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ABSTRACT 

The global tree cover percentage is an important parameter used to understand the global environment. However, the 
available percent tree cover products on global or continental-scale are few, and efforts to quantitatively validate these 
maps have been limited. We produced a new percent tree cover dataset at 500 m resolution in 2008 for Eurasia using 
reference data interpreted from Google Earth. It is a part of percent tree cover (PTC) data in Global Mapping project. In 
this study, the dataset was compared with existing global percent tree cover dataset, MODIS Vegetation Continuous 
Fields, MOD44B. We assessed the agreement of these datasets with two existing global categorical land cover datasets 
and statistic data in Eurasia. The result showed that estimates of tree cover in our new map and MOD44B were rela- 
tively similar at randomly sampled sites. Our map and MOD44B agreed with either or both of land cover maps at 93% 
of sites and 91% of sites, respectively, for pixel blocks. However, we found that MOD44B disagreed with our map and 
categorical land cover datasets at about half of the sampled sites where the difference of tree cover percentage between 
our map and MOD44B was large, especially in the areas with significant differences (more than 50%). Disagreed areas 
were concentrated in forests of Russia and Indonesia, and in herbaceous dominated vegetation of UK and Ireland. We 
also found that both our map and MOD44B were somewhat different from the data reported by FRA 2010. 
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1. Introduction 

Forests, by playing an important role in regulating the 
climate and water resources, and by providing habitats 
for many species, are of great importance for life on earth. 
Nevertheless, they have recently been converted to un- 
sustainable forms of land use because of urbanization 
and deforestation by expanding human populations. 
About 16.1 million hectares of natural forest were lost 
annually worldwide during the 1990s [1,2]. Trees are 
important structural members of forests that remove car- 
bon dioxide from the atmosphere as they grow and emit 
it when they decay or burn. Some attempts to estimate 
the global tree cover percentage have been made to date 
[3-8]. Some reports describe studies of tree cover per- 
centage on a regional scale [9-11]. Continuous field maps 
present some advantages to measuring the change in spa- 
tially complex land cover compared to traditional dis- 

crete classifications. Estimates of proportional tree cov- 
erage can distinguish dense forest from sparse forest, and 
forests with small patches of cleared areas [4,12,13]. 
Maps showing the tree cover percentage are useful in 
many fields [14,15]. They were used as one independent 
variable to model the global forest canopy height for 
mapping ecosystem vertical structures [16]. They are 
also useful for making environmental policies and eluci- 
dating the present environmental situation for education. 
However, the available global percent tree cover prod- 
ucts are few, and efforts to validate these maps have been 
limited to some regions or countries because of the diffi- 
culty of obtaining reference data or field data [12,14, 
17,18]. There are studies showing that existing maps’ 
accuracy of estimating global tree cover is not high, par- 
ticularly in sparsely forested areas of the circumpolar 
taiga-tundra transition zone and special areas and eco- 
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systems [14,17,18]. For global land cover maps, some 
datasets have been released in the last decade [19,20], 
and users can choose the most suitable map for their ap- 
plication among them. There are also some efforts to 
evaluate and compare the quality of these maps [21,22]. 
Therefore, producing a new percent tree cover dataset on 
a global or continental scale and comparing the quality 
among maps are valuable. Users of these maps can 
choose the most suitable map for their particular applica- 
tion and know areas of potential low or high map uncer- 
tainty by it.  

In this paper, we compared our new percent tree cover 
map in 2008 [23] with Vegetation Continuous Fields 
MOD44B, 2008 Percent Tree Cover Collection 5 product 
(hereafter MOD44B) published by University of Mary- 
land [24]. It is difficult to assess the accuracy of tree 
cover percentage maps by random sampling method, 
because collecting ground truth data for global or conti- 
nental scale is difficult. Therefore, they were compared 
using two new global categorical land cover datasets: (1) 
GlobCover land cover product [19]; and (2) the MODIS 
Collection 5.1 Land Cover Type product (V51 
MCD12Q1) [20]. They were also compared with statistic 
data reported by Global Forest Resources Assessment 
2010 [25] at the country level. 

2. Data Used 

Our new percent tree cover map in Eurasia was produced 
for 2008. Therefore, the data in 2008 were used for 
MOD44B and MODIS Land Cover Type product, and 
land cover map produced for the year 2009 was used for 
GlobCover product. The summary of the datasets used in 
this study is shown in Table 1. 

2.1. Percent Tree Cover Datasets 

2.1.1. Our New Percent Tree Cover Map in Eurasia 
A new percent tree cover (PTC) dataset was produced 
in Global Mapping project [26]. The detail methodol- 
ogy of this dataset production is in the process of pub- 
lication [23]. Here, the methodology is described brie- 
fly. 

Our map was produced using Global MODIS 2008 
data processed by CEReS Chiba University [27], which 
were produced from the TERRA/AQUA Nadir BRDF- 
Adjusted Reflectance 16-day L3 Global 500 m product 
(MCD43A4 NBAR) [28-30]. We also used Google 

Earth images as reference data. Flowchart of percent 
tree cover estimation in our new map is shown in Fig- 
ure 1. 

1) The reference data for training were obtained 
from various land cover types. They were collected 
only from areas where the tree cover percentage was 
about 100% or 0%, as judged from Google Earth im- 
ages, because it was sometimes too difficult to distin- 
guish trees from Google Earth images. 

2) Training data of 0% - 100% tree cover percentage 
were created in a simulation by combining many ref- 
erence data using 7 bands’ reflectance values of 
MODIS data in 2008. In the simulation, more than 
5,000,000 training data were created. 

3) For estimating the tree cover percentage, original 
MODIS band values were converted into predictor 
variables. Annual predictor variables at the peak of the 
growing season and the annual brightest reflectance for 
bands 1 - 7 were mainly used for the estimation of tree 
cover percentage. 

4) A tree model for estimating tree cover percentage 
was fitted using training data. 

5) The tree model was applied to all pixels in Eura- 
sia. 

6) We randomly collected the sites (approximately 
10 × 10 pixels) for modifying the tree model in ad- 
vance to create an unbiased model. The sampled sites 
were overlaid on Google Earth images, and they were 
used as evaluation data. For the evaluation data, totally 
716 sites were collected. 

7) The estimation result was compared with evalua- 
tion data by visual interpretation of tree cover in 
Google Earth. We modified the model further to fit the 
evaluation data. We collected more reference data for 
training when it was necessary for modification. 

In our map, tree cover percentage referred to the 
percentage of the ground surface area covered by a 
vertical projection of the foliage and branches of trees 
when the leaves were at full growth. Small openings 
inside each crown were included (percent crown cover). 
A “tree” meant a woody perennial with a single self- 
supporting main stem, with minimum height of ca. 3 - 
6 m. Trees for agricultural production or in gardens, 
and trees on plantations were included. Bamboos and 
palms were also included as trees. This definition was 
conceptual because it was difficult to ascertain these 
characteristics from satellite images. 

 
Table 1. Summary of the four datasets used in this study. 

Dataset Sensor Spatial resolution Time coverage Projection type Data type 

Our new map 
MOD44B 

MODIS V51 
GlobCover 

MODIS 
MODIS 
MODIS 
MERIS 

about 500 m 
about 250 m 
463.313 m 

about 300 m 

2008 
2008 
2008 
2009 

Geographic 
Geographic 
Sinusoidal 
Geographic 

New percent tree cover 
Existing percent tree cover 

Land cover 
Land cover 
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Figure 1. Flow of a new percent tree cover map, PTC, in global mapping project. 
 
2.1.2. MOD44B 
This product was derived through an automated proce- 
dure using supervised regression tree algorithm, and 
produced at annual time steps since 2000. The inputs 
data used for the product were MODIS data for bands 1 - 
7 and Land Surface Temperature data. Training data 
were created by aggregating discretely classified Landsat 
images to the MODIS cells. They were refined using a 
lot of fine resolution data [5,13,24]. 

Definitions of “tree” and “tree cover percentage (or 
tree crown cover)” differ among reports of the literature 
[5,10,31]. For MOD44B, tree cover percentage meant the 
amount of light obstructed by tree canopies equal to or 
greater than 5 m in height per 500-m MODIS pixel (per- 
cent canopy cover) [5]. A reasonable relation was found 
between canopy cover and crown cover, by which 80% 
canopy cover corresponded to 100% crown cover, al- 
though this relation differed by tree type [5]. In this study, 
tree cover percentage in MOD44B was divided by 0.8 
because tree cover percentage of our map referred to 
percent crown cover. 

2.2. Global Categorical Land Cover Datasets 

Several global categorical land cover maps using remote 
sensing have been available since 1990s. We used two 
new global datasets, GlobCover product and MODIS 
Land Cover Type product. 

2.2.1. GlobCover Land Cover Map 
The GlobCover 2009 V2.3 global land cover map is the 

newest version of GlobCover land cover product and was 
derived from Medium Resolution Imaging Spectrometer 
Instrument (MERIS) Fine Resolution (FR) surface reflec- 
tance mosaics for the year 2009. It was developed using an 
automatic and regionally-tuned unsupervised classification 
techniques for the stratified equal-reasoning areas, and su- 
pervised classification techniques for urban and wetland 
areas [19,32]. The land cover classes of this map were 
defined using the United Nations (UN) Land Cover Clas- 
sification System (LCCS) [33]. The data were downloaded 
from the European Space Agency GlobCover Portal [34]. 
Hereafter, we refer to this product as GlobCover. 

2.2.2. MODIS Collection 5.1 Land Cover Type (V51 
MCD12Q1) Product 

This product (MCD12Q1) is produced using data from 
MODIS at annual time steps since 2001. Collection 5.1 is 
the newest version of this product. It was derived through 
a supervised decision-tree classification algorithm using 
a database of 1860 high quality land cover training sites. 
MODIS NBAR data for bands 1 - 7 and Land Surface 
Temperature data were used for input features [20]. We 
obtained the data through the NASA online Reverb tool 
[35]. We used land cover classes defined by the Interna- 
tional Geosphere-Biosphere Programme classification 
(IGBP) [36,37] among available five different land cover 
classification layers. Hereafter, we refer to this product 
as MODIS V51. 

2.3. Global Forest Resources Assessment 2010 

Global Forest Resources Assessment provides the data 
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and information on forests. It is carried at five-year in- 
tervals by FAO. Global Forest Resources Assessment 
2010 (hereafter FRA2010) examined the current status 
and recent trends for more than 90 variables and all type 
of forests for the years 1990, 2000, 2005 and 2010 [2,25]. 
We used the provided information on extent of forest, 
other wooded land and other land areas in 233 countries 
and areas for the year 2010. The information was derived 
from officially validated country reports [25]. In FRA 
2010, “forest” means the land spanning more than 0.5 
hectares with tree canopy cover greater than 10%. Tree 
canopy cover is the same meaning as tree crown cover in 
our map. A “tree” must be higher than 5 meters or able to 
reach a height of 5 meters. Land that is predominantly 
under agriculture or urban land use is not included. The 
definition of other wooded land is the same as forest ex- 
cept that a canopy cover is between 5 and 10% and land 
with a combined cover of shrubs, bushes and trees above 
10 % is included [1,25]. 

2.4. Google Earth Images, Landsat Enhanced  
Thematic Mapper Plus Data and Corine  
Land Cover Map 

Google Earth images were used as reference data. In re- 
cent years, high-resolution imagery in Google Earth has 
been valuable and used for reference data in the field of 
remote sensing [18,38]. It can be used for validation data 
of continuous field products [38]. The salient advantage 
of using Google Earth is that high-resolution images of 
inaccessible places are obtainable at no cost. We could 
also obtain several images in different years at specific 
places. Landsat 7 Enhanced Thematic Mapper Plus 
(ETM+) Scan Line Corrector Off (SLC-Off) data, which 
were available from the U.S. Geological Survey, were 
also used for reference data. Images obtained from 
Google Earth were examined by comparison with these 
Landsat images because the images in 2008 might differ 
from that shown in the acquired date of Google Earth 
images. We also used a land cover map of Europe in 
2006 published by the Commission of the European 
Communities as reference data. The map was produced 
based on the aims of the CORINE (Coordination of in- 
formation on the environment) program. The resolution 
of this map is 100 and 250 meters. The land cover classes 
of the map are defined in three levels and the most de- 
tailed level has 44 classes. The data were downloaded 
from the site of European Environment Agency (EEA). 
Hereafter, we refer to this product as CLC2006. 

3. Methods 

3.1. Study Area 

The comparison was made for Eurasia, extending from 
11˚W to 180˚E and 10˚S to 80˚N. Eurasia includes vari- 

ous climate zones: tropical, temperate, cold and arid cli- 
mates [39]. 

3.2. Methods 

First, we compared our map and MOD44B with cate- 
gorical land cover datasets at randomly sampled sites, 
and assessed the consistency between percent tree cover 
maps and land cover maps. For the assessment, we cal- 
culated the range of tree cover percentage for land cover 
maps, and computed an agreement score. Second, we 
assessed the sites where the difference between two tree 
cover percentage maps was large. This assessment was 
made using land cover maps, and Google Earth and 
Landsat images when available. Finally, we compared 
our map and MOD44B with the data reported by FRA 
2010 at country level. 

3.2.1. Comparison of Percent Tree Cover Datasets at  
Randomly Sampled Sites 

The comparison of percent tree cover datasets was made 
for individual pixels and for blocks of multiple pixels, 
because a pixel-level comparison is not accurate when 
their geo-location is not correct. The comparison was 
made at randomly sampled sites across the study area. 
We first sampled two hundreds sites on our map and 
MOD44B throughout the study area using a stratified 
random sampling approach. Water areas were excluded 
from the sampling beforehand. In this process, all pixels 
in percent tree cover maps were divided into ten strata by 
the estimated tree cover percentage (0% - 10%, 11% - 
20%, 21% - 30%, 31% - 40%, 41% - 50%, 51% - 60%, 
61% - 70%, 71% - 80%, 81% - 90% and 91% - 100%) in 
both maps. Ten pixels for each stratum were randomly 
sampled from the two maps. Our map was further over- 
laid on MOD44B, and the pixels which the center of each 
sampled pixel on MOD44B lay inside were also sampled 
on our map, and the pixels which the center of each sam- 
pled pixel on our map lay inside were also sampled on 
MOD44B. Totally two hundreds pixels on our map and 
two hundreds pixels on MOD44B were sampled and 
used for pixel-level comparison. We also sampled 5 × 5 
windows of pixels centered on each sampled pixel on our 
map, and 11 × 11 windows of pixels on MOD44B corre- 
sponding to almost the same window size as that of our 
map were sampled. These windows of pixels were used 
for pixel-block comparison. For the comparison with 
categorical land cover datasets, each map legend need to 
be converted to a tree cover percentage because the 
categorical land cover datasets indicate discrete classes. 
We determined the maximum and minimum tree cover 
percentages for the LCCS and the IGBP classes from 
their definitions (Table 2). When the tree cover percent- 
age of sampled pixels on our map or MOD44B was 
within the range of tree cover percentage calculated from  
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Table 2. The maximum and minimum tree cover percentage assigned to each land cover class for the comparison. It was de- 
termined from its definition. 

Assigned tree cover percentage Land cover 
classification system 

Legend 
Minimum (%) Maximum (%)

UN LCCS (GlobCover) 

Post-flooding or irrigated croplands (or aquatic) 
Rainfed croplands 

Mosaic cropland (50% - 70%) / vegetation (grassland, shrubland, forest) (20% - 50%)
Mosaic vegetation (grassland, shrubland, forest) (50% - 70%) / cropland (20% - 50%)

Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5 m) 
Closed (>40%) broadleaved deciduous forest (>5 m) 

Open (15% - 40%) broadleaved deciduous forest/woodland (>5 m) 
Closed (>40%) needleleaved evergreen forest (>5 m) 

Open (15% - 40%) needleleaved deciduous or evergreen forest (>5 m) 
Closed to open (>15%) mixed broadleaved and needleleaved forest (>5 m) 

Mosaic forest or shrubland (50% - 70%)/grassland (20% - 50%) 
Mosaic grassland (50% - 70%)/forest or shrubland (20% - 50%) 

Closed to open (>15%) (broadleaved or needleleaved, evergreen or deciduous) 
shrubland (<5 m) 

Closed to open (>15%) herbaceous vegetation (grassland, savannas or lichens 
/mosses) 

Sparse (<15%) vegetation 
Closed to open (>15%) broadleaved forest regularly flooded (semi-permanently 

or temporarily)—Fresh or brackish water 
Closed (>40%) broadleaved forest or shrubland permanently flooded—Saline or 

brackish water 
Closed to open (>15%) grassland or woody vegetation on regularly flooded or 

waterlogged soil—Fresh, brackish or saline water 
Artificial surfaces and associated areas (Urban areas >50%) 

Bare areas 
Water bodies 

Permanent snow and ice 
No data (burnt areas, clouds,…) 

0 
0 
0 
0 

15 
40 
15 
40 
15 
15 
0 
0 
0 
 
0 
 
0 

15 
 
0 
 
0 
 
0 
0 
0 
0 
0 

20 
20 
50 
70 
100 
100 
40 
100 
40 
100 
70 
50 
15 

 
15 

 
15 
100 

 
100 

 
15 

 
3 
3 
3 
3 
0 

IGBP (MODIS V51) 

Evergreen needleleaf forest 
Evergreen broadleaf forest 
Deciduous needleleaf forest 
Deciduous broadleaf forest 

Mixed forest 
Closed shrublands 
Open shrublands 
Woody savannas 

Savannas 
Grasslands 

Permanent wetlands 
Croplands 

Urban and built-up land 
Cropland/natural vegetation mosaics 

Permanent snow and ice 
Barren or sparsely vegetated 

Water 

60 
60 
60 
60 
60 
0 
0 

30 
10 
0 
0 
0 
0 
0 
0 
0 
0 

100 
100 
100 
100 
100 
10 
10 
60 
30 
10 
100 

0 
0 

60 
0 

10 
0 

 
the maximum and minimum values for land cover maps, 
we interpreted that it agreed with the land cover map. 
Because the projection, resolution and geo-location were 
not different among maps, we compared a pair of pixels 
whose center is the closest for a pixel-level assessment. 
For the assessment of 5 × 5 window of sampled pixels, 
we calculated the range of tree cover percentage of land 
cover maps using all pixels whose center was inside the 
corresponding window, and computed an agreement 
score as the average of pixels (Figure 2). For example, 
when there were 60% of pixels of evergreen forest and 

40% of pixels of grasslands in a 5 × 5 window for 
MODIS V51, the range of tree cover percentage became 
36% - 64%. In this case, if the tree cover percentage of 
our map or MOD44B was within the range, we inter- 
preted that it agreed with the land cover map. 

3.2.2. Assessment of Percent Tree Cover Datasets at  
Sites Where the Difference between Two Maps  
Was Large 

There were areas where the difference of tree cover per- 
centage between our map and MOD44B was large.  
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Figure 2. Examples of the comparison for a 5 × 5 window of sampled pixels between tree cover map (our result or MOD44B) 
and land cover map, MODIS V51 (a) or GlobCover (b). The tree cover percentage of land cover maps was calculated using 
all pixels whose center was inside each window. 
 
Actually, 3.0% of pixels showed a difference of more 
than 30% between our map and MOD44B [23]. To as- 
sess these areas, we examined the sites where the differ- 
ence of tree cover percentage between two maps was 
greater than 30%. This comparison was made for pixel 
blocks to minimize misregistration errors instead of 
pixel-level comparison. First, we resampled the pixels of 
our map into the size of a 5 × 5 window of pixels by av- 
eraging pixel values inside each window. The 5 × 5 win- 
dow of pixels on our map corresponded to 75 second re- 
solution. Second, pixels of MOD44B was resampled into 
the same position and size of our resampled map by aver- 
aging pixel values inside each window. Third, we over- 
laid our map on MOD44B, and calculated the difference 

between two maps. Finally, 30 pixels were randomly 
sampled from pixels where the difference of tree cover 
percentage between two maps was greater than 30% and 
50%, and they were assessed using land cover maps. In 
sites where high-resolution imagery in Google Earth was 
available, we also compared the data with the tree cover 
percentage extracted through visual interpretation of tree 
cover on Google Earth and Landsat images as reference. 
CLC2006 was also used for the comparison in sites of 
Europe. Water areas were excluded from the assessment. 

3.2.3. Comparison of Percent Tree Cover Datasets  
with FRA2010 

In this step, our map and MOD44B were projected to an 
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equal area projection and the proportion of pixels was 
calculated for three tree cover strata by the estimated tree 
cover percentage (0% - 4%, 5% - 10% and 11% - 100%) 
at each country. Area coverage percent of forest, other 
wooded land and other land areas in FRA2010 were cal- 
culated and assigned to three tree cover strata on our map 
and MOD44B (11% - 100%, 5% - 10% and 0% - 4%, 
respectively). Inland water was included in a 0% - 4% 
tree cover in this calculation. We selected 12 countries 
(Afghanistan, Belarus, Finland, France, Greece, India, 
Indonesia, Japan, Kyrgyz, Laos, Oman and Russia), and 
the comparison was made for those countries. 

4. Results 

4.1. Comparison with Land Cover Maps 

Randomly sampled sites used for the comparison are 
shown in Figure 3, and agreement score between per- 
cent tree cover map and land cover dataset is shown in 
Table 3. For blocks of multi pixels, our map disagreed 
with land cover maps by more than 20% at 39 sites 
(GlobCover) and 7 sites (MODIS V51), and MOD44B 
disagreed with land cover maps by more than 20% at 
33 sites (GlobCover) and 9 sites (MODIS V51). There 
was not so much difference in agreement score be- 
tween our map and MOD44B for blocks of multi pixels. 
Both percent tree cover maps were more coincident 
with MODIS V51 than GlobCover at the sites with 
higher tree cover percentage (61% - 100% tree cover). 
However, at the sites with lower tree cover percentage 
(0% - 40% tree cover), they were more coincident with 
GlobCover. For the comparison of blocks of multi pix- 
els, 42.9% and 95.2% of sites with higher tree cover 
percentage in our map agreed with GlobCover and 
MODIS V51, respectively. At the sites with lower tree 
cover percentage, 89.5% and 48.8% of sites in our map 
agreed with GlobCover and MODIS V51, respectively. 
For MOD44B, 42.1% and 98.7% of sites with higher 
tree cover percentage agreed with GlobCover and 
MODIS V51, respectively, and 85.5% and 49.4% of 
sites with lower tree cover percentage agreed with 
GlobCover and MODIS V51, respectively. The areas 
with lower agreement between GlobCover and percent 
tree cover maps were mainly shown in croplands, shrub 
lands, open forests and the mosaic areas of forest and 
other vegetation mapped in GlobCover, and the areas 
were estimated as 60% - 100% tree cover in our map 
and MOD44B, and MODIS V51 mainly mapped the 
areas as mixed forests. The areas with lower agreement 
between MODIS V51 and percent tree cover maps were 
mainly shown in woody savannas (30% - 60% tree cover) 
mapped in MODIS V51, where the tree cover percentage 
was estimated as 0% - 30% in our map and MOD44B, 
and croplands (0% tree cover) and open shrub lands (0% 

- 10% tree cover), where the tree cover percentage was 
estimated as 10% - 40%. Those areas were mainly 
mapped as mosaic areas of cropland and other vegeta-
tion, or open forests in GlobCover. 

Our map and MOD44B did not agree with both land 
cover maps at 14 sites and 18 sites, respectively. On our 
map, the difference was more than 10% at 1 site, where 
our map estimated the tree cover percentage as 85%, 
whereas GlobCover and MODIS V51 classified the site as 
open forest and woody savanna, respectively. On 
MOD44B, the difference was more than 10% at 2 sites, 
where the tree cover percentage was estimated as more 
than 30%, whereas GlobCover and MODIS V51 classi- 
fied the sites as herbaceous vegetation and grasslands, 
respectively. With respect to the relationship between 
map agreement and the size of sampling units, the number 
of sites where the difference with land cover datasets was 
more than 20% decreased for blocks of multi pixels, 
compared to pixel-scale comparison, although there were 
the sites where the agreement score with land cover maps 
was lower for blocks of multiple pixels. These sites were 
in forests with some pixels of open forest (15% - 40% tree 
cover), shrub land or other vegetation, and the percent 
tree cover maps estimated these sites as more than 90% 
tree cover. 

4.2. Assessment at Sites Where the Difference  
between Two Maps Was Large 

The result of the assessment using land cover maps is 
presented in Figure 4. For 30 randomly sampled sites 
where the difference of tree cover percentage between 
our map and MOD44B was greater than 50%, our map 
was more coincident with two land cover maps than 
MOD44B. At 57% and 80% of the sampled sites, our 
map agreed and MOD44B disagreed with GlobCover and 
MODIS V51, respectively. Both GlobCover and MODIS 
V51 classified a greater proportion of the sites as forests, 
whereas MOD44B underestimated tree cover of the sites. 
A part of the sites were classified as herbaceous vegeta- 
tion, and mosaics of cropland and other vegetation in 
both land cover maps, whereas MOD44B overestimated 
tree cover at the sites. Conversely, MOD44B agreed and 
our map disagreed with land cover maps at 23% (Glob- 
Cover) and 7% (MODIS V51) of sampled sites. Glob- 
Cover and MODIS V51 mainly classified the sites as 
open forests (15% - 40% tree cover), sparse vegetation, 
shrub lands, and mosaics of cropland and other vegeta- 
tion, where our map overestimated tree cover. At two 
sites, our map agreed and MOD44B disagreed with 
GlobCover, and vice versa with MODIS V51. The sites 
were mapped as open forests and deciduous needle-leaf 
forests by GlobCover and MODIS V51, respectively. At 
other sampled sites (20% in GlobCover and 13% in 
MODIS V51), both our map and MOD44B agreed or  
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Table 3. Comparison of our map and MOD44B with land cover maps. This assessment was made at sites sampled by strati- 
fied random sampling method. The tree cover percentage was divided by 0.8 in MOD44B. 

Number of agreed sites with land cover map 

GlobCover MODIS V51 Tree cover map Pixel size Tree cover strata (%) 

A B C D A B C D 

Our map 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MOD44B 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 × 1 
 
 
 
 
 
 
 

5 × 5 
 
 
 
 
 
 
 

1 × 1 
 
 
 
 
 
 
 

11 × 11 
 
 
 
 
 
 

0 - 10 
11 - 20 
21 - 40 
41 - 60 
61 - 80 
81 - 90 

91 - 100 
Total 
0 - 10 
11 - 20 
21 - 40 
41 - 60 
61 - 80 
81 - 90 

91 - 100 
Total 
0 - 10 
11 - 20 
21 - 40 
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Figure 3. Distribution map of the sites where comparison was made. 
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Figure 4. Assessment of percent tree cover maps at sites where the difference between two maps was large, using GlobCover 
(a) and MODIS V51 (b). 60 sites were randomly sampled. 
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disagreed with two land cover maps. 

For 30 randomly sampled sites where the difference 
of tree cover percentage between our map and 
MOD44B was between 30 and 50%, our map agreed 
and MOD44B disagreed with GlobCover and MODIS 
V51 at 30% and 53% of the sampled sites, respectively. 
On the other hand, MOD44B agreed and our map dis- 
agreed with land cover maps at 40% (GlobCover) and 
27% (MODIS V51) of sampled sites. An interesting 
characteristic was that our map and MOD44B agreed 
with different land cover maps at 40% of sites. Our 
map and MOD44B agreed with both land cover maps at 
only 20% and 10% of sites, respectively. With respect 
to the land cover type, 23% of sites were classified as 
open forests (15% - 40% tree cover) by GlobCover and 
MOD44B agreed with GlobCover, but MODIS V51 
classified the sites as deciduous needle-leaf forests 
(60% - 100% tree cover) and our map agreed with 
MODIS V51. 7% of sites were classified as mosaics of 
forest, cropland and other vegetation by GlobCover and 
our map agreed with GlobCover, but MODIS V51 
classified the sites as forest dominated vegetation and 
MOD44B agreed with MODIS V51. Mainly, our map 
overestimated tree cover in open forests classified by 
GlobCover, and underestimated tree cover in evergreen 
broadleaf forests classified by MODIS V51. On the 
other hand, MOD44B overestimated tree cover in her- 
baceous dominated vegetation and mosaics of cropland 
and other vegetation classified by GlobCover and in 
grasslands classified by MODIS V51, and underesti- 
mated tree cover in deciduous needle-leaf forests and 
woody savannas classified by MODIS V51. 

We also assessed the sites where MOD44B or our 
map disagreed with all of the maps using Google Earth 
and Landsat images, and CLC2006. Our map disagreed 
with MOD44B, GlobCover and MODIS V51 at 4 sites, 
and Google Earth and Landsat images were available at 
3 sites. Among 3 sites, MOD44B matched more closely 
the visual interpretation from Google Earth and Land- 
sat images than our map at 2 sites, and both maps did 
not match them at 1 site. On the other hand, MOD44B 
disagreed with our map, GlobCover and MODIS V51 
at 18 sites, and MOD44B did not match the visual in- 
terpretation from Google Earth and Landsat images at 
all of the sites (8 sites), where Google Earth and Land- 
sat images were available. CLC2006 was available at 3 
sites in Europe, where CLC 2006 classified the sites as 
non-irrigated arable land or mosaics of pastures and 
non-irrigated arable land. In GlobCover and MODIS 
V51, the sites were classified as herbaceous vegetation 
or grasslands, whereas our map and MOD44B esti- 
mated the tree cover percentage of the sites as less than 
10% and around 50%, respectively. 

4.3. Comparison with FRA2010 

Area coverage percent of three tree cover strata (0% - 4%, 
5% - 10% and 11% - 100%) in 12 countries is shown in 
Table 4. At the country level, our map and MOD44B 
were somewhat different from the data reported by 
FRA2010. The proportion of the pixels with the tree 
cover between 11% and 100% was significantly higher in 
our result and MOD44B than in FRA 2010; more than 
1.5 times higher at most of the countries. The exception 
was Afghanistan, where it was higher in FRA2010 (2.1%) 
than in our map (1.2%) and MOD44B (1.3%). In Afgha- 
nistan, more than 95% of pixels were less than 4% tree 
cover in our map and MOD44B, whereas about 50% of 
pixels were less than 4% tree cover in FRA2010. There 
was also the difference between our map and MOD44B. 
The proportion of pixels with tree cover between 0% and 
4% was higher in our map than in MOD44B, especially 
for Belarus, France and Japan. 

5. Discussion 

The comparison of the percent tree cover maps with land 
cover datasets at randomly sampled sites revealed that 
the agreement score with land cover maps was relatively 
similar for our map and MOD44B. However, the analysis 
of land cover types revealed that the possibility existed 
that croplands in MODIS V51 had some trees, and that 
our map, MOD44B and MODIS V51 overestimated tree 
cover at open forests and croplands, and GlobCover 
mapped some forests as croplands and open forests. 
More importantly, the possibility exists that trees were 
not distinguished well from shrubbery in all maps. How- 
ever, these tendencies may be caused by the difference of 
definition of “tree”. The minimum height of “tree” was 
defined as 5 meters in GlobCover, whereas it was de-
fined as 2 meters in MODIS V51. This means shrub 
lands in GlobCover were classified as forests in MODIS 
V51 sometimes, and the land covers with shorter trees in 
our map were classified as shrub lands in GlobCover and 
shrub lands in MODIS V51 were classified as trees in 
our map and MOD44B. In addition, orchards and rubber 
plantations were included in croplands in GlobCover, 
whereas perennial woody crops were classified as trees 
or shrubbery in MODIS V51. In our map and MOD44B, 
all woody vegetations were included in trees if the crite-
rion of tree height met their definition. This means or-
chards and rubber plantations were not classified as for-
ests in GlobCover, whereas the possibility existed that 
they were classified as forests in MODIS V51, and that 
they were classified as trees in our map and MOD44B. 

The assessment at sites where the difference between 
our map and MOD44B was large showed that our map 
was coincident with either or both of GlobCover and 
MODIS V51 at 85% of sampled sites. However, the  
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Table 4. Comparison of area coverage percent with the data reported by FRA2010 for tree cover strata. The tree cover per-
centage was divided by 0.8 in MOD44B. 

FRA2010 Our map MOD44B 

Tree cover strata (%) Tree cover strata (%) Tree cover strata (%) Country 

0 - 4 5 - 10 11 - 100 0 - 4 5 - 10 11 - 100 0 - 4 5 - 10 11 - 100 

Afghanistan 
Belarus 
Finland 
France 
Greece 
India 

Indonesia 
Japan 

Kyrgyz 
Laos 
Oman 
Russia 

52.7% 
55.9% 
31.2% 
68.1% 
50.4% 
78.2% 
39.4% 
33.9% 
93.3% 
13.1% 
95.8% 
48.4% 

45.2% 
2.5% 
3.3% 
2.9% 

20.0% 
1.0% 

11.0% 
0.0% 
2.0% 

20.4% 
4.2% 
4.3% 

2.1% 
41.6% 
65.5% 
28.9% 
29.6% 
20.8% 
49.6% 
66.1% 
4.8% 
66.5% 
0.0% 
47.3% 

97.5% 
17.0% 
12.4% 
26.8% 
25.6% 
32.8% 
6.6% 
10.1% 
87.6% 
2.2% 
99.5% 
33.6% 

1.3% 
7.9% 
4.0% 

12.6% 
12.4% 
18.1% 
3.2% 
4.2% 
6.3% 
2.2% 
0.3% 
8.5% 

1.2% 
75.0% 
83.6% 
60.5% 
62.0% 
49.1% 
90.0% 
85.6% 
6.0% 
95.6% 
0.2% 
57.9% 

96.5% 
1.2% 
10.9% 
5.7% 
21.8% 
36.9% 
2.5% 
1.4% 
62.0% 
3.2% 
99.5% 
21.9% 

2.3% 
19.3% 
2.6% 
18.6% 
18.7% 
27.2% 
3.7% 
4.1% 
28.8% 
2.8% 
0.4% 
13.3% 

1.3% 
79.5% 
86.6% 
75.7% 
59.6% 
35.9% 
93.8% 
94.4% 
9.2% 
94.0% 
0.1% 
64.8% 

 
estimate of tree cover percentage did not agree with other 
maps at 45% of sampled sites in MOD44B. MOD44B 
might have underestimated tree cover in forests of Russia, 
India and Indonesia, and might have overestimated tree 
cover in herbaceous dominated vegetation of UK and 
Ireland, and in mosaics of cropland and other vegetation 
of Philippines. The assessment also revealed that there 
were sites in Eastern Siberia where MOD44B and Glob- 
Cover disagreed with our map and MODIS V51. The 
sites were mapped as open forests by GlobCover and as 
deciduous needle-leaf forests by MODIS V51. It is im- 
portant to assess those sites by collecting ground truth 
data or accurate reference data. It should be noted that 
MOD44B used tree canopy cover as the definition of tree 
cover percentage, whereas our map used tree crown co- 
ver. 

The country-level assessment by the comparison ana- 
lysis with FRA2010 revealed that our map and MOD44B 
were somewhat different from the data reported by FRA 
2010. Little difference was also observed between our 
map and MOD44B. However, the difference also may be 
caused by the difference of definition of “tree cover”. In 
FRA2010, trees in land that was predominantly under 
agricultural or urban land use were not included in forest, 
whereas these trees were also included in tree cover in 
tree cover maps. Actually, there are a lot of fruit planta- 
tions in the world, and croplands and residential areas 
have a lot of trees. The tendency for FRA2010 to under- 
estimate tree cover compared to our map and MOD44B 
may be caused by the difference of definition. 

6. Conclusions 

Knowing the quality of existing global percent tree cover 
maps is essential for users of the maps. However, vali- 
dating percent tree cover maps is limited to some regions 
or countries because of the difficulty of obtaining refer- 
ence data or field data, and sampling method affects es- 
timates of map accuracy. 

In this study, we assessed MOD44B and our new per- 
cent tree cover map by comparing with existing global 
categorical land cover datasets at randomly sampled sites, 
and FRA2010 at 12 countries. There was not so much 
difference in agreement score between our map and 
MOD44B at randomly sampled sites. However, MOD44B 
disagreed with our map, GlobCover and MODIS V51 at 
about half of the sites where the difference of tree cover 
percentage between our map and MOD44B was greater 
than 50%. Those sites were concentrated mainly in forests 
of Russia, India and Indonesia, and in herbaceous domi- 
nated vegetation of UK and Ireland. At those sites, the 
possibility is high so that MOD44B could not estimate 
tree cover percentage correctly, although MOD44B has 
the advantage of higher resolution compared to our map. 
Our map can be substituted for existing percent tree cover 
products, and the user of MOD44B can also modify it 
using our map. 
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