent maps. These processes include: stratification, sampling of the reference data, generation of the error ma-
trices, and creation of the difference images.

c. Practical description

1. Stratification
Stratification (i.e., dividing an area into homogeneous regions based on some relevant factor) was used prior to
collecting reference data and generating accuracy measures for different continents. Implementing a stratifica-
tion method prior to the actual assessment was necessary to rationalize effectively validating the cropland extent
maps to account for diverse cropping patterns with different continental regions (Waldner et. al., 2015). Two
different stratification methods were employed to divide the world.

e Agro-Ecological Zones (AEZ’s)
The choice of an appropriate stratification method was decided based on the length of the growing period days
of different crops in homogenous climatic and topographic conditions or regions known as Agro-Ecological
Zones (AEZ’s) (Source: Food and Agriculture Organization-Global Agro-Ecological Zones) for different conti-
nental regions. A different number of zones were selected for each continental region based on the variable dis-
tribution of cropland throughout the zones in that area. Most of the world was divided using AEZ’s.

e Buffer Zones
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In a few continental regions, it was difficult to stratify areas using the AEZ approach because of the very low
proportion of cropland in some areas. Theses continental regions showed a more clustered cropland pattern in
which cropland did not exist at all in some areas. Therefore, a more effective stratification method (i.e., buffer-
ing approach) was used to define an appropriate sampling area around the cropland patches instead (for exam-
ple, Australia, Alaska, Iceland, and Mongolia). The buffers around the cropland patches were derived by calcu-
lating Euclidean distance between crop and no-crop pixels using Arc GIS tools. Sampling then occurred only
within the buffer zone excluding sampling in areas where there was extremely low probability of finding
cropland.

In total 72 AEZ’s and crop buffers were used to divide the entire globe into homogeneous regions to perform
the accuracy assessment for the different continental regions (Figure 2.)

2. Sampling Design

The sampling design used in this assessment includes the sampling scheme, sample unit, and sample size (i.e.,
appropriate number of samples used to perform the assessment of cropland maps). The sampling scheme was
implemented within each of the stratified homogeneous zones (AEZ’s or buffer zones) for the different conti-
nental regions. A simple random sampling design was implemented in ArcGIS resulting in a sample reflecting
the proportion of the cropland and non-cropland map classes. Each sample in crop and no-crop class had an
equal and independent chance of being selected (Congalton and Green, 2009). This sampling design is capable
of accounting for the proportions of high and low map categories such as crop and no-crop distribution in the
different continental regions (Card 1982, van Genderen et al. 1978). A homogeneous cluster of 3 x 3 pixels was
selected as the sampling unit for the assessment to account for positional error in the maps derived from 30m
Landsat satellite imagery (Congalton and Green, 2009). The use of this sampling unit ensured that only themat-
ic error was measured in the error matrix analysis and not error due to mis-registration or positional accuracy.

The most challenging component of assessing the thematic map accuracy was collecting a sufficient and appro-
priate number of samples to be used as the reference data. Early in the analysis, a sample simulation was per-
formed to determine the number of cropland samples needed to generate a valid error matrix. It was determined
that 250 samples per zone would provide sufficient samples for the analysis.

3. Error Matrix

The error matrix is a cross tabulation of the class labels predicted by the image classification against that ob-
served from the reference dataset (Congalton and Green, 2009). The process of creating the error matrix using
the tools and algorithms described here is shown in Figure 6. The steps are as follows:

Stratify the continental regions into zones using either the AEZ or buffer approaches as described above.

Within each zone select random samples (a total of 250 per zone).

Extract the map label for the random samples from the cropland extent map.

Extract or generate reference data (using one of the four approaches described in this document) for each

of the random sample.

5. Output an attribute table using ArcGIS that lists the map label and the reference data label for each ran-
dom sample.

6. Generate the error matrix (R Code available to do this).

PwnE
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Once an error matrix is properly generated, it is used to calculate various measures of accuracy including over-
all, producer’s, and user’s accuracies. Overall accuracy is computed by summing the major diagonal of the ma-
trix and dividing by the total number of samples. The matrix is also indicative of omission error and commis-
sion error in the map. A commission error is defined as including an area into a thematic class when it doesn’t
belong to that class while an omission error is excluding that area from the thematic map when it does belong to
that class. Omission errors are calculated by dividing the total number of correctly classified sample units in a
category by the total number of sample units in that category from the reference data (the column total) (Con-
galton 1991, Story and Congalton 1986). This measure is often called the “producer’s accuracy,” because from
this measurement the producer of the classification will know how well a certain area was classified (Congalton
1991). Commission errors, on the other hand, were calculated by dividing the number of correctly classified
sample units for a category by the total number of sample units that were classified in that category (Story and
Congalton 1986; Congalton 1991; Congalton and Green 1999). This measure is also called “user’s accuracy,”
indicating to the users of the map the probability that a sample unit classified on the map represents that catego-
ry on the ground (Story and Congalton 1986; Congalton and Green 1999).

Create Random Output
Samples Feature Class

( Extract Map
LValues to Samples

Output Map
Samples

Output
Error Matrix

Cropland ory Sampl | Extract Reference
[ Generate Error ] e i e Labels

Matrix using R code

Ou‘.[put Export Reference Syt
Attribute and Man Labels Reference
Table P Samples

Figure 6. The overall workflow of the accuracy assessment process (error matrix generation) as implemented in
ArcGIS and R.
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4. Difference Image

A difference image is a map that results from comparing a thematic map with another thematic map (sometimes
a reference map) and noting the agreement and disagreement. The difference image is used to depict the omis-
sion and commission errors that occurred between the two cropland maps. This image can only be generated
when there is another thematic map available. In some cases, such as in the US and Canada, there are reference
data sets that cover the entire study area. In most areas of the world, these reference maps do not exist and only
limited reference data samples are available. Therefore, to create a difference image using reference data, this
process could only be performed in the United States or in Canada using the reference data previously described
above. However, GFSAD30 mapping teams did create difference images by comparing the GFSAD30 cropland
extent map for their continental region with other global cropland maps produced by other researchers. The dif-
ference image clearly demonstrated the spatial distribution of agreement and disagreement between the two
thematic maps. This process is performed using the ArcGIS software. Once the difference image is created, the
results can also be shown in a similarity matrix which is generated in the same way as an error matrix. Unless
the analysis is being conducted using a reference map, the matrix demonstrates similarity between the two the-
matic maps and not error.

5. Programming and codes

The algorithms used to create the stratification, conduct the sampling, generate the error matrices, and produce
the difference images were coded in ArcGIS (Esri). These processes are outlined above. Code was also created
in R to generate the error matrices and is provided in a zip file that is available for download along with this
ATBD.

6. Results

The results of the accuracy assessment/validation of the GFSAD30 cropland extent maps are represented by er-
ror matrices. An error matrix was generated for each continental region AEZ or buffer zone (total of 72 error
matrices, see Table 1). These matrices are presented in each continental region ATBD produced by the map-
ping teams in this project. The results reported here show the ten error matrices produced only for the continen-
tal regions and then an overall global error matrix (Figures 7 and 8).

North America

Reference Data

Crop No-Crop|Total User Accuracy

g 3| Crop 962 | 307 11269  75.8%
Z 2| NoCrop | 141 | 4789 |4930  97.1%
Total 1,103 5,096 6,199

Producer Accuracy 87.2% 94.0% 92.8%
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South America

Reference Data
Crop No-Crop{Total User Accuracy
R Crop 128 39 167 76.7%
= 2| No-Cre 27 | 1056 1,083  97.5%
Total 155 1,095 1,250
{Producer Accuracy 82.6% 96.4% 94.7%
South East Asia
Reference  Data
Crop _|No-Crop| Total User Accuracy
= § 376 114 | 490 76.7%
= olN 85 | 1175 |1260  93.3%
Total 461 1289 1750
Producer Accuracy 81.6% 91.2% 88.6%

Africa
Reference Data
'Nmrotal User Accuracy
& 3| Crop 176 81 | 257  68.5%
=8 Nocrop | 20 | 1464 1493 981%
Total 205 1,545 1,750
Producer Accuracy  85.9%  94.8% 93.7%

Mongolia
Reference Data
MWOM User Accuracy

es | Cop | 12 1 |13 923%

* 2 |'No-Crop| 4 283|287  98.6%
Total 16 284 300
|Producer Accuracy 75.0% 99.7% 98.3%
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New Zealand

Reference Data

Crop. No-Crop|Total User Accuracy
g 3| Crop 110 23 1133 82.7%
> 8| No-Crop 10 357|367 97.3%
Total 120 380 500
Producer Accuracy 91.7% 94.0% 93.4%
China

Reference Data

Europe Mid-East Russia

_ No-Crop|Total User Accuracy
&3l  Crop 272 51 | 323 84.2%
= O NoC 68 | 1581 1649  95.9%
Total 340 1,632 1972
|Producer Accuracy  80.0% 96.9 % 94.0%

Reference Data

Producer Accuracy 86.5%

134 | 1.866 [2.000 93.3%

_ No-Crop|
&gl Crop 857 143
S A
Total 991 2,009 3,000

92.9%

Total User Accuracy
1,000 85.7%

90.8%

South Asia

Reference Data

_Crop No-Crop|Total User Accuracy
=3 .g Crop | 418 92 510 82.0%
= 0| o 141 | 849 | 990  85.8%
Total 559 941 1,500
Producer Accuracy 74.8% 90.2% 84.5%
- 16 -
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Australia

Reference Data
Cropland No- Total User Accuracy
g Cropland 50 28 78 64.1%
= | No-Crop 20 602 | 622  968%
Total 70 630 700
Producer Accuracy 71.4% 95.6% 93.1%

Figure 7. The 10 error matrices for the continental regions of the GFSAD30 cropland extent maps.

Entire World Overall Accuracy

Reference Data

Crop No-Crop|Total User Accuracy

ag| Crop [3339]| 924 |4,263 78.3%
= A [ 666 | 14242 [14908  95.5%
Total 4,005 15,166 19,171

Producer Accuracy 83.4% 93.9% 91.7%

Figure 8. The global overall error matrix for the GFSAD30 cropland extent map.

V. Calibration Needs/Validation Activities

GFSAD30VAL is in itself the accuracy assessment/validation process for the other GFSAD30 mapping teams
which produced the cropland extent maps. However, this assessment process included some additional valida-
tion of its own. First, all reference data collected from VHRI was checked by two different interpreters. Only
those samples in which both interpreters agreed with the map label were used. Any data in which the two inter-
preters disagreed was rejected. Second, the process of creating a difference image/similarity matrix as de-
scribed above was also used as a means of validation. Where other maps or data sources existed for different
areas of the world, the GFSAD30 cropland extent map was directly compared to this other source to spatially
observe where there was agreement and disagreement between the two. In addition, a similarity matrix was
generated to graphically represent this agreement and disagreement.
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VI. Constraints and Limitations

Any accuracy assessment/validation is limited by the amount of reference data available to conduct the assess-
ment. However, this project has used a very large amount of reference data to assess the accuracy of each zone
for each continental region (total of 19,171 samples). Still, more reference data would allow for more detailed
assessment of even smaller zones resulting in more localized information. The reference data sets here are
available on croplands.org for use by anyone needing to use them.

VII. Publications

The following publications are related to the development of the above croplands products and the
validation/accuracy assessment:

a. Peer-reviewed publications within GFSAD project

Congalton, R.G., Gu, J., Yadav, K., Thenkabail, P.S., and Ozdogan, M. 2014. Global Land Cover Mapping: A
Review and Uncertainty Analysis. Remote Sensing Open Access Journal. Remote Sens. 2014, 6, 12070-
12093; http://dx.doi.org/10.3390/rs61212070.

Congalton, R.G, 2015. Assessing Positional and Thematic Accuracies of Maps Generated from Remotely
Sensed Data. Chapter 29, In Thenkabail, P.S., (Editor-in-Chief), 2015. "Remote Sensing Handbook™ Volume I:
Volume I: Data Characterization, Classification, and Accuracies: Advances of Last 50 Years and a Vision for
the Future. Taylor and Francis Inc.\CRC Press, Boca Raton, London, New York. Pp. 900+. In Thenkabail, P.S.,
(Editor-in-Chief), 2015. "Remote Sensing Handbook" Volume I: ): Remotely Sensed Data Characterization,
Classification, and Accuracies. Taylor and Francis IncA\CRC Press, Boca Raton, London, New York. ISBN
9781482217865 - CAT# K22125. Print ISBN: 978-1-4822-1786-5; eBook ISBN: 978-1-4822-1787-2. Pp. 678.

Gumma, M.K., Thenkabail, P.S.,Teluguntla, P., Rao, M.N., Mohammed, |.A., and Whitbread, A.M. 2016.
Mapping rice-fallow cropland areas for short-period grain legumes intensification in South Asia using MODIS
250 m time-series data. International Journal of Digital
Earth, http://dx.doi.org/10.1080/17538947.2016.1168489

Massey, R., Sankey, T.T., Congalton, R.G., Yadav, K., Thenkabail, P.S., Ozdogan, M., Sanchez Meador, A.J.
2017. MODIS phenology-derived, multi-year distribution of conterminous U.S. crop types, Remote Sensing of
Environment, Volume 198, 1  September 2017, Pages  490-503, ISSN  0034-4257,
https://doi.org/10.1016/j.rse.2017.06.033.

Phalke, A. R., Ozdogan, M., Thenkabail, P. S., Congalton, R. G., Yadav, K., & Massey, R. et al. (2017). A
Nominal 30-m Cropland Extent and Areas of Europe, Middle-east, Russia and Central Asia for the Year 2015
by Landsat Data using Random Forest Algorithms on Google Earth Engine Cloud. (in preparation).

Teluguntla, P., Thenkabail, P.S., Xiong, J., Gumma, M.K., Congalton, R.G., Oliphant, A., Poehnelt, J., Yadav,
K., Rao, M., and Massey, R. 2017. Spectral matching techniques (SMTs) and automated cropland classification
algorithms (ACCAs) for mapping croplands of Australia using MODIS 250-m time-series (2000-2015) data,
International Journal of Digital Earth.

DOI:10.1080/17538947.2016.1267269.1P-074181, http://dx.doi.org/10.1080/17538947.2016.1267269.

Teluguntla, P., Thenkabail, P., Xiong, J., Gumma, M.K., Giri, C., Milesi, C., Ozdogan, M., Congalton, R.,

Yadav, K., 2015. CHAPTER 6 - Global Food Security Support Analysis Data at Nominal 1 km (GFSAD1km)

Derived from Remote Sensing in Support of Food Security in the Twenty-First Century: Current Achievements

and Future Possibilities, in: Thenkabail, P.S. (Ed.), Remote Sensing Handbook (Volume 1I): Land Resources
-18 - DCN

Version 1.1


http://dx.doi.org/10.3390/rs61212070
http://dx.doi.org/10.1080/17538947.2016.1168489

Monitoring, Modeling, and Mapping with Remote Sensing. CRC Press, Boca Raton, London, New York., pp.
131-160. Link.

Xiong, J., Thenkabail, P.S., Tilton, J.C., Gumma, M.K., Teluguntla, P., Oliphant, A., Congalton, R.G., Yadav,
K. 2017. A Nominal 30-m Cropland Extent and Areas of Continental South America for the Year 2015 by Inte-
grating Sentinel-2 and Landsat-8 Data using Random Forest, Support Vector Machines and Hierarchical Seg-
mentation Algorithms on Google Earth Engine Cloud. Remote Sensing Open Access Journal (in review).

Xiong, J., Thenkabail, P.S., Gumma, M.K., Teluguntla, P., Poehnelt, J., Congalton, R.G., Yadav, K., Thau, D.
2017. Automated cropland mapping of continental South America using Google Earth Engine cloud computing,
ISPRS Journal of Photogrammetry and Remote Sensing, VVolume 126, April 2017, Pages 225-244, ISSN 0924-
2716, https://doi.org/10.1016/j.isprsjprs.2017.01.019.

Web sites and Data portals:

http://croplands.org (30-m global croplands visualization tool)
http://geography.wr.usgs.gov/science/croplands/index.html (GFSAD30 web portal and dissemination)
http://geography.wr.usgs.gov/science/croplands/products.html#LPDAAC (dissemination on LP DAAC)
http://geography.wr.usgs.gov/science/croplands/products.html (global croplands on Google Earth Engine)
croplands.org (crowdsourcing global croplands data)

-19- DCN
Version 1.1


https://geography.wr.usgs.gov/science/croplands/docs/Teluguntla-thenkabail-xiong-etal-global-croplands-mask.pdf
https://doi.org/10.1016/j.isprsjprs.2017.01.019
http://geography.wr.usgs.gov/science/croplands/index.html
http://geography.wr.usgs.gov/science/croplands/products.html#LPDAAC
http://geography.wr.usgs.gov/science/croplands/products.html
http://www.croplands.org/

b. Other relevant publications prior to GFSAD project

Biggs, T., Thenkabail, P.S., Krishna, M., GangadharaRao Rao, P., and Turral, H., 2006. Vegetation phenology
and irrigated area mapping using combined MODIS time-series, ground surveys, and agricultural census data in
Krishna River Basin, India. International Journal of Remote Sensing. 27(19):4245-4266.

Biradar, C.M., Thenkabail, P.S., Noojipady, P., Yuanjie, L., Dheeravath, V., Velpuri, M., Turral, H., Gumma,
M.K., Reddy, O.G.P., Xueliang, L. C., Schull, M.A., Alankara, R.D., Gunasinghe, S., Mohideen, S., Xiao, X.
2009. A global map of rainfed cropland areas (GMRCA) at the end of last millennium using remote sensing.
International  Journal of Applied Earth Observation and Geoinformation. 11(2). 114-129.
doi:10.1016/j.jag.2008.11.002. January, 2009.

Dheeravath, V., Thenkabail, P.S., Chandrakantha, G, Noojipady, P., Biradar, C.B., Turral. H., Gumma, M.1,
Reddy, G.P.O., Velpuri, M. 2010. Irrigated areas of India derived using MODIS 500m data for years 2001-
2003. ISPRS Journal of Photogrammetry and Remote Sensing.
http://dx.doi.org/10.1016/j.isprsjprs.2009.08.004. 65(1): 42-59.

Thenkabail, P.S. 2012. Special Issue Foreword. Global Croplands special issue for the August 2012 special is-
sue for Photogrammetric Engineering and Remote Sensing. PE&RS. 78(8): 787- 788.Thenkabail, P.S. 2012.
Guest Editor for Global Croplands Special Issue. Photogrammetric Engineering and Remote Sensing. PE&RS.
78(8).

Thenkabail, P.S., Biradar C.M., Noojipady, P., Cai, X.L., Dheeravath, V., Li, Y.J., Velpuri, M., Gumma, M.,
Pandey, S. 2007a. Sub-pixel irrigated area calculation methods. Sensors Journal (special issue: Remote Sensing
of Natural Resources and the Environment (Remote Sensing SensorsEdited by Assefa M. Melesse). 7:2519-
2538. http://www.mdpi.org/sensors/papers/s7112519.pdf.

Thenkabail, P.S., Biradar C.M., Noojipady, P., Dheeravath, V., Li, Y.J., Velpuri, M., Gumma, M., Reddy,
G.P.O., Turral, H., Cai, X. L., Vithanage, J., Schull, M., and Dutta, R. 2009a. Global irrigated area map
(GIAM), derived from remote sensing, for the end of the last millennium. International Journal of Remote Sens-
ing. 30(14): 3679-3733. July, 20, 2009.

Thenkabail, P.S., Biradar, C.M., Turral, H., Noojipady, P., Li, Y.J., Vithanage, J., Dheeravath, V., Velpuri, M.,
Schull M., Cai, X. L., Dutta, R. 2006. An Irrigated Area Map of the World (1999) derived from Remote Sens-
ing. Research Report # 105. International Water Management Institute. Pp. 74. Also, see under documents in:
http://www.iwmigiam.org.

Thenkabail, P. S.; Dheeravath, V.; Biradar, C. M.; Gangalakunta, O. P.; Noojipady, P.; Gurappa, C.; Velpuri,
M.; Gumma, M.; Li, Y. 2009b. Irrigated Area Maps and Statistics of India Using Remote Sensing and National
Statistics. Journal Remote Sensing. 1:50-67. http://www.mdpi.com/2072-4292/1/2/50.

-20 - DCN
Version 1.1



Thenkabail, P.S., GangadharaRao, P., Biggs, T., Krishna, M., and Turral, H., 2007b. Spectral Matching Tech-
niques to Determine Historical Land use/Land cover (LULC) and Irrigated Areas using Time-series AVHRR
Pathfinder Datasets in the Krishna River Basin, India. Photogrammetric Engineering and Remote Sensing.
73(9): 1029-1040. (Second Place Recipients of the 2008 John I. Davidson ASPRS President’s Award for Practi-
cal papers).

Thenkabail, P.S., Hanjra, M.A., Dheeravath, V., Gumma, M.K. 2010. A Holistic View of Global Croplands and
Their Water Use for Ensuring Global Food Security in the 21st Century through Advanced Remote Sensing and
Non-remote Sensing Approaches. Remote Sensing open access journal. 2(1):211-261. doi:10.3390/rs2010211.
http://www.mdpi.com/2072-4292/2/1/211

Thenkabail P.S., Knox J.W., Ozdogan, M., Gumma, M.K., Congalton, R.G., Wu, Z., Milesi, C., Finkral, A.,
Marshall, M., Mariotto, 1., You, S. Giri, C. and Nagler, P. 2012. Assessing future risks to agricultural productiv-
ity, water resources and food security: how can remote sensing help? Photogrammetric Engineering and Remote
Sensing, August 2012 Special Issue on Global Croplands: Highlight Article. 78(8): 773-782.

Thenkabail, P.S., Schull, M., Turral, H. 2005. Ganges and Indus River Basin Land Use/Land Cover (LULC)
and Irrigated Area Mapping using Continuous Streams of MODIS Data. Remote Sensing of Environment. Re-
mote Sensing of Environment, 95(3): 317-341.

Velpuri, M., Thenkabail, P.S., Gumma, M.K., Biradar, C.B., Dheeravath, V., Noojipady, P., Yuanjie, L.,20009.
Influence of Resolution or Scale in Irrigated Area Mapping and Area Estimations. Photogrammetric
Engineering and Remote Sensing (PE&RS). 75(12): December 2009 issue.

c. Books and Book Chapters

Teluguntla, P., Thenkabail, P.S., Xiong, J., Gumma, M.K., Giri, C., Milesi, C., Ozdogan, M., Congalton,
R.,Tilton, J.,.Sankey, T.R., Massey, R., Phalke, A., and Yadav, K. 2015. Global Food Security Support Analysis
Data at Nominal 1 km (GFSAD1 km) Derived from Remote Sensing in Support of Food Security in the Twen-
ty-First Century: Current Achievements and Future Possibilities, Chapter 6. In Thenkabail, P.S., (Editor-in-
Chief), 2015. “Remote Sensing Handbook™ (Volume I1): Land Resources Monitoring, Modeling, and Mapping
with Remote Sensing. Taylor and Francis Inc. Press, Boca Raton, London, New York. ISBN 9781482217957 -
CAT# K22130. Pp. 131-160

Biradar, C.M., Thenkabail. P.S., Noojipady, P., Li, Y.J., Dheeravath, V., Velpuri, M., Turral, H., Cai, X.L.,
Gumma, M., Gangalakunta, O.R.P., Schull, M., Alankara, R.D., Gunasinghe, S., and Xiao, X. 2009. Book
Chapter 15: Global map of rainfed cropland areas (GMRCA) and stastistics using remote sensing. Pp. 357-392.
In the book entitled: “Remote Sensing of Global Croplands for Food Security” (CRC Press- Taylor and Francis
group, Boca Raton, London, New York. Pp. 475. Published in June, 2009. (Editors: Thenkabail. P., Lyon, G.J.,
Biradar, C.M., and Turral, H.).

Gangalakunta, O.R.P., Dheeravath, V., Thenkabail, P.S., Chandrakantha, G., Biradar, C.M., Noojipady, P., Vel-
puri, M., and Kumar, M.A. 2009. Book Chapter 5: Irrigated areas of India derived from satellite sensors and
national statistics: A way forward from GIAM experience. Pp. 139-176. In the book entitled: “Remote Sensing

-21 - DCN
Version 1.1



of Global Croplands for Food Security” (CRC Press- Taylor and Francis group, Boca Raton, London, New
York. Pp. 475. Published in June, 2009. (Editors: Thenkabail. P., Lyon, G.J., Biradar, C.M., and Turral, H.).

Li, Y.J., Thenkabail, P.S., Biradar, C.M., Noojipady, P., Dheeravath, V., Velpuri, M., Gangalakunta, O.R., Cai,
X.L. 2009. Book Chapter 2: A history of irrigated areas of the world. Pp. 13-40. In the book entitled: “Remote
Sensing of Global Croplands for Food Security” (CRC Press- Taylor and Francis group, Boca Raton, London,
New York. Pp. 475. Published in June, 2009. (Editors: Thenkabail. P.,Lyon, G.J., Biradar, C.M., and Turral,
H.).

Thenkabail, P.S., Lyon, G.J., and Huete, A. 2011. Book Chapter # 1: Advances in Hyperspectral Remote Sens-
ing of Vegetation. In Book entitled: “Remote Sensing of Global Croplands for Food Security” (CRC Press-
Taylor and Francis group, Boca Raton, London, New York. Edited by Thenkabail, P.S., Lyon, G.J., and Huete,
A. Pp. 3-38.

Thenkabail. P.S., Biradar, C.M., Noojipady, P., Dheeravath, V., Gumma, M., Li, Y.J., Velpuri, M., Gangalakun-
ta, O.R.P. 2009c. Book Chapter 3: Global irrigated area maps (GIAM) and statistics using remote sensing. Pp.
41-120. In the book entitled: “Remote Sensing of Global Croplands for Food Security” (CRC Press- Taylor and
Francis group, Boca Raton, London, New York. Pp. 475. Published in June, 2009. (Editors: Thenkabail. P.,
Lyon, G.J., Biradar, C.M., and Turral, H.).

Thenkabail. P., Lyon, G.J., Turral, H., and Biradar, C.M. (Editors) 2009d. Book entitled: “Remote Sensing of
Global Croplands for Food Security” (CRC Press- Taylor and Francis group, Boca Raton, London, New York.
Pp. 556 (48 pages in color). Published in June, 2009. Reviews of this book:
http://www.crcpress.com/product/isbn/9781420090093 http://gfmt.blogspot.com/2011/05/review-remote-
sensing-of-global.html

Thenkabail, P.S. and Lyon, J.G. 2009. Book Chapter 20: Remote sensing of global croplands for food security:
way forward. Pp. 461-466. In the book entitled: “Remote Sensing of Global Croplands for Food Security”
(CRC Press- Taylor and Francis group, Boca Raton, London, New York. Pp. 475. Published in June, 2009. (Ed-
itors: Thenkabail. P., Lyon, G.J., Biradar, C.M., and Turral, H.).

Turral, H., Thenkabail, P.S., Lyon, J.G., and Biradar, C.M. 2009. Book Chapter 1: Context, need: The need and
scope for mapping global irrigated and rain-fed areas. Pp. 3-12. In the book entitled: “Remote Sensing of Global
Croplands for Food Security” (CRC Press- Taylor and Francis group, Boca Raton, London, New York. Pp. 475.
Published in June, 2009. (Editors: Thenkabail. P., Lyon, G.J., Biradar, C.M., and Turral, H.).

VI1II. Acknowledgements

The project was funded by the National Aeronautics and Space Administration (NASA) grant number: NNH13AV82I
through its MEaSUREs (Making Earth System Data Records for Use in Research Environments) initiative. The United
States Geological Survey (USGS) provided supplemental funding from other direct and indirect means through the Cli-
mate and Land Use Change Mission Area, including the Land Change Science (LCS) and Land Remote Sensing (LRS)
programs. The project was led by United States Geological Survey (USGS) in collaboration with NASA AMES, Universi-
ty of New Hampshire (UNH), California State University Monterey Bay (CSUMB), University of Wisconsin (UW),

-22 - DCN
Version 1.1



http://www.crcpress.com/product/isbn/9781420090093

NASA GSFC, and Northern Arizona University. There were a number of International partners including The Internation-
al Crops Research Institute for the Semi-Arid Tropics (ICRISAT). Authors gratefully acknowledge the excellent support
and guidance received from the LP DAAC team members (Carolyn Gacke, Lindsey Harriman, Sydney Neeley), as well as
Chris Doescher, LP DAAC project manager when releasing these data. We also like to thank Susan Benjamin, Director of
USGS Western Geographic Science Center (WGSC) as well as WGSC administrative officer Larry Gaffney for their
cheerful support and encouragement throughout the project.

IX. Contact Information

LP DAAC User Services

U.S. Geological Survey (USGS)

Center for Earth Resources Observation and Science (EROS)
47914 252nd Street

Sioux Falls, SD 57198-0001

Phone Number: 605-594-6116
Toll Free: 866-573-3222 (866-LPE-DAAC)
Fax: 605-594-6963

Email: Ipdaac@usgs.gov
Web: https://Ipdaac.usgs.gov

For the Principal Investigators, feel free to write to:

Russell G. Congalton at russ.congalton@unh.edu
Prasad S. Thenkabail at pthenkabail @usgs.gov

More details about the GFSAD project and products can be found at: globalcroplands.org

X. Citations

Congalton, R.G., Yadav, K., McDonnell, K., Poehnelt, J., Stevens, B., Gumma, M.K., Teluguntla, P., Thenka-
bail, P.S. (2017). NASA Making Earth System Data Records for Use in Research Environments (MEaSURES)
Global Food Security-support Analysis Data (GFSAD) Cropland Extent 2015 Validation Global 30 m V001
[Data set]. NASA EOSDIS Land Processes DAAC. doi: 10.5067/MEaSURES/GFSAD/GFSAD30VAL.001

XI. References

Boryan, C. G,, Yang, Z., Mueller, R., Craig, M., 2011. Monitoring US agriculture: the US Department of Agri-
culture, National Agricultural Statistics Service, Cropland Data Layer Program. Geocarto International 26, pp.
341-358.

Card, D. 1982. Using known map category marginal frequencies to improve estimates of thematic map accura-
cy. Photogrammetric Engineering and Remote Sensing. 48(3): pp. 431-439.

Congalton, R.. 1991. A review of assessing the accuracy of classifications of remotely sensed data. Remote
Sensing of Environment. Vol. 37, pp. 35-46.

-23- DCN
Version 1.1


mailto:pthenkabail@usgs.gov

Congalton, R. and K. Green. 1999. Assessing the Accuracy of Remotely Sensed Data: Principles and Practices.
CRC/Lewis Press, Boca Raton, FL. 137p.

Congalton, R. and K. Green. 2009. Assessing the Accuracy of Remotely Sensed Data: Principles and Practices.
2nd Edition. CRC/Taylor & Francis, Boca Raton, FL 183p.

Congalton, R. 2015. Assessing Positional and Thematic Accuracies of Maps Generated from Remotely Sensed
Data. IN: Remote Sensing Handbook:; Vol. I: Data Characterization, Classification, and Accuracies P. Thenka-
bail (Editor). CRC/Taylor & Francis, Boca Raton, FL. pp. 583-601.

Fisette, T., A. Davidson, B. Daneshfar, P. Rollin, and L. Campbell, 2014. Annual Space-Based Crop Inventory
for Canada: 2009-2014. Geoscience and Remote Sensing Symposium (IGARSS), 2014 IEEE International,
Quebec City, QC, pp. 5095-5098.

Han,W., Yang, Z., Di, L., Mueller, R., 2012. Crop Scape: A Web service based application for exploring and
disseminating US conterminous geospatial cropland data products for decision support. Computers and Elec-
tronics in Agriculture 84, pp. 111-123.

Stehman S. V., 1997. Selecting and interpreting measures of thematic classification accuracy. Remote Sensing
of Environment, 62, pp. 77— 89.

Story, M. and R. Congalton. 1986. Accuracy assessment: A user's perspective. Photogrammetric Engineering
and Remote Sensing. Vol. 52, No. 3. pp. 397-399.

Strahler A. S., Boschetti L., Foody G. M., Friedl M. A., Hansen M. C., Herold M., 2006. Global Land Cover
Validation: Recommendations for evaluation and accuracy assessment of Global Land Cover Maps. EUR 22156
EN Luxembourg: Office for Official Publication of the European Communities. 48p.

Teluguntla, P., Thenkabail, P., Xiong, J., Gumma, M.K., Giri, C., Milesi, C., Ozdogan, M., Congalton, R.,
Yadav, K., 2015. CHAPTER 6 - Global Food Security Support Analysis Data at Nominal 1 km (GFSAD1km)
Derived from Remote Sensing in Support of Food Security in the Twenty-First Century: Current Achievements
and Future Possibilities, in: Thenkabail, P.S. (Ed.), Remote Sensing Handbook(Volume li):Land Resources
Monitoring, Modeling, and Mapping with Remote Sensing. CRC Press, Boca Raton, London, New York., pp.
131-160.

Thenkabail, P.S., Hanjra, M. a, Dheeravath, V., Gumma, M., 2010. A Holistic View of Global Croplands and
Their Water Use for Ensuring Global Food Security in the 21st Century through Advanced Remote Sensing and
Non-remote Sensing Approaches. Remote Sensing 2, 211.

Van Genderen, J. L., Lock, B. F., & Vass, P. A., 1978. Testing the accuracy of remote sensing land use maps. In
Proceedings of the 11th international symposium on remote sensing of the environment, 25-29 April, 1977. Vol.
I. pp. 615-623

Waldner F., Abelleyra D., Veron S., Zhang M., Wu B., Plotnikov D., Bartalev S., Lavreniuk M., Skakun S.,
Kussul N., Maire G., Dupuy S., Jarvis |. & Defourny, P., 2016. Towards a set of agrosystem-specific cropland
mapping methods to address the global cropland Diversity. International Journal of Remote Sensing, Vol. 37,
No. 14, pp. 3196-3231 http://dx.doi.org/10.1080/01431161.2016.1194545

-24 - DCN
Version 1.1



