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Abstract
The global spatial extent of croplands is a crucial input to global and regional agricultural
monitoring and modeling systems. Although many new remotely-sensed products are now
appearing due to recent advances in the spatial and temporal resolution of satellite sensors, there
are still issues with these products that are related to the definition of cropland used and the
accuracies of these maps, particularly when examined spatially. To address the needs of the
agricultural monitoring community, here we have created a hybrid map of global cropland extent
at a 500 m resolution by fusing two of the latest high resolution remotely-sensed cropland
products: the European Space Agency’s WorldCereal and the cropland layer from the University of
Maryland. We aggregated the two products to a common resolution of 500 m to produce
percentage cropland and compared them spatially, calculating two kinds of disagreement: density
disagreement, where the two maps differ by more than 80%, and absence-presence of cropland
disagreement, where one map indicates the presence of cropland while the other does not. Based
on these disagreements, we selected continuous areas of disagreement, referred to in the paper as
hotspots of disagreement, for manual correction by experts using the Geo-Wiki land cover
application. The hybrid map was then validated using a stratified random sample based on the
disagreement layer, where the sample was visually interpreted by a different set of experts using
Geo-Wiki. The results show that the hybrid product improves upon the overall accuracy statistics
in the areas where the underlying cropland layer from the University of Maryland was improved
with the WorldCereal product, but more importantly, it represents an improved spatially explicit
cropland mask for early warning and food security assessment purposes.

1. Introduction

Various global maps of land cover as well as specific
products focused on identifying croplands have been
derived from satellite-based Earth observations over
the last three decades. These products represent one
of the most important sources of baseline terrestrial
information and have been used in a wide variety of
applications, e.g. as inputs to global models of land
use and land use change (Foley et al 2011, Verburg
et al 2011), to model changes in land surface patterns

(Pielke 2005), for policy development and decision
making (Justice et al 2015), to assess the land avail-
able for biofuels (Cai et al 2011), for monitoring crop
health and yield prediction (Lobell et al 2015), as the
basis for crop distribution modeling (You et al 2007),
and for food security and early warning purposes (Liu
et al 2008, Thenkabail et al 2009, Fritz et al 2019,
Rembold et al 2019).

Due to an increase in the frequency and sever-
ity of agricultural droughts from climate change (Lee
et al 2023), the accurate mapping of cropland extent
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is becoming more and more important. Crop fail-
ures and losses are the main direct impact of drought
on agricultural sector productivity. Drought-induced
production losses cause negative supply shocks and
can therefore heavily impact the global supply of cer-
tain commodities, in particular, if they occur simul-
taneously, for example, as a multiple breadbasket fail-
ure (Gaupp et al 2020).

One way to mitigate the impacts of drought is
through the provision of timely information from
early warning and monitoring systems, which can
be used to ensure an appropriate response. Early
warning systems rely heavily on a cropland mask
to define the areas where anomalies of the vari-
ous indicators should be considered for early warn-
ing purposes (Fritz et al 2019). Different land cover
products have become available recently, such as
WorldCover (https://esa-worldcover.org/) and ESRI’s
land cover product (https://livingatlas.arcgis.com/
landcover/), as well as cropland specific products
such as WorldCereal (Van Tricht et al 2023) and
the cropland layer produced by the University of
Maryland (Potapov et al 2022). These products fol-
low the trend in the increasing spatial resolution and
accuracy observed by Herold et al (2016) over the last
few decades.

However, these products have different crop-
land class definitions, and although overall accur-
acy may be high, they differ substantially when spa-
tially compared with respect to the presence and
absence of cropland. One approach for improving
the spatial distribution of land cover maps in the
past has been to produce hybrid maps, which merge
more than one product into an integrated layer.
These resulting hybrid maps also tend to have higher
accuracies (when aggregated to a common resol-
ution) than individual products and are produced
using different approaches such as Geographically
Weighted Regression, which uses independent refer-
ence data as inputs (Schepaschenko et al 2015, See
et al 2015). Local accuracymetrics are computed, and
the product is then merged based on the best locally
performing accuracies. However, the downside of this
approach (and any approach that employs a machine
learning algorithm) is that it requires large amounts
of input data, e.g. in situ field data or data collec-
ted through visual interpretation of high-resolution
imagery.

In this paper, we use a novel approach to pro-
duce a hybrid cropland map that does not require
large amounts of input data. Instead, it focuses
on improving the areas where individual cropland
maps disagree using visual inspection by experts,
who decide which of the maps better captures the
cropland extent and then correct the hybrid map
accordingly. Such an approach was demonstrated
previously by See and Fritz (2006), who combined
the best performing classes from the GLC-2000 and

MODIS land cover products into a single layer,
resulting in a more spatially accurate land cover
product. Herewe focus on integrating two of themost
recently available cropland products into a hybrid
cropland map, namely, the WorldCereal cropland
extent product (Van Tricht et al 2023) and the cro-
pland map produced by Potapov et al (2022). A
modified version of this hybrid map is now being
used by the ASAP (Anomaly hotspots of Agricultural
Production) system of the Joint Research Center of
the European Commission (see https://agricultural-
production-hotspots.ec.europa.eu) as a baseline cro-
pland mask for early warning and food security
monitoring.

2. Method

2.1. Selection of products for the hybrid cropland
map
The rationale for the choice of products was based
on a combination of fitness-for-purpose, high accur-
acy, the suitability of the cropland definition, and
the time period for which the maps were produced.
National maps were not considered here because
some level of consistency across continents would be
lost. Moreover, for some national and regional maps,
accuracy statistics do not exist, or theminimummap-
ping unit is too large. For example, the European
CORINE land cover product (Büttner 2014) has no
truly independent accuracy statistic, and the min-
imummapping unit of 25 ha is too large for our pur-
poses because small cropland areas would not be cap-
tured. Similarly, when aggregating to a coarser resolu-
tion such as 500 m, the percentage of cropland might
be overestimated.

For these reasons, we focus on the two latest
remotely-sensed cropland extent products: the cro-
pland extent layer from the WorldCereal product
(Van Tricht et al 2023) at a 10 m resolution, hereafter
referred to as WorldCereal, and the map produced
by the Global Land Analysis and Discovery (GLAD)
team at the University of Maryland (Potapov et al
2022) at a 30 m resolution, hereafter referred to as
GLAD Cropland. These two products are superior
to other existing land cover products since they both
have substantially higher accuracies in detecting cro-
pland compared to other very recent land cover maps
such as WorldCover (https://esa-worldcover.org/),
the ESRI land cover product (https://livingatlas.
arcgis.com/landcover/) and the Dynamic World
product (https://dynamicworld.app/). See the sup-
plementary materials for a description of these
products and their accuracy statistics.

2.2. Defining cropland for the hybrid product
The definitions of cropland in the WorldCereal and
GLAD Cropland products are quite similar except for
fallow land (see supplementary material). However,
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Figure 1. Comparison of the WorldCereal and GLAD Cropland products, showing high overall agreement in green, moderate
levels of presence-absence disagreement in yellow and extremely minor levels of density disagreement in red.

for food security applications, we want to include
fallow land since a crop mask is normally applied
for several years and not updated annually. For our
purposes, we adopt the GLAD definition for the
hybrid herbaceous annual cropland map (Potapov
et al 2022): Land used for annual and peren-
nial herbaceous crops for human consumption, for-
age (including hay) and biofuel. Perennial woody
crops, permanent pastures and shifting cultivation are
excluded. The fallow length is limited to 4 years for
inclusion as cropland.

2.3. Development of the hybrid croplandmap
Three main steps were undertaken to develop the
hybrid cropland map as described in the sections that
follow.

2.3.1. Comparison of the WorldCereal and GLAD
Cropland products
The first step involved comparing the WorldCereal
and GLAD Cropland products in terms of (i) overall
area and (ii) spatial agreement and disagreement. The
area of cropland in WorldCereal was calculated to be
1137 355.692 kha for the year 2021 while the cropland
area in the GLAD Cropland product for 2016–2019
was 1218 425.442 kha.One explanation for this differ-
ence is that the GLADCropland product includes for-
age and fallow land, which results in a higher estimate
of cropland overall.

To meet the needs of different user communities,
and the global agricultural monitoring community
and early warning, in particular, aggregated maps
of cropland at a 500 m resolution are sufficient.

Therefore, the maps were aggregated to a resolution
of 500 m and the cropland percentage was calculated.
This resolution was also chosen since it allows for
reconciliation of some degree of differences in the
definitions of cropland in the two products, and it
allows the twoproducts to be compared spatially since
they have different spatial resolutions. The frequency
of cropland percentages in the two products was then
calculated by 10% bins, which is shown in figure S1 in
the supplementarymaterial.When looking at this dis-
tribution of pixels, there are similarities across most
bins except for the 0%–10% and 90%–100% categor-
ies. From this analysis, we can see that there are about
10 million more pixels in the 0%–10% class in the
WorldCereal map that are not present in the GLAD
Cropland map. There are about eight million more
pixels in the 90%–100% class in the GLAD Cropland
data than there are in the WorldCereal data.

We then undertook a spatial agreement/disagree-
ment analysis between the two products to better
understand how they compare spatially. We recor-
ded two different types of disagreement between the
maps: (i) density disagreement; and (ii) presence-
absence disagreement.

Density disagreement (shown in red in figure 1)
is recorded if one map has more than 80% disagree-
ment compared to the other one. The 80% threshold
of density disagreement was chosen to highlight
those areas where the disagreement is substantial/very
severe and cannot be attributed to differences in cro-
pland definitions alone. Since we wanted to concen-
trate our initial efforts in identifying those places
where we could improve the spatial representation
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Figure 2. Hotspots of disagreement between the WorldCereal and GLAD Cropland products. See supplementary material for
closer inspection of the hotspots of disagreement.

of cropland, this threshold was deemed appropriate,
especially considering the amount of labor available
to visually improve the map.

When the two maps are compared using dens-
ity disagreement, 0.93% of pixels show 80% or more
cropland in the GLAD Cropland map, and 0.27% of
pixels show 80% or more cropland in WorldCereal.

This very high degree of density agreement
points towards a very high convergence between the
two independently derived global cropland products,
demonstrating very high agreement regarding the
location of major crop growing regions in the world.

Presence-absence disagreement occurs when one
map shows any percentage of cropland in a 500 m
pixel when the other map shows no cropland.
When we examine the presence-absence disagree-
ment (shown in yellow in figure 1), there is only 73%
agreement (shown in green in figure 1). Hence, there
is still quite some spatial disagreement between the
two maps. In 10% of the pixels, the GLAD Cropland
product records croplandwith no corresponding cro-
pland inWorldCereal, with 17% for the opposite case.
Based on this comparison that shows relatively high
presence and absence disagreement, a hybrid product
will likely improve the representation of the spatial
distribution of cropland extent.

2.3.2. Baseline selection
To fuse the two latest maps, an initial baseline
product is needed that can be updated. We initially
planned to use the continental accuracy numbers
as a guide to choose either WorldCereal or GLAD
Cropland depending on which product performed
better at a continental level (see table S1, supple-
mentary material). However, after some initial pre-
liminary validation, we determined that using the

baseline GLAD Cropland product as the underlying
initial basemap would likely result in a more consist-
ent product with the cropland definition being used
(since WorldCereal does not include fallow or for-
age crops). Therefore, we decided to use the GLAD
Cropland product as the baseline layer.

2.3.3. Hotspot-based area correction
We then undertook a disagreement analysis between
the WorldCereal and GLAD Cropland products
to identify hotspots of disagreement as shown in
figure 2. We focused on areas in a 20 by 20 km
grid where the density disagreement was larger than
80% for a contiguous area larger than 10 000 ha,
5000–10 000 ha and 2500–5000 ha, which we refer to
as high, medium and low density disagreement (see
figure 2). We also focused on areas within a 20 by
20 km grid where one map had any cropland and the
othermap had no cropland, which we refer to as pres-
ence/absence disagreement, highlighting areas larger
than 25 000 ha, 20 000–25 000 ha and areas between
15 000–20 000 ha (see figure 2). These hotspot areas
of disagreement were first gridded using a 2 by 2 km
grid and then inspected by the two lead authors of this
paper, who determinedwhichmapwasmore accurate
in each 2 kmgrid cell within each hotspot, using freely
available very high-resolution imagery in the Geo-
Wiki application (Fritz et al 2012). We applied this
correction to all 20 by 20 km grids showing a dens-
ity disagreement larger than 10 000 ha and presence/-
absence disagreement larger than 25 000 ha (corres-
ponding to all the darker colors shown in figure 2).

Examples of 8 hotspots of disagreement are
shown in the supplementary material. Note that we
have three classes: WorldCover is more correct, the
GLAD Cropland product is more correct, or the two
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Figure 3. Location of area-based corrections to the GLAD Cropland product.

maps are complementary.We use the complementary
class in landscapes where very large fields of greater
than 100 ha dominate (e.g. in Kazakhstan), andwhere
due to the crop rotation, some cropland fields have
not been mapped in either theWorldCereal or GLAD
Cropland products. Figure 3 shows all the places
where corrections were made to the GLAD Cropland
product and the type of corrections.

Using this approach and focusing on just major
hotspots, we were able to make area-based correc-
tions to 8.8% of the global cropland area (max-
imum extent), which captured 11.7% of the major
disagreeing pixels globally (either density or pres-
ence/absence disagreement), 3.6% where the GLAD
Cropland product is of higher quality (1.3% where
GLAD Cropland indicates no cropland or little cro-
pland andWorldCereal Cropland has a high percent-
age of cropland, 2.3% where GLAD says cropland or
high percentage cropland and WorldCereal says no
cropland or little cropland), 5.7%whereWorldCereal
is of higher quality (1.7% where GLAD says crop-
land or high cropland percentage and WorldCereal
no cropland or little cropland) and 2.3% where the
maps complement each other (cropland of 1.3% and
1% in GLAD Cropland and WorldCereal, respect-
ively). Note that since we used the GLAD Cropland
as a basemap, we could simply have delineated areas
whereWorldCereal is better. However, since wemight
want to change the basemap at a later stage, we pur-
sued this more flexible approach. It should also be
noted that the corrections we made affect large areas
of cropland/non-cropland and are not due to changes
in cropland between 2019 and 2021.

2.3.4. Validation of the hybrid cropland map
Tounderstand towhat degree the newhybridmap has
improved, we validated the map using an independ-
ent probability-based sample following guidelines for
validation data generation (Olofsson et al 2014). We
applied a stratified random sample (496) in the cor-
rected areas and calculated the overall accuracy for
cropland/non-cropland. We also calculated the mean
absolute error (MAE) and root mean squared error
(RMSE) based on the % cropland per pixel between
the validation samples from the hybrid and GLAD
Cropland maps in the areas where improvements of
GLAD Cropland were made using the WorldCereal
product.

3. Results

3.1. The hybrid croplandmap
The final hybrid herbaceous annual cropland map
(including fallow) at a 500 m resolution is shown in
figure 4 and is available for download from Zenodo
(https://zenodo.org/records/10 818 824).

3.2. Results of the validation
We can see that the corrections made to the GLAD
Cropland map based on the WorldCereal map res-
ult in an improvement in the overall accuracy from
71.8% (CI 3.9%) to 83.3% (CI 3.3%) (see the confu-
sion matrix, table S2, in the supplementary material)
in the areas where a manual delineation was under-
taken and where WorldCereal is either better or com-
plementary (see pink and yellow areas in figure 3).
In particular, it can be noted that the omission error
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Figure 4. The final hybrid cropland map (as % cropland) at a 500 m resolution.

of cropland in the delineated areas is reduced (cor-
responding to an increase in the Producers Accuracy
from 67.3% (CI 3.7%) to 92.2 (CI 2.8%) The MAE
and RMSE also decreased from 20.8% and 32.3%
in the GLAD Cropland map to 16.1% and 25.5%
in the hybrid map, respectively, indicating a clear
improvement in the hybrid map (table S3), not
just in the presence-absence of cropland but also
in the actual cropland percentages in the 500 m
grids.

4. Discussion

In this paper we have implemented a new approach
to hybrid map generation. In contrast, previous
approaches such as kriging and GWR have used
existing products and additional reference data to
determine which map is better at a given location
(Schepaschenko et al 2015, See et al 2015). The issue
with these approaches is that they require a system-
atic sample that is independent of the original map.
Obtaining an independent, sufficiently high-quality
reference data set based on visual interpretation is
challenging and generating it would likely require
more time than the time spent here on the manual
interpretation. By initially undertaking a disagree-
ment analysis, we can more effectively identify those
areas where one or the other map is more accur-
ate. Visual interpretation of the areas of disagree-
ment using very high-resolution images available in
Microsoft Bing Maps, Google Earth, etc. in combin-
ation with Sentinel 2 images (which provides tem-
poral information) and location specific NDVI pro-
files helps to visually identify cropland.

Even though the map is only available at a 500 m
resolution, making the map available at a higher res-
olution such as 100 or 30 m (e.g. by aggregating
WorldCereal to 30 m) will also result in issues related

to the differences in the definitions (e.g. the inclu-
sion of fallow in one product) and geolocation issues
(Landsat and Sentinel are not aligned) although this
could be additionally tried and tested as follow up
work. The resolution of 500 m is, however, sufficient
for many applications (e.g. food security). We also
find that a higher resolution will not improve the
depiction of cropland or non-cropland in many loc-
ations since very large areas still show issues in terms
of cropland presence and absence.

It should be noted that some of the differences
identified might be due to the slight differences in the
herbaceous annual cropland definition. For example,
herbaceous perennial crops as well as forage are gen-
erally included in the GLAD Cropland definition,
but they are only partly included in the WorldCereal
definition (e.g. sugar cane). However, the biggest dif-
ference between the two products is in fallow land.

The reason why GLAD includes higher frequen-
cies in the 90%–100%bin (see figures S1 and S2 in the
supplementarymaterial) could partly be attributed to
the inclusion of fallow and forage and possibly also
somemisclassification of permanent woody cropland
(e.g. some larger vineyard areas in Europe). On the
other hand, WorldCereal picks up 500 m grids with a
low cropland intensity in the 0%–10% category that
are not picked up by GLAD (see figures S1 and S3 in
the supplementary material). Some of these areas are
low intensity cropland areas in the dry parts of Africa,
which aremixed systems that also include annual cro-
pland although these are likely not harvested every
year due to droughts.

Focusing on hotspot areas of disagreement can
help to improve a map relatively quickly but this
analysis has shown that most of the disagreement
is not concentrated in the hotspot areas. However,
targeting all areas of disagreement would be much
harder and more labor intensive. A more refined and
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sensitive hotspot analysis that focuses on additional
areas could follow, especially if more person hours
could be dedicated to improving the map. Hence, this
approach would need to be complemented by crowd-
sourcing to tackle smaller disagreeing areas than those
identified in the hotspots. This could be achieved by
opening up the Geo-Wiki tools to the broader cro-
pland community, thereby improving the map fur-
ther through a community-based effort. Other maps
that have a cropland class (e.g. WorldCover, Google
Dynamic World, ESRI land cover, etc.) could also
be added. A similar approach could be implemen-
ted, and a composite disagreement map could be
produced using recent global land cover products,
highlighting which combinations of maps disagree at
which location. Participants in this community-based
map improvement process could delineate areas and
indicate which map is better at which location.

The validation approach has demonstrated that
the manual correction approach presented here can
increase the accuracy of the original map (in this
case GLAD Cropland) by more than 11% in the areas
where another map (in this case WorldCereal) was
used. This accuracy number in the improved areas
is still lower than the original accuracy of the maps
calculated for the entire globe. The reason is that in
disagreeing areas, mapping is particularly challenging
(e.g. in drier areas the remote sensing signal from
cropland resembles that of grassland). However, we
acknowledge that the approach as applied here does
not correct areas where both maps are wrong. This
issue could be corrected in the future by adding other
maps to the analysis as outlined in the previous para-
graph, whichmay help to identify some of these types
of errors.

5. Conclusion

We have produced a new global annual croplandmap
for the year 2019 by integrating the two latest global
cropland layers, namely WorldCereal for 2021 and
GLAD Cropland for 2016–2019. This approach is
new and only requires the manual visual interpreta-
tion of large areas where the products disagree. An
independent accuracy of the GLAD Cropland and
hybrid maps show that the hybrid map is of higher
quality. To our knowledge, this is the best current
global annual cropland map available for the user
community. This map has demonstrated the advant-
age of the manual correction of hotspot areas of dis-
agreement. Although only 11.7% of the disagreement
has been corrected, further improvements using Geo-
Wiki and a community-driven effort, possibly also
integrating other additional maps, could be made to
further improve the accuracy of the map, which will
be the subject of future work. Such further improve-
ments will also lead to a higher overall accuracy of the
hybrid map if more disagreeing areas are corrected in
the future.
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