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Abstract

This paper describes the development of agricultural land cover maps with 5 by 5
minute resolution based on satellite data and agricultural statistics from the Food and
Agriculture Organization (FAO) for the period 1990 - 2000. Consistency with the
FAOQ data allows for reconstructing past changes and developing scenarios for future
changes in land cover. Two base maps were used: (1) the International Geosphere-
Biosphere Programme (IGBP) map based on DISCover data using the IGBP
classification; (2) the Global Land Cover (GLC) map based on the Global Land Cover
2000 VEGA2000 data. The underlying DISCover data from the seasonal land cover
regions were used to allocate the areas of cropland and grassland for the IGBP map.
For the GLC map no such data were available, so a trial and error approach was used.
While neither of the two base maps completely matched the FAO country data,
combination of the IGBP and GLC maps resulted in a satisfactory match with FAO

data for all countries. Apart from noise in the data, interpretation problems and



30

35

40

45

uncertainties in the ancillary data used in interpretation, a major problem in allocating
grasslands is the broad definition used by FAOQ, allowing for important differences
between countries in the type of grassland included in the statistics. Comparison with
Holdridge life zones showed that a large part (~40%) of global grassland occurs in
semi deserts, deserts and sub-polar tundra’s, regions with unfavorable climates with
low productivity and low carrying capacity. However, the distribution of grasslands
over life zones varies widely in different parts of the world. Cropland occurs in more

favorable climates.

Keywords: arable land, cropland, DISCover, GLC2000, land cover, managed

grassland, permanent pasture, seasonal land cover

1. Introduction

The conversion of natural ecosystems to agriculture and other human activities have
strongly modified the earth’s terrestrial biosphere over the last three centuries (Klein
Goldewijk 2001, Lambin et al 2003). The world’s arable land area increased from
roughly 3 million km? in 1700 to 15 million km? at present, while the pasture area
increased more than six fold from about 5 to 34 million km? in the same period. Apart
from the loss of natural ecosystems per se, these changes in land cover have resulted
in changes in albedo and surface roughness, which have led to important changes in
(regional) climate (Henderson-Sellers and Gornitz, 1984). Historically, conversion of
natural ecosystems to agriculture has also been a major source of atmospheric CO,
(Houghton et al 1983), one of the main driving forces of global climate change (IPCC

2001). Moreover, land cover and land use changes have also led to changes of the
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biogeochemical cycles of water (Alcamo et al 2003), carbon (Houghton 2003)

nitrogen (Galloway et al 2004) and other nutrients.

To understand the interactions between regional and global land use and land cover
and climate, many different types of models are used that require a description of the
biophysical characteristics of the land’s surface, for example global circulation
models (GCMs) (Cox et al 1999). Other models use spatial land cover information to
describe biogeochemical cycles and processes, such as global earth system models
(Image-team 2001b), hydrological models (Alcamo et al 1998), atmospheric
chemistry models (Ganzeveld et al 2002), soil models (Del Grosso et al 1993), and

crop growth models (Tan and Shibasaki 2003).

Before digital geo-referenced information became available there have been many
different approaches to vegetation and land cover mapping (Emanuel et al 1968,
Unesco 1973, Walter 1985, Whittaker 1975). The first global geo-referenced
distributions of global land cover were developed more than two decades ago (Table
1). The 1 by 1 degree resolution data set developed by Hummel and Reck (1979)
aimed at improving estimates of albedo and served as a basis for the 0.5 by 0.5 degree
resolution data set developed for studying the global carbon cycle (Olson and Watts
1982, Olson et al 1983). The data set of Matthews (1983) was used in many different
studies, while those presented by Wilson and Henderson-Sellers (1985) were used in

global climate model studies mainly (Table 1).

Most early digital data sets were compiled from various sources of information such

as atlases, maps and statistics, and include natural and agricultural classes with
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varying level of detail. The one of Matthews (1983) was the first data set that was
partly based on Landsat satellite imagery (Table 1). With other satellites and sensors
available, DeFries and Townshend (1994) presented a global 1 by 1 degree resolution
data set based on a comparison of advanced very high resolution radiometer
(AVHRR) normalized difference vegetation index (NDVI) data with ground-based
data, resulting in 11 land cover types including cropland and two types of grassland

(Table 1).

More recently, a number of global land cover data sets were developed using the
International Geosphere-Biosphere Programme Data and Information System (IGBP-
DIS) Global 1 km Land Cover Data Set (DISCover) data (Loveland and Belward
1997, Loveland et al 2000). The DISCover data were derived from monthly NDVI
data for the early 1990s by different classification procedures relying on ancillary data
such as digital elevation models and climate data using different legends for all land
cover types including natural ones. The DISCover classification was defined (amongst

others) to meet the requirements of the IGBP core science projects.

On the basis of DISCover, Ramankutty and Foley (1998) presented a data set
representing the distribution of croplands for the early 1990s with global 5 by 5
minute (~9 km at the equator) resolution. Although the DISCover data were combined
with a variety of national and sub-national agricultural inventory data (primarily from
Food and Agriculture Organization (FAO) (1995), Ramankutty and Foley (1998)
recognized that their global cropland area is much larger than that of FAO. Leff et al
(2004) elaborated on the work of Ramankutty and Foley (1998) to develop global data

sets of the spatial distribution of 18 major crops across the world. To our knowledge
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there is only one DISCover-based data set for global grassland (Foley et al 2003,

Foley et al 2005).

Apart from these global data, there are also spatial land cover data sets for large
countries and continents, for example China (Frolking et al 2002), USA (Loveland et
al 1991, Waisanen and Bliss 2002), Africa (Townshend and Justice 1986, Tucker et al
1985), Europe (Environment Topic Centre of European Environment Agency 2005),

and South America (Townshend et al 1987).

Grassland makes up ~70% of the global agricultural area and it is known to play a
major role in biogeochemical cycles and climate (Asner et al 2004). For model studies
of historical and future land cover (Klein Goldewijk 2001), and modeling of changing
global climate and biogeochemical cycles, for example with the Integrated Model for
the Assessment of the Global Environment (IMAGE) (IMAGE-team 2001a), we need
to know the spatial distribution of both cropland and grassland. The recent global
satellite-based inventories (Loveland et al 2000) concentrate mainly on cropland and
they lack of a thorough analysis of the global distribution of grassland and its use.
This calls for a consistent approach, which reconciles reported statistics for croplands

and grassland and the remote sensing maps.

There are many difficulties associated with the use of satellite-based interpretations of
land cover: (1) Differences in quality and reliability ancillary data (elevation, climate,
urban areas) between continents and regions which may cause errors in the land cover
map produced. (2) Artifacts such as the presence of clouds, data gaps, faulty

registrations and other errors in the registered signal. The extent to which noisy data
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are manifested within different maps is unknown. (3) The occurrence of mosaics of
different land cover types. Agricultural land often occurs in landscapes in
combination with other land cover types ranging from natural to intensively managed
ones, and boundaries may be diffuse. This problem occurs in all recent land cover
maps based on satellite observations (Hansen and Reed 2000). The resolution of the
satellite data (1 km for AVHRR-NDVI) may be appropriate for detecting
homogeneous cropland or grassland such as in the mid-West of the USA. The
resolution of the satellite data may be inadequate for distinguishing small farmer plots
occurring in mosaics with other land cover types and this may lead to over- or
underestimation of the agricultural area of up to 30% (F. Achard, personal
communication, 2005). (4) The variety of definitions used for grassland. Grassland
ecosystems representing natural plant associations range from savannas (Africa, South
America and India), to steppe (Eurasia), prairies (North America), and (semi-)deserts
(China, Australia) (Breymeyer 1990). These systems have widely varying intensities
of use (Asner et al 2004), from intensive management in some temperate regions to
extensive use in steppe, high altitude grasslands and savanna/shrub/semi-desert areas
in the tropics and subtropics. Permanent managed grassland includes permanent
meadows, permanent pastures and alternating meadows and pastures. Permanent
meadows are mostly mown (though when the growth is not sufficient they serve as a
grazing area). Permanent pastures (often referred to as rangeland) are used exclusively
or predominantly for grazing. Alternating meadows and pastures are used as a grazing
area after the first mowing. Leys are generally cropland areas temporarily sown with
grass. Leys may cover a considerable fraction of the cropland area in some countries
such as Sweden and Ireland (Dziewulska 1990, Lee 1988). Due to their temporary

nature, there is no clear distinction between leys and cropland. Based on the
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physiognomy, grassland is land covered with grass and other herbaceous plants. In
many places grassland may even be dominated by herbaceous species (FAO 2005).
With this definition of grassland, (FAO 2005) probably includes all the above types of
grassland, and it is not clear if interpreters of the satellite data have had similar
definitions. (5) Fallow areas. ‘Arable land and permanent crops’ as defined in FAO
(2005) includes fallow land, which may make up a considerable fraction of total
cropland in some parts of the world. It is not clear to what extent these areas are

accounted for in the interpretations of satellite data.

The aim of this study is to develop global 5 by 5 minute resolution maps of cropland
and grassland. For global modeling of land cover a requirement is that the maps are
consistent on a country scale with published international statistics on land use
including agricultural production characteristics and land cover. We present a global
data set of the distribution of cropland and managed grassland representing the current
situation (1990-2000). This data set is based on different satellite sensors and
interpretation methods, and reconciles the statistical inventories for cropland and

grassland of FAO (2005) with satellite imagery in a consistent way.

2. Methods and data used

Two base maps were used in this study. The first map is derived from the DISCover
map developed by Loveland et al (2000) based on satellite data representing two years
of observation (1992-1993) from the AVHRR satellite sensor, using the 12 monthly
maximum NDVI values which are regarded as a representation of the annual
phenology of the vegetation (Loveland et al 2000). The raw data were clustered using

an unsupervised classification algorithm and labeled at a continental scale, and then
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checked and refined using a variety of other maps and atlases (Loveland et al 2000).
We used the International Geosphere-Biosphere Programme (IGBP) version 2 land
cover classification system (further referred to as IGBP) with a 1 by 1 km resolution.
There are other maps available such as United States Geological Survey (USGS)
(2000) and Hansen and Reed (2000). However, these maps were considered less
appropriate for our purposes because the legend used was not specifically designed to

delineate croplands and grassland separately.

The second map is the Global Land Cover 2000 (GLC) with ~0.5 minute resolution

derived by Bartholome et al (2002) from the VEGA2000 data set with a daily global
image from the Vegetation sensor onboard the SPOT4 satellite representing the year
2000. The land cover classification system of FAO and United Nations Environment
Programme (UNEP) (Di Gregorio and Jansen 2000) was used to classify this data set

into land cover classes.

The IGBP land cover classification system has 17 classes. The GLC map has 23 land
cover classes, only three of them containing cropland by definition. The GLC legend
is not specific about the cropland- and grassland fractions in each class. Both maps
were aggregated to a 5 by 5 minute grid. This resolution is a compromise between the
resolution of current earth system models and GCMs and the original satellite data,
and where necessary data can always be further aggregated.

We used the data to make a distinction between cropland and grassland. Assuming
that over this relatively brief period of one decade no major shifts of broad
agricultural areas have taken place (Bouwman et al 2005), the two maps can be used

to represent the whole 1990-2000 time period. Any changes that occurred in this
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period are thus assumed to have taken place within the grid cells with cropland or
grassland by increasing percentage of coverage or by increasing intensity of use (for

example, increasing cropping intensity or number of harvested crops per year).

Many classes in the base maps are associations of cropland, grassland and other land
cover types. The exact percentage of each land cover type within these associations is
not reported. Therefore, the Seasonal Land Cover Region (SLCR) (Loveland et al
2000) data was used for interpretation of the classes of the DISCover data set (Table
2). SLCR land cover types are continent-specific and definitions are not standardized
between continents. The SLCR are the fundamental spatial unit of the database, and it
has many cropland categories and mixed classes with cropland, grassland and natural
vegetation in various combinations (205 classes for North America, 167 for South
America, 197 for Africa, 255 for Eurasia, and 137 for the Australia-Pacific region).
Overlaying SLCR with the IGBP map allows for estimating the cropland/grassland

fraction of each sub-category.

Because our main purpose is the analysis of historical and future land cover
distributions, agricultural production and land use, and consequences for climate and
biogeochemical cycles, the data need to be consistent with global historical FAO data
(FAO 2005) and projections (Bruinsma 2003). For the base year our results may
therefore differ from Ramankutty and Foley (1998) and Leff et al (2004), who used
sub-national data for many countries (although the sub-national sums were corrected

by Leff et al (2004) to be consistent with the FAO (1995) data).



Because the satellite data cover the period 1990-2000, the year 1995 was selected as
225  the reference year for normalizing. We used the mean of 1993-1997 data as reported

for each country by FAO (2005) to represent areas of ‘arable land and permanent

crops’ and ‘permanent pasture’ for the reference year 1995 (hereinafter referred to as

FAOSTAT) (Table 3). We assumed that ‘permanent pasture’ refers to all managed

grasslands excluding leys, even though in many parts of the world grassland may be
230  marginal and extensively used as expressed by low animal densities (Asner et al

2004).

Our analysis for each of the two base maps consisted of three steps (Table 2),
including the exclusion of areas of water, snow, ice, urban and wilderness areas (step

235 1), the estimation of the occurrence of cropland and grassland in all land cover classes
and generation a cropland and grassland map (step 2), and normalization (calibration)
of the step-2 maps with FAOSTAT data (step 3). In step 4 the resulting maps for

cropland and grassland were combined (Table 2).

240  Step 1. In the first step we excluded the classes ‘Snow and Ice’, ‘Urban and built-up’
and ‘Water Bodies’ from the 17 original classes of the IGBP map, and the classes
‘Water’, “‘Snow and ice’, and “Atrtificial surfaces” were excluded from the GLC map.
Exclusion of these classes yielded the available land surface area for allocation of
cropland and grassland per grid cell.

245
Although forest or other land cover types were not excluded, we did exclude areas
known as ‘wilderness’ or undeveloped land which is still primarily shaped by the

forces of nature using data provided by McCloskey and Spalding (1989). The base

10



maps used to delineate wilderness areas were the Jet Navigation Charts (scale

250  1:2,000,000) and Operational Navigation Charts (scale 1:1,000,000). In constructing
the map of wilderness all areas with roads, settlements, airports and other constructs
were eliminated. Areas of agricultural development and logging were excluded as
well as proximity zones of 6 km distance around roads and settlements. Finally, all
remaining wilderness areas with a surface area less than 400 000 km? were excluded.

255  With this definition, about one-third (50 million km?) of the global land area is
wilderness, with vast areas in Antarctica, Eurasia, Africa, and North America.
Individual countries with major wilderness areas are the Commonwealth of
Independent States (CIS) (34% of the land area), Canada (65%), Australia (30%),
Greenland (99%), China (Tibet) (24%), Brazil (24%), Algeria (59%), Mauritania

260  (69%) and Saudi Arabia (28%).

Because of the broad definition of grassland used by FAOSTAT we could not exclude
all wilderness areas delineated by McCloskey and Spalding (1989). Wilderness areas
in the tropics such as deserts, grassland savannas, and pampas, and steppe and prairie
265  areas in temperate regions can potentially be used for pastoral grazing, and were
therefore not excluded from our base maps. With highly unfavorable climatic
conditions, the wilderness areas occurring in cold climates (> 50° latitude) in the

Russian Federation and Canada were excluded for allocation of agriculture.
270  Step 2. The second step involved the estimation of the fractions of cropland and

grassland within each class of the IGBP map on the basis of a comparison with the

SLCR maps. First, we selected all classes dominated by cropland and grassland.

11
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Secondly, classes containing combinations of cropland, grassland and other land

cover types were added.

For the GLC map we had no underlying satellite data available. We therefore selected
a number of classes containing cropland or grassland and estimated fractions of
cropland/grassland in these classes by trial and error and by comparing the (national)

coverages with FAOSTAT and by comparing spatial patterns with other maps.

In step 1 we already excluded areas of snow, ice, water and built-up areas from each
grid cell to determine the maximum available area for cropland and grassland. We
constructed the cropland map prior to the one for grassland, and used the following
criteria to avoid double usage of the area within a grid cell (1) The sum of the
cropland and grassland area can not exceed the maximum available area within a grid
cell; (2) The total country cropland and grassland area can not exceed the FAOSTAT

data.

Step 3. For those countries where after step 2 the cropland and grassland maps
underestimated the FAOSTAT data, step 3 involved the normalizing (calibration) of
the maps with FAOSTAT data. Normalization is defined here as multiplication of all
the cropland areas in the grid cells of a country by a factor [1,2], complying with the
maximum available area. We assumed an arbitrary maximum value of 2 because
higher values would be unacceptable without further in-depth investigation of the

causes of mismatch at the scale of countries.

12
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Initially, we did not use sub-national data, because of the lack of consistent historical
time series of agricultural statistical data for many countries, and the difficulty to
develop consistent scenarios at the sub-national scale. However, when using national
data a considerable area of grassland was allocated in China in the intensely cropped
eastern part of the country, and a similar problem occurred in the USA. Therefore, we
decided to use the available agricultural census data on province (China) or state
(USA) level for these two countries and this improved the overall agreement with

other sources of information such as Suttie et al (2005).

Step 4. The base maps from steps 2 and 3 were combined in different ways for
cropland and grassland in order to obtain a map which matches the FAOSTAT data
better than each of the individual base maps (Table 2). Subsequently, we neglected
cropland areas occurring in grid cells with a cropland percentage less than 1%
(filtering), primarily in sparsely populated areas tropical rainforests of Africa, the
Amazon basin and in mountainous regions. We consider them to be errors (noise) of
the satellite observations, or agricultural land (such as land under shifting cultivation)

which is not included in FAOSTAT data (Smil 1999).

To prevent unrealistic occurrence of cropland in areas with very short growing
periods due to low temperatures, we corrected the previous result using a weighting
factor based on the annual sum of growing degree days (Table 2). A map for growing
degree days was derived from the mean monthly air temperatures for the period 1960-
1990 from New et al (1999). Daily mean air temperatures were estimated by linear

interpolation between mid-monthly values.

13
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We compared our 5 by 5 minute grid cell map with the Ramankutty and Foley (1998)
by calculating the matching-area fraction m, proposed by Wilmott et al (1985):

i 2-min(a,b)
S 05X(a+h)

1)
where a is the cropland area in the first map, and b is the cropland area in the second
map. The fraction m theoretically ranges between 0 and 1. However, m for the global
scale is 0.4-0.6 when in one of the data sets a,b all grid cells within each country
contain the average % cropland coverage for that country. Hence, below this range
there is actually no agreement at all when comparing two maps at the global scale.

More details about this map comparison approach are provided by Janssen and

Heuberger (1995).

3. Results

3.1. IGBP

IGBP cropland. We first analyzed the occurrence of cropland and grassland in the
IGBP map by overlaying the original 1 by 1 km resolution maps with the SLCR map.
An example for Africa is presented in Table 4 showing the areas of different SLCR
classes within IGBP classes ‘Grassland’ (class 10), ‘Cropland’ (class 12) and
‘Cropland/Natural vegetation’ (class 14). It is clear that in compiling the IGBP map
many different natural vegetation types, grassland and cropland were combined in the
final legend entries. For example, 27% of the ‘Grassland’ class contains unspecified
areas of cropland, and 42% of the “‘Cropland’ contains unspecified areas of pasture
and grassland. ‘Unspecified’ (e.g., the addition ‘with cropland’) means that the SLCR

land cover class description is not specific about the exact areas.

14
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For the IGBP-based cropland map we included 81% of *Cropland” and 17% of
‘Cropland/Natural vegetation” (Table 5). We did not include a fraction of ‘Grassland’
(class 10) in the cropland map, because in some countries (e.g., Argentina) this would
yield diffuse areas of cropland in regions known to be dominated by grassland
(pampas) (Suttie et al 2005). This yielded a global area of 14.3 million km? of
cropland which is about 6% less than the area of 15.2 million km? of arable land and

permanent crops reported by FAOSTAT (Table 3).

Cropland was underestimated for 44 countries, mainly in North America, North
Africa and the Middle East. For these countries extra cropland area was included from
(in this order) 4% of “‘Woody savanna’ (class 8), 2% of ‘Deciduous broadleaf forest’
(class 4), and 2% of ‘Closed shrubland’ (class 6) (Table 5). Adding these areas
increased the global cropland area by 400 000 km? to 14.7 million km?, which is still

about 3% less than FAOSTAT.

The next step, normalization to achieve a better match with FAOSTAT, added another
270 000 km?. However, the match with FAOSTAT was still not perfect, the cropland
area still being underestimated in many countries in North Africa and the Middle East,

and in Sweden, Finland and Jamaica (Figure 1).

IGBP grassland. The global area of IGBP-class ‘Grassland’ (class 10) is 10.6 million
km?, which is less than one-third of the global ‘permanent pasture’ area of 34.6
million km? for 1995 (Table 3). From the analysis of ‘Cropland’ (class 12) and

‘Cropland/Natural vegetation’ (class 14) we found that these classes contain

15
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considerable areas of grassland. Therefore, we composed a grassland map by selecting
76% of the ‘Grassland’ class, 12% of ‘Cropland’, 48% of ‘Cropland/Natural
vegetation” and 51% of ‘Woody savanna’ (class 8) (Table 5). This yielded a global
grassland area of 19.8 million km?, which is less then 60% of the area reported by
FAOSTAT for 1995 (Table 3). The grassland area is underestimated in most countries

except for countries in Northern and Eastern Europe and the former Soviet Union.

We analyzed the overlays for each (sub-)continent and concluded that the IGBP-based
grassland map should include large areas of savanna, shrubland, bushland, semi-desert
and other land use types in order to match the FAOSTAT data (Table 5). For
countries where the grassland area was underestimated, we added grassland areas by
including 10% of the class ‘Deciduous broadleaf forest’ (class 4), 16% of ‘Closed
shrubland’ (class 6), 33% of ‘Savanna’ (class 9), and 38% of ‘Open shrubland’ (class
7) (Table 5). This resulted in a global grassland area of 30.8 million km?. This is
~12% less than the FAOSTAT data (Table 3) due to underestimation in a large
number of countries in North and South America, Africa, the Middle East, Asia and

Australia.

The next step was to normalize the grassland map with the FAOSTAT data for
permanent pasture areas. This increased the global grassland area to 32.7 million km?
which is still ~5% less then FAOSTAT caused by underestimation which persisted in
many countries in South America, North and Sub-Saharan Africa, the Middle East,

China and Mongolia, and Australia (Figure 2).

3.2.GLC

16
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GLC cropland. From the 23 GLC land cover classes, only three include cropland by
definition. We included 68% of the class ‘Cultivated and managed areas’ (class 16),
33% of ‘Cropland/tree cover/natural mosaic’ (class 17), and 20% of “Cropland/shrub
or herbaceous cover’ (class 18). Class 23 (undefined, representing a number of minor
Pacific islands) was added for completeness (Table 5). This yielded a global cropland
area of 18.2 million km® with overestimation in many countries (South America,
Western Europe, Africa, Southeast and East Asia), and underestimation in many other
countries (North America, North Africa and the Middle East). First we reduced the
cropland area for countries with overestimation to match FAOSTAT, resulting in a
global cropland area of 13.5 million km?. We then added fractions of the class
‘Herbaceous cover, closed/open’ (13) to obtain a better match with FAOSTAT for
countries with underestimation. This proved especially effective in the USA, where
apparently minor areas of cropland occur within regions dominated by rangelands.
The resulting global cropland area was 14.1 million km?, which is about 7% less then

FAOSTAT.

We then normalized again with FAOSTAT to reduce the underestimation. This
yielded a global cropland area of 14.9 million km?, which is only 2% less than the
area reported by FAOSTAT. Underestimation persisted in the USA, and a number of

countries in North Africa and the Middle East (Figure 3).
GLC grassland. Apart from the GLC land cover classes with cultivated and managed

areas and cropland, that also contain grassland (Table 5), we added fractions of many

other classes to compile our grassland base map. We included 7% of the class
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‘Cultivated and managed areas’ (class 16), 21% of ‘Cropland/tree cover/natural
mosaic’ (class 17), 46% of ‘Cropland/shrub or herbaceous cover’ (class 18), 37% of
‘Shrub cover, closed/open, deciduous’ (class 12), 72% of ‘Herbaceous cover
(closed/open)’ (class 13), 57% of ‘Sparse herbaceous and sparse shrub cover’ (class
14) and 24% of ‘Regularly flooded and/or herbaceous cover’ (class 15). This yielded
a global grassland area of 30.3 million km?, about 12% less than the 34.6 million km?
of FAOSTAT (Table 3). However, in many countries grassland areas were strongly
overestimated, especially in Canada, Europe and the Russian Federation. When we

normalized the area of grassland for countries where grassland areas exceeded those

reported by FAOSTAT, only 26.1 million km? of grassland remained.

Normalizing grassland areas for countries with underestimation compared to
FAOSTAT resulted in a global grassland area of 29.3 million km?, which is 15% less
than FAOSTAT with clear underestimation in the Eastern part of the USA, Bolivia,
Kazakhstan, Mongolia, Southeastern part of China, Africa and the Middle East

(Figure 3).

3.3. Combination of base maps

Neither the IGBP nor the GLC maps for cropland and grassland matched FAOSTAT
data in many countries (Figures 1-4). Problems of underestimation of cropland and
grassland in each of the maps occurred in different parts of the world. This indicates
that combination of the areas with high probability of occurrence of cropland and
managed grassland could lead to a better agreement. Various methods for combining

the base maps for cropland and grassland were tested.

18



Cropland. We first calculated the average of the cropland areas per grid cell in the
pre-normalization IGBP and GLC base maps (CROPmapl, Table 2) yielding a global

450  cropland area of 14.4 million km?. Normalization of this map in order to better match
FAOSTAT (CROPmap2, Table 2) increased the global cropland area to 15.04 million
km?. This is close to FAOSTAT (Table 3), but cropland areas were still

underestimated in a number of countries in North Africa and the Middle East.

455 A third map was generated by first averaging the normalized IGBP and GLC base
maps and then normalizing the result (CROPmap3, Table 2). This yielded a global
total cropland area of 15.10 million km?. Underestimation persisted in North Africa
and the Middle East. Subsequently we selected for each grid cell the largest cropland
area from the normalized base maps of IGBP and GLC and then normalized again

460  (CROPmap4, Table 2). The global cropland area was increased by 40 000 km? to
15.14 million km?, indicating that maximizing cropland area per grid cell is effective
for solving problems of underestimation in North Africa and the Middle East. We
therefore decided to use a mixture of cropland found by averaging (CROPmap3) and
maximizing (CROPmap4) giving CROPmap5 (Table 2).

465
Finally, we filtered out cropland areas in very small percentages (<1%) of the grid cell
area and normalized again. Although the problem of underestimation of cropland area
was not completely solved, we consider the resulting map as the best possible
combination (CROPmap6). Using a weighting procedure (Table 2) we reallocated

470  cropland from cold areas with a short growing season to parts in the same country

where cropland is more likely to occur (Figure 3).
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Grassland. The procedure for compiling the grassland map is similar to that for
cropland (Table 2). We accounted for the maximum area available for grassland in
each grid cell to avoid allocation of grassland in areas of cropland. Averaging of the
(pre-normalization) base IGBP and GLC maps yielded a global grassland area of 28.1
million km? (GRASSmap1). The global grassland area was increased by
normalization to 32.31 million km? (GRASSmap2) but the grassland area was still
underestimated compared to FAOSTAT for a number of countries in North Africa, the
Middle East, and in Australia and China. Averaging the normalized base maps
(GRASSmap3) did not solve this problem, while maximizing the normalized base
maps was more effective and resulted in a global grassland area of 32.99 million km?
(GRASSmap4). However, in several countries the problem of underestimation of

grassland was not solved.

A mixture for each grid cell of the average and the maximum of normalized base
maps (GRASSmap5) was corrected by filtering out grassland areas occurring in very
small percentages (<1%) of the grid cell area and normalizing again (GRASSmap6).
This yielded a global grassland area of 33.4 million km® In GRASSmap6
underestimation of the grassland area compared to FAOSTAT persisted for countries
in North Africa, the Middle East, and China and Mongolia. Finally, we moved
grassland from remote areas with unsuitable climatic conditions to regions with more

suitable climatic conditions (Figure 3).

4. Discussion
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4.1. Cropland

Our final global map (Figure 3) for cropland is 100% consistent with the FAOSTAT
average for 1993-1997 areas of ‘arable land and permanent crops’. The broad patterns
in our map are consistent with more detailed studies for Africa (Townshend and
Justice 1986, Tucker et al 1985), Europe (Environment Topic Centre of European
Environment Agency 2005), South America (Townshend et al 1987), China (Frolking

et al 2002), and USA (Loveland et al 1991, Waisanen and Bliss 2002).

In comparing this map with the one of Ramankutty and Foley (1998) (both maps have
a 5 by 5 minute resolution) we first note that while our map is consistent with
FAOSTAT, the coverage of Ramankutty and Foley (1998) is not in many countries.
For example, the cropland area was overestimated by Ramankutty and Foley (1998)
compared to average 1990-1995 FAOSTAT data in most of the former Soviet Union,
Mongolia, China, Chile, Bolivia, a number of Eastern and Southern African countries,
U.K., the Netherlands, Belgium, and some Middle and Eastern European countries by
a factor 1.5 or more. Apart from countries with a slight over- or underestimation (for
example, U.S.A., Argentina, Egypt, Australia) there are also many countries where
Ramankutty and Foley (1998) underestimated the cropland area by more than a factor
of 2 (Sweden, Saudi Arabia, Yemen, Libya, Tunisia, Chad, Niger, Central African
Republic, Cameroon, Nigeria, Benin, Togo, Ivory Coast, Liberia, Sierra Leone,
Mauritania). It is not clear what caused these differences with FAOSTAT. For
example, for China Ramankutty and Foley (1998) estimate a total cropland area of
2.05 million km® and FAOSTAT reports only 1.3 million km?. The latter estimate is in

line with the reported arable land area for China of 1.25 million km? for 1989
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(Alexandratos 1995) and the adjusted area of 1.34 million km? for 1998 (Bruinsma
2003). This adjustment is based on various sources of information including (sub-)
national statistics. Hence, there are other causes for the discrepancy of Ramankutty
and Foley (1998), such as the inclusion of 100% of the IGBP class ‘cropland’. In

contrast, since this IGBP class includes many other land cover types (Table 4), we

assigned only 81% of this class to cropland.

To avoid mismatches due to inconsistency with FAOSTAT, we first normalized the
Ramankutty and Foley (1998) cropland map with FAOSTAT mean 1993-1997 data,
and then calculated the matching area for the two maps according to equation (1)
(Figure 4). By using the SLCR information to select all classes with cropland, and by
combining data from different sensors we arrived at a global distribution that differs
from the approach of Ramankutty and Foley (1998). Clear differences between the
maps are in Eastern, Western and Southern Africa, with a match ranging from 45 to
68%, thus indicating that there is disagreement about the location for 32 to 55% of the
cropland area. For East Asia there is agreement for about 75% of the cropland area.
This apparent good agreement is mainly due to the fact that Chinese croplands are
largely confined to the Eastern part of the country, irrespective of the classes included
in the map. Other regions with less than 70% agreement are South America (65%) and

Japan (68%).

The overlay of CROPmap6 with the map of Holdridge Life Zones indicates that about
11% of global cropland occurs in semi-desert and desert areas, and this is probably
primarily land under irrigation. Large cropland areas occur in subtropical and tropical

forest and woodland zones, and temperate forest zones (Table 5).
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4.2. Grassland

550  Our final global grassland map (Figure 3) is consistent with FAOSTAT data for
‘permanent pasture’ except for a few countries and in good agreement with (Suttie et
al 2005), maps and descriptions for many countries provided in FAO/University of
Queensland “Country Pasture Profiles” (data available from
www.fao.org/ag/AGP/AGPC/doc/pasture/forage.htm), and data for China (Chen and

555  Fischer 1998).

We made a comparison with the recent inventory of global grasslands presented by
Foley et al (2005). For that purpose we first compared the grassland map of Foley et
al (2005) with FAOSTAT mean 1993-1997 data and noted a good agreement (less

560 than 10% difference) for U.S.A., Brazil, Mali, Ivory Coast, Congo Democratic
Republic, Somalia, Ukraine, Kazakhstan, Mongolia, Australia and New Zealand.
However, grassland areas are overestimated by more than 50% in many African
countries (Ethiopia, Central African Republic, Cameroon, Niger, Burkina Faso, Togo,
and Benin) and Asian countries (Turkey, Irag, Iran, Pakistan, India, Myanmar,

565  Malaysia, Indonesia, Papua New Guinea, Japan, North Korea and South Korea).
Moreover, there are many countries with underestimation of grassland areas by more

than 50%, mainly in Western Europe and North Africa.

This comparison suggests that while cropland areas are overestimated by Ramankutty

570  and Foley (1998) in many western and eastern European countries, grassland areas are

underestimated by Foley et al (2005) in the same countries. This supports our
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conclusion that in many European countries cropland and grassland occur in mosaics
in mixed crop-livestock production systems, and that including 100% of the IGBP
class 12 (croplands) leads to overestimation of cropland and underestimation of

grassland areas.

We normalized the Foley et al. (2005) grassland map with FAOSTAT mean 1993-
1997 data to compare spatial patterns proper. This was successful in most countries
except for North Africa and Saudi Arabia, where the underestimation of grassland
persisted after normalization. We then calculated the matching grassland areas in this
normalized map and our final grassland map (Figure 4). It is clear that the global
grassland area in the Foley et al (2005) map (31.6 million km? prior to and 32.5
million km? after normalizing) is close to the FAOSTAT data and our estimate from

the final grassland map (33.4 million km?).

However, the spatial patterns differ. We found a relatively poor agreement for Canada
(64%), Northern Africa (63%), Southeast Asia (58%), and Japan (64%). World
regions with a good match (>75%) include the U.S.A., Central and South America,
the former Soviet Union, Eastern and Southern Africa and South and East Asia.

The global match for grassland (78%) about equals that for cropland (76%). However,
there are large differences between regions. For example, for Canada and North
Africa the matching area for grassland is much smaller than that for cropland, while
the agreement between the two grassland maps is much better for grassland than for

cropland in Western, Eastern and Southern Africa (data not shown).
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Overlaying GRASSmap6 with a map of Holdridge Life Zones (Smith et al 1992)
indicates that grasslands occur in a wide variety of environmental conditions (Table
6). A major part of the global grassland area obtained with our approach occurs in
desert and scrub and thorn woodland zones and sub-polar regions (~40%) (Table 6).
Grassland productivity in these life zones is probably low compared to that in other
life zones, and in these regions pastoral extensive small-ruminant production systems
are found (Suttie et al 2005). For example, in China a large part of the ‘permanent
pasture’ areas occur in zones with a carrying capacity of <0.5 sheep units per hectare
for example in the Quinhai-Tibet plateau (Verburg and Van Keulen 1999) although
actual stocking rates may exceed this carrying capacity (Suttie et al 2005). In Russia
more of the ruminant livestock production is in mixed temperate regions, probably

concentrated in the cool steppe zone (Seré and Steinfeld 1996).

4.3. Uncertainties

We recognize that our approach does not necessarily lead to a perfect distribution of
croplands and grassland. There are many uncertainties involved in mapping of global
agricultural land cover, the major ones related to the input data and classification

methods, and the definition of grassland in the statistical information used.

Regarding the input data we already discussed the difficulty in separating crops and
grassland by using satellite sensor data. This is caused by the occurrence of crops and
grassland in mixed systems, where it is often difficult to distinguish between the two
land cover types on the basis of the signal and its seasonality. Also, in climates with

strong seasonality of rainfall the growing season of cereals and grass may cover the
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same period and reflect in the same wavelengths. In dry seasons soils may have a low

coverage giving similar problems.

The definition of grassland in statistics is another problem. Grasslands occur in a
variety of climates (Table 5), and it is not clear if all countries use the same
definitions for ‘permanent pasture’ when they report to FAQO. Correction up to 200%
was necessary in many countries to match the maps with FAOSTAT. However, the
opposite may be true that in some cases the FAOSTAT data are correct, while the

interpretations of the satellite data are not.

Finally, areas designated for nature reserves or protected areas may or maybe not
included in the definition of permanent pastures of FAO in some countries. For
example, national Australian reports (National Land and Water Resources Audit,
2001) indicate that the area of permanent pastures in FAOSTAT for Australia
includes a range of land tenures, and many of these are actually located in the

“wilderness areas” that we excluded from the available area for allocation

5. Conclusions

We have constructed cropland and grassland maps with a 5 by 5 minute resolution
based on satellite data and agricultural statistics from FAO for the period 1990-2000.
Our approach combines the IGBP DISCover data with another satellite product, and
from IGBP DISCover we combine the classes dominated by cropland and grassland
with mixed classes, compared to confining to the dominant classes alone in the maps

recently presented by Ramankutty and Foley (1998) for cropland and Foley et al
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(2005) for grassland. As a result, the spatial distribution of cropland and grassland in
our final maps is different. The match is good for countries with large areas of pure
cropland or grassland, for example the mid-West USA and the Eastern part of China,
where the dominant classes alone also yield a realistic distribution. However, we see a
650  poor match between the maps where cropland, grassland and other land cover types

occur in mosaics, for example the distribution of grassland in large parts of Africa.

The broad patterns of our maps are consistent with more detailed studies for Africa,
Europe, South America, China, and the USA. We therefore conclude that our detailed
655  allocation procedure for the IGBP data and the combination with the GLC data leads
to a realistic global distribution of cropland and grassland. Our results are a useful set
of land use maps for earth-system studies, and the consistency with the FAOSTAT
data allows for reconstructing past changes and developing scenarios for future
changes in land cover such as done by Alexandratos (1995) and Bruinsma (2003).
660
Faced with many difficulties in the interpretation of satellite imagery, such as the
aggregation of globally widespread land use classes with the same ecological
characterization, we stress the need for more emphasis on distinguishing agricultural
production systems (ranging from extensive pastoral grasslands in semi-desert and
665  desert zones to intensively managed pastures and meadows in mixed crop-livestock

production systems) in future remote sensing studies.

The use of satellite information for adjusting statistical information as was done for

Chinese cropland areas in the recent past could be a useful approach in other parts of

670  the world where statistical information on agriculture is unreliable or not available.
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Table 1

Global digital land cover data sets.

Data set Resolution  Description Source of data Main use
(Hummel and Reck, 1979) lbyl 2 cropland use classes (arable; grazing National, continental and global Albedo, GCM
degree and marginal farming); 22 natural atlases and maps
vegetation classes
(Matthews, 1983) lbyl Cultivation and 6 types of grassland with  National, continental and global GCM,; land use
degree varying degree of woody cover; 25 atlases and maps; data set was studies
natural vegetation classes complimented with Landsat data
(Olson and Watts, 1982; 0.5by0.5 4 arable complexes with woods, wetland  National, continental and global Carbon cycle
Olson, Watts and Allison, degree rice and 3 grassland classes and atlases and maps modeling; land use
1983) complexes; 42 classes of natural studies
vegetation; successors of this data set
have refined legend with more classes
(Wilson and Henderson- lbyl 10 arable classes (including individual National, continental and global GCM
Sellers, 1985) degree crops), 9 grass and grazing classes, 30 atlases and maps, and (Olson and

37



(Olson, 1994)

(DeFries and Townshend,

1994)

(Klein Goldewijk, Battjes and
Batjes, 1997)
(Ramankutty and Foley,

1998)

(Leff, Ramankutty and Foley,

2004)

0.5by 0.5

degree

lhyl

degree

0.5by 0.5
degree
5by 5

minutes

5by5

minutes

natural vegetation types

94 classes including various mixed

classes

Cropland and 2 types of grassland; 9

types of natural vegetation

Cropland and Pasture

Fractional coverage of cropland

Fractional distribution of 18 major crops

Watts, 1982)
National, continental and global

atlases and maps

8 km advanced very high resolution
radiometer (AVHRR) normalized
difference vegetation index (NDVI)
data

BIOME and FAOSTAT, and
numerous historical statistics

1 km DISCover seasonal data
(Loveland and Belward, 1997),
several historical statistics
Agricultural census data from
FAOSTAT and national data and
cropland distribution from

(Ramankutty and Foley, 1998)

Carbon cycle
modeling; land use
studies

Land cover

Land cover

Cropland distribution

Crop distribution
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Table 2

Summary of the four steps for compiling the final coverage for cropland and grassland.

Step 1 Exclusion of urban areas, water, snow and ice, and wilderness areas from the original
IGBP and GLC maps
Step 2 Determination of the occurrence of cropland and grassland in each class of IGBP (by
overlaying with the SLCR, resulting maps are CROPigbp and GRASSigbp) and GLC (by
comparing the coverages with FAOSTAT and inspecting spatial patterns by trial and
error, resulting maps are CROPglc and GRASSgIc). For each country total agricultural
area < available area (step 1), and cropland and grassland area <= FAOSTAT 1995 data®
Step 3 Normalization of the cropland and the grassland maps to comply with FAOSTAT 1995.
Resulting maps® are CROPigbp* , GRASSigbp* and CROPglc* and GRASSglc*
Step 4 Combination of maps®
CROPmap1 = (CROPigbhp + CROPglc)/2
CROPmap2 = CROPmap1*
CROPmap3 = [(CROPigbp* + CROPglc*)/2]*
CROPmap4 = [MAX(CROPigbp*, CROPglc*)]*
CROPmMap5 = MAX(CROPmap3, CROPmap4)

CROPmap6” = [CROPmap5]**

& Calculated from 1993-1997 mean country cropland and grassland areas from FAOSTAT (FAO,
2005).

b «x s ysed to indicate a map after normalization.

¢ This example is for the combination of cropland maps (CROPmap). A similar procedure was
followed for grassland (GRASSmap).

¢ «#” denotes corrections including filtering and exclusion of unsuitable areas. Filtering involves
reallocation of cropland and grassland from diffuse areas with cropland fractions <1% to adjacent grid
cells with higher percentages. Exclusion of unsuitable areas involves the reallocation of cropland and
grassland by weighting with the temperature-determined suitability for plant growth represented by the
sum of growing degree days (SGDD) calculated as the annual sum of mean daily temperature (T) for

days with T > 5°C). For cropland we excluded areas with less than SGDD < 1500 (weighting factor =
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0). For 1500 < SGDD < 2000 we assumed that the suitability for crop growth gradually increases and a
weighting factor [0,1] is used for allocating cropland. For SGDD >2000 the weighting factor is
constant with a value of 1. The weighting factor for grassland gradually increases from 0 to 1 for

SGDD in the range of 0-500, and has a value of 1 for SGDD > 500.
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Table 3
Five-year running mean of areas of permanent pasture and

arable land and permanent crops taken from (FAO, 2005).

Year Permanent pasture Arable land and

permanent crops

1990 34.0 151
1995 34.6 15.2
2000 34.7 153

Avreas in million km?. Historical data for Eritrea, Ethiopia and
the republics of the former USSR were corrected using the trend

in the areas for Ethiopia and the Soviet Union, respectively.
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Table 4

Avrea of the SLCR classes within the IGBP map for Africa for class 10 (grassland), class 12

(cropland), and class 14 (cropland/natural vegetation) based on overlay of 1 by 1 Km resolution

maps.

SLCR SLCR class name Area
class # % Km?

IGBP class 10 (grassland)
121, 122, 123, 127,129,132  Grassland/shrubland 35.9 672073
120 Semi-desert grassland with shrubland 23.5 440 327
126 Grassland/acacia shrubland with cropland 18.8 351183
128 Grassland, herbaceous wetland 11.7 218 111
130 Grassland with cropland 3.7 69 667
133 Grassland with cropland, wetland 2.8 51 601
131 Shrubland/grassland with cropland 2.1 39432
125 Grassland with woodland 0.8 15048
124 Grassland with acacia bushland 0.8 14701
Total 100.0 1872143
IGBP class 12 (cropland)
148, 146 Pasture/cropland 234 415 283
159 Pasture/cropland with orchards 16.1 286 080
151 Cropland (sugar cane and other crops) 9.7 172 735
162 Agriculture plantations 8.9 157 794
Shifting agriculture, tea and tobacco

152 cultivation 8.2 145 193
158 Cropland with woody plantations 6.0 106 403
144 Cropland with wetland 4.7 84 115
154, 156, 169, 165, 168 Cropland 4.7 82933
167 Cropland (tea/coffee plantations) 3.1 54 461
164 Cropland with tropical forest 2.5 44 883
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149
155
166
163
153
145
141
150
143
140
147
161
157
142

Total

169, 174
172,177, 179, 185
170
184
183
175,173,181
180, 187
176
178
186
189
188
171

182

Cropland (cereals, pasture)

Cropland with grassland savanna
Agriculture plantations

Irrigated agriculture

Nonirrigated cropland (cereals, pasture)
Cropland (corn, grains)

Cropland (peanuts) with baobab/acacia
Cropland, vineyards, orchards
Cropland (rice, peanuts)

Cropland with shrubland

Nonirrigated cropland

Cropland with sclerophyllous forest
Cropland with grass

Cropland (rice)

IGBP class 14 (cropland/natural vegetation)

Grassland/cropland

Cropland/(woodland) savanna

Sudanian woodland/agriculture mosaic
Savanna/cultivated crops
Cropland/miombo woodland
(secondary/degraded) forest/cropland
Secondary forest/cropland
Cropland/plantations/savanna mosaic
Cropland (plantations)/woodland
Woodland/cropland

Fragmented dry forest, fallow, cultivation
Cropland/fruit/vineyards/secondary forest
Shrubland/irrigated crops/tree crops

Cropland/shrubland
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2.1

1.7

13

11

11

0.8

0.7

0.7

0.7

0.6

0.6

0.6

0.5

0.2

100.0

26.2

16.4

14.8

9.5

7.8

6.5

5.5

3.2

3.0

2.1

2.1

1.4

0.7

0.7

37 661

30 895

23910

19 663

19 385

14 852

12 542

12 484

12 208

11311

10 692

10 606

8249

3329

1777 667

495 820

310925

281110

179 413

147 035

123 149

103 710

59998

56 765

39 602

39 087

26 940

13993

12 529



190 Cropland/tropical forest 0.3 5350

Total 100.0 1895426
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Table 5

Fractions of land cover classes used for the allocation of cropland and grassland for the IGBP and GLC

base maps.
Class # Class name Used for Used for  Other Areain
Cropland Grassland land use original map
) ¢ ¢ (Mkm?)
IGBP
10 Grassland 0.00 0.76 0.24 10.57
12 Cropland 0.81 0.12 0.07 15.24
14 Cropland/Natural vegetation 0.17 0.48 0.35 11.60
4 Deciduous broadleaf forest 0.02 0.10 0.88 2.23
6 Closed shrublands 0.02 0.16 0.82 2.64
7 Open shrublands 0.00 0.38 0.62 20.73
8 Woody savanna 0.04 0.51 0.45 8.41
9 Savanna 0.00 0.33 0.67 7.62
GLC
12 Shrub cover, closed/open, deciduous 0.00 0.37 0.63 11.31
13 Herbaceous cover, closed/open 0.04 0.72 0.24 13.20
14 Sparse herbaceous and sparse shrub cover 0.00 0.57 0.43 13.66
15 Regularly flooded/herbaceous cover 0.00 0.24 0.76 1.67
16 Cultivated and managed areas 0.68 0.07 0.25 17.09
17 Cropland/tree cover/nature mosaic 0.33 0.21 0.46 3.48
18 Cropland/shrub or herbaceous cover 0.20 0.46 0.34 3.11
23 Undefined (minor Pacific islands) 0.60 0.22 0.18 0.01
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Table 6

Occurrence of grassland and cropland within Holdridge Life Zones®.

Aggregated life zone World East Asia Former Soviet Union

Grassland Cropland Grassland Cropland Grassland  Cropland

Total area (million km?)

33.6 15.0 51 1.4 4 2

% of total area

Desert, scrub and thorn woodland 38 11 21 5 43 8
Sub-polar tundra 4 0 21 0 3 0
Boreal forest 6 5 24 6 12 18
Cool temperate steppe 10 14 14 14 33 42
Cool temperate forest 5 19 8 23 8 31
Warm temperate forest 6 12 7 37 1 1
(sub)-Tropical forest and woodland 31 38 5 14 0 0

& Using 0.5 by 0.5 degree map showing Holdridge classes from Smith et al. (1992).
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Figure 1. Ratio calculated areas per country obtained in step 3 for IGBP for cropland

(top panel) and grassland (bottom panel).

Figure 2. Ratio calculated areas per country obtained in step 3 for GLC for cropland

(top panel) and grassland (bottom panel).

Figure 3. Combined 5 by 5 minute resolution global map of cropland (CROPmap6)

and grassland (GRASSmap6).

Figure 4. Matching area in percent for the Ramankutty and Foley (1998) cropland
map (after normalization with FAOSTAT 1990-1995 data) and our final map for
cropland; and the Foley et al. (2005) grassland map (after normalization with
FAOSTAT 1993-1997 averaged data) and our final map for grassland. See equation

(1) for the calculation of the matching area.
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