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Abstract
Quantification of spatial and temporal changes in forest cover is an essential component of

forest monitoring programs. Due to its cloud free capability, Synthetic Aperture Radar

(SAR) is an ideal source of information on forest dynamics in countries with near-constant

cloud-cover. However, few studies have investigated the use of SAR for forest cover esti-

mation in landscapes with highly sparse and fragmented forest cover. In this study, the

potential use of L-band SAR for forest cover estimation in two regions (Longford and Sligo)

in Ireland is investigated and compared to forest cover estimates derived from three national

(Forestry2010, Prime2, National Forest Inventory), one pan-European (Forest Map 2006)

and one global forest cover (Global Forest Change) product. Two machine-learning

approaches (Random Forests and Extremely Randomised Trees) are evaluated. Both Ran-

dom Forests and Extremely Randomised Trees classification accuracies were high (98.1–

98.5%), with differences between the two classifiers being minimal (<0.5%). Increasing lev-

els of post classification filtering led to a decrease in estimated forest area and an increase

in overall accuracy of SAR-derived forest cover maps. All forest cover products were evalu-

ated using an independent validation dataset. For the Longford region, the highest overall

accuracy was recorded with the Forestry2010 dataset (97.42%) whereas in Sligo, highest

overall accuracy was obtained for the Prime2 dataset (97.43%), although accuracies of

SAR-derived forest maps were comparable. Our findings indicate that spaceborne radar

could aid inventories in regions with low levels of forest cover in fragmented landscapes.

The reduced accuracies observed for the global and pan-continental forest cover maps in

comparison to national and SAR-derived forest maps indicate that caution should be exer-

cised when applying these datasets for national reporting.
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Introduction
Globally, forests cover 31% of the total land area [1] and account for 77% of all terrestrial
above ground carbon [2,3]. Loss of forest carbon through deforestation and degradation is rec-
ognised as a key driver of human-induced climate change [4,5]. Forest-related land-use
changes can also have deleterious effects on biodiversity richness, water dynamics and other
ecosystem services [6,7]. Hence, to enable sustainable management of forest resources, a com-
mon challenge is to quantify spatial and temporal patterns of forest cover [8–10].

Recent research has focused on large-scale mapping of forest cover and change detection on
continental [11–13] and global scales [14–16], and in deforestation sensitive regions [17–19].
Data from these studies can provide valuable information on climate regulation, carbon storage
and socio-economic trends [20,21]. Advances in Earth Observation (EO) technologies are
likely to improve such extensive geographic estimates of forest cover and associated parameters
(such as forest biomass) over the coming years [22,23]. However, accurate estimation of forest
cover on a national level is also required to meet international reporting requirements and
assist country specific sustainable forest management targets. For example, under the United
Nations Framework Convention on Climate Change (UNFCCC) and Kyoto Protocol, Parties
are required to submit annual inventories of forest land-use area and associated changes
[24,25]. The monitoring of spatial and temporal changes in the distribution of forests on a local
scale can also be a key component of biodiversity/ecosystem services management [26–28].

This has particular importance for Ireland, given the past widespread transformation in the
areal extent of forest cover. At the beginning of the twentieth century, forest cover in Ireland
was< 1% following millennia of gradual deforestation [29]. Over the last sixty years however,
extensive afforestation programmes have increased forest cover to 10.5% [30], constituting one
of the fastest on-going land-use changes in Europe [31]. Indeed, it is government policy in the
Republic of Ireland to increase national forest cover to 18% by 2046 [32]. Driven by grant pay-
ments from the European Union, recent patterns of afforestation have shifted from large con-
tinuous blocks of state-owned forestry to small, privately-owned forest parcels [33]. This has
resulted in a fragmented forest landscape in Ireland, with privately owned forests being on
average< 11 ha in size [34].

A number of estimates for the extent of forest cover in the Republic of Ireland are available
from both national and international sources (Table 1). These estimates have been derived
using a variety of methodologies, ranging from sample based ground measurements [30], to
wall-to-wall automatic classification of optical satellite imagery on a pan-European [35] and
global scale [14]. While optical remote sensing has been widely used to provide spatially
explicit maps of forest cover [36–38], its application is limited in countries which have near-
constant cloud coverage. Due to their longer wavelengths (λ), electromagnetic waves in the
microwave region of the electromagnetic spectrum are not as influenced by atmospheric condi-
tions as sensors operating at optical wavelengths. Consequently, Synthetic Aperture Radar
(SAR) provides an ideal data source for routinely tracking areas of forests for changes, irrespec-
tive of weather conditions or time of day. Most forest studies using SAR have applied to regions
with dense cover and/or that are of importance in terms of the UNFCCC REDD+ (Reducing
Emissions from Deforestation and Forest Degradation) mechanism [39], such as Asia [40–43],
Amazonia [44–46], Africa [47], and Siberia [48,49]. In contrast, relatively few applications to
areas with highly sparse and fragmented cover have been carried out.

The most common spaceborne microwave remote sensing instruments used for forest
applications operate at X- (λ~3cm), C- (λ~5cm) and L-band (λ~24cm). The shorter wave-
length radar (X-band) interacts mainly with the tops of the canopy cover while longer wave-
lengths (L-band) are able to penetrate further into the canopy. L-band undergoes multiple
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scattering between the canopy, trunks and soil and is therefore significantly more useful in for-
est and vegetation studies as it is able to penetrate deeper into the canopy cover [50]. However,
despite these advantages, the use of radar is not yet an established method for forest monitor-
ing. This can be attributed to several factors: the limited availability of long-wavelength data,
moisture (soil and vegetation) influences on the backscatter signal, continuity of data

Table 1. Data sources used for comparison of forest cover estimates in the Republic of Ireland, outlining the potential advantages and disadvan-
tages of eachmethod.

Name Forest definition Source/Method Spatial
resolution

Temporal
resolution

Advantages Disadvantages

Forestry2010 Minimum area of
0.1ha, trees > 5m in
height and canopy
cover �20% (or with
potential to reach
those limits

Irish Forest Service;
automatic classification and
on-screen interpretation of
Landsat TM imagery (1993–
1997), aerial photograph
interpretation, records of
state and private
afforestation and historic
forest maps

<10m Periodic
(Non-
uniform)

High spatial
resolution, all newly
grant-aided
afforested areas
accurately captured

Deforestation areas may not
be accurately reported, no
account of successional
forests (e.g. scrub woodland
encroachment on abandoned
peat)

National
Forest
Inventory
(NFI)

Minimum area of
0.1ha, trees > 5m in
height and canopy
cover �20% (or with
potential to reach
those limits

Irish Forest Service; 1827
500m2 forest survey plots
and aerial
photointerpretation of land-
use of 17,423 grid points

<10m 6 years Fully ground truthed
survey plots

Sample-based, not spatially
explicit, wide confidence
limits on deforestation
estimations

Prime2 Not specified Ordinance Survey Ireland
(OSi): Digitisation of aerial
photographs, OSi
databases, boundaries
datasets

<10m Not
specified

High spatial
resolution, includes
some areas not
captured in the
Forestry2010
dataset (e.g. newly
developed scrub
forest)

No systematic update cycle
defined. Some reported
errors in interpretation and
classification (e.g.
miscanthus grass bioenergy
crops misclassified as forest)

JRC Forest
Map 2006

Areas occupied by
forest with native or
exotic coniferous
and/or deciduous
trees and which can
be used for the
production of timber
or other forest
products. Forest
trees are under
normal climatic
conditions higher
than 5 m with a
canopy closure of
30%

Joint Research Centre, Italy:
Supervised classificiation of
optical remote sensing data
(Landsat ETM+, IRS
LISS-III, Spot 4–5, MODIS)

25m Periodic
(Non-
uniform)

Pan-European
coverage

Low accuracies evident for
Ireland—large
underrepresentation of forest
cover

RADAR
Imagery

ESA/Jaxa: ALOS PALSAR
Fine Beam Dual (FBD)
polarisation

15m 46 days High spatial and
temporal resolution

Lack of national expertise,
national coverage can be
expensive

Global Forest
Change
2000–2012

Percentage cover of
vegetation >5m
mapped. For this
study, areas of tree
cover >20%
considered forest

University of Maryland,
USA/Google Earth Engine;
Time-series analysis of
654,178 Landsat ETM
+ images, classified using a
decision tree classifier

30m Annual* Freely available
global data with
planned annual
updates

Forest area vary widely with
national forest statistics,
differences in forest
definitions

* Annual updates have been proposed by Hansen et al. (2013).

doi:10.1371/journal.pone.0133583.t001
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provision, and the complexity of interpreting the data [40,51]. Nonetheless, various studies
have been carried out that have confirmed the potential of these frequencies for forest observa-
tions [52–56]. The almost five years of continuous data from the Japanese Aerospace Explora-
tion Agency (JAXA) Advanced Land Observing Satellite (ALOS) mission [57] provides an
unprecedented archive of multi-polarisation L-band data that can be used to evaluate and opti-
mise methods for exploiting long-wavelength radar data for forest monitoring from future
missions.

In this study, we investigate the potential use of L-band SAR for forest cover monitoring in
fragmented forest landscapes. There are two specific objectives of the study. Firstly, the use of
L-band SAR data for forest cover mapping in two study areas in Ireland is examined. Secondly,
using independent accuracy assessment, a comparative analysis is carried out on radar-based
forest cover estimates and three national, one pan-European and one global forest cover prod-
uct. For the purposes of this analysis, the forest definition used for international forest report-
ing in Ireland (land with a minimum area of 0.1ha, trees> 5m in height and canopy cover
�20%) has been adopted. The results of this study will help inform future forest extent estima-
tion and monitoring approaches in Ireland.

Materials and Methods

2.1 Study areas
Two distinct study areas were selected to investigate potential geographic variation in the accu-
racy of forest cover estimation methodologies (see Fig 1). The study areas encompassed two
Irish counties, Longford and Sligo, which, based on results from Ireland’s second National For-
est Inventory (NFI) in 2012, have 7.7% and 11.2% forest cover respectively (as a proportion of
total land area) [30]. The two areas vary considerably with respect to the nature of forest cover.
71.4% of forests in Longford are in private ownership. Large areas of state-owned non-native
conifer dominated forests make up a considerable proportion of forest cover in Sligo. In con-
trast, state-owned forests constitute 48.1% of the forest area in Sligo. Sitka spruce (Picea sitch-
ensis) is the main forest tree species in Sligo accounting for 59.3% of the stocked forest area,
with native forest tree species accounting for only 24%. Although the non-native conifer spe-
cies Sitka spruce and Norway spruce (Picea abies) are also the most common forest tree species
in Longford (19.4% and 34.3% of the stocked forest area respectively), native species (princi-
pally ash Fraxinus excelsior, birch Betula pubescens and alder Alnus glutinosa) are more com-
mon (36.6% of the forest area) [30]. Both counties are characterised by differences in climate
and topography. Longford is 1091km2 in size and is predominantly lowland, with the north-
west of the county primarily consisting of drumlin topography. The Sligo region has an area of
1837km2 and has two distinctive upland regions, the Dartry Mountains (highest altitude of
647m) to the north of the county and the Ox Mountains (highest altitude of 544m) to the
south west.

2.2 Datasets
2.2.1 ALOS-PALSAR. The ALOS satellite was launched on 19th January 2006 and oper-

ated until 12th May 2011 [57]. The Phased Array-type L-band Synthetic Aperture Radar (PAL-
SAR) instrument on board ALOS operated at L-band (λ~24cm) and provided fully
polarimetric capabilities. Table 2 displays the data characteristics for each acquisition for both
study sites. All acquisitions were acquired from ascending orbits in Fine Beam Dual-polarisa-
tion (FBD) mode (comprising both horizontal transmit and horizontal receive (HH) and hori-
zontal transmit and vertical receive (HV) data) and have a swath width of 70km. Each image
has an off-nadir angle of 34.3° (corresponding to an incidence angle at scene centre of
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approximately 38°). Two frames (acquired on the same acquisition date) were required to
obtain complete coverage for each study area. The satellite had a repeat-pass cycle of 46 days
and operated a systematic observation strategy, whereby the sensor mode, geographical region
and acquisition timing were fixed for the duration of the mission. The primary benefit of such
a strategy was that systematic and regionally consistent data observations over all land surfaces
could be provided. FBD mode acquisitions were scheduled during the northern hemisphere
summer months with a minimum of two acquisitions (during consecutive 46-day cycles) per
year. For this study, acquisitions from June 2010 were used.

2.2.2 Forestry2010. Since 1995, the Irish Forest Service have produced spatial datasets
detailing the extent of the forest estate in the Republic of Ireland [58]. Initially known as the

Fig 1. Location of counties Longford and Sligo in the Republic of Ireland (shaded green).

doi:10.1371/journal.pone.0133583.g001
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Forest Inventory and Planning System (FIPS), this spatial dataset was derived from automatic
classification and on-screen interpretation of Landsat TM imagery (1993–1997), panchromatic
orthophotos (1995), and Ordnance Survey Ireland (OSi) 25-inch map series [58]. Forest
boundaries were digitised to within 2m accuracy of the orthophotos and the OSi 25-inch map
series. In 1998, records of private afforestation since 1980, based on digitisation of hardcopy
maps and OSi orthophoto interpretation were appended to the FIPS dataset. Since then, all
newly afforested areas in receipt of grant payments have been added to this dataset on an
annual basis. For the purposes of this study, all post 2010 afforestation areas were removed
from the current dataset, along with any non-forest land cover areas, to create Forestry2010.

2.2.3 Prime2. Prime2, released in late 2014, is an object-based spatial data storage model,
created by OSi. It provides a highly detailed database of all topological features on the land-
scape and is derived from digitisation of OSi orthophotography and existing boundaries data-
sets. All objects in Prime2 are classified by form and function attributes, which loosely
represent their real-world cover and use. There are five separate but complementary layers that
together make up the seamless Prime2: i) Way (e.g. roads, railway tracks), ii) Water (e.g. fresh
& salt water bodies), iii) Vegetation (e.g. fields, forests), iv) Exposed (e.g. sand, rock outcrops),
and v) Artificial (e.g. concrete areas). For this study, only the Vegetation layer was of interest
and all forest classes (Woodland Coniferous, Woodland Deciduous, and Woodland Mixed)
were extracted to create the Prime2 forest cover map.

2.2.4 Irish National Forest Inventory. The second Irish NFI began in 2009 and was com-
pleted in 2012 [30]. The NFI is a detailed survey of permanent forest sample plots with the pur-
pose of recording and assessing the extent and nature of Ireland’s forests in an accurate and
repeatable manner. Based on a national, randomised systematic 2 x 2 km grid sample design,
aerial photo interpretation of 17,423 grid points was carried out in 2006 and again in 2012. Fol-
lowing ground checks, all potential forests plots meeting the national forest definition were
established as permanent sample plots. This is a modified approach of one of the most com-
monly used NFI methodologies worldwide [59]. For the second NFI, 1827 permanent sample
plots were established. Based on the sampling design used, each forest plot (500 m2) is repre-
sentative of 400 ha of forest nationally. A suite of ground measurements are recorded at each
forest plot. Estimations of NFI forest cover estimates in the study areas were taken from the
results of the second NFI, for which field surveys were carried out in 2010–2012 [30]. All area
estimates are taken from the “Stocked Forest Area” statistics of the NFI.

2.2.5 Forest Map 2006. The Forest Map 2006 is a pan-European forest cover map, pro-
duced using a multilayer perceptron Artificial Neural Network (ANN) applied to optical
remote sensing data [60]. Wall-to-wall forest cover data for Europe and selected neighbouring
countries is available at 25 x 25m pixel size using images acquired during 2005–2007 from the

Table 2. PALSARData Characteristics.

Date Sensor Mode λ (cm) Polarisation θ Orbit Track Frame

Sligo

2010-06-07 PALSAR FBD 23.6 HH/HV ~38° 23279 3 1070

2010-06-07 PALSAR FBD 23.6 HH/HV ~38° 23279 3 1080

Longford

2010-06-19 PALSAR FBD 23.6 HH/HV ~38° 23454 1 1060

2010-06-19 PALSAR FBD 23.6 HH/HV ~38° 23454 1 1070

λ = wavelength

θ = incidence angle

doi:10.1371/journal.pone.0133583.t002
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medium resolution Linear Imaging Self-Scanner (LISS-3) sensor on board the Indian Remote
Sensing satellite (IRS-P6), Satellite Pour l’Observation de la Terre (SPOT 4/5) and Moderate
Resolution Imaging Spectroradiometer (MODIS) imagery. The CORINE Land Cover (CLC)
Map 2006 was used as training data and the EU Land Use and land Cover Area Statistical sur-
vey (LUCAS) data and eForest Platform (harmonised NFI data from all EU-27 member states)
used for its validation. The Forest Map 2006 data covering Longford and Sligo was acquired
from the EU Joint Research Centre (JRC) at http://forest.jrc.ec.europa.eu/download/data/
forest-data-download.

2.2.6 Global Forest Change 2000–2012. In 2013, the findings of a major study on the use
of EO satellite data to map global forest loss and gain from 2000–2012 were published by Han-
sen et. al. [14]. A time-series analysis of 654,178 Landsat Enhanced Thematic Mapper plus
(ETM+) images were classified using a decision tree classifier [61] to characterise global forest
cover and change during the period 2000 to 2012 at a resolution of ~30m. This data analysis
was performed using Google Earth Engine and is available on-line from: http://
earthenginepartners.appspot.com/science-2013-global-forest. Detailed information on how
this dataset was derived is available in the supplementary material of Hansen et. al. [14]. For
this study, a subset of the global forest cover datasets covering the study areas was extracted.
The data was re-classified where forest canopy cover�20% equalled forest and canopy
cover< 20% equalled non-forest cover. The global forest cover loss and gain between the
period 2000 and 2012 was added to the 2000 global forest canopy cover product to create a for-
est cover 2012 product. Finally, forest cover loss during the years 2011 and 2012 was removed
to produce a 2010 forest cover dataset for comparison with the other forest cover datasets.

2.3 SAR Pre-processing
All data were delivered as single look complex (SLC) data products from the European Space
Agency (ESA) (Cat-1 ID 14194). Multi-looking factors of 1 (in range) and 4 (in azimuth) for
the PALSAR FBD data were applied to create 15 x 15m pixels. The data scenes were subse-
quently speckle filtered using a de Grandi multi-temporal speckle filter and radiometrically
and geometrically calibrated and converted to decibel (dB), according to the formula by [57]:

g0
ðdBÞ ¼ 10log10DN

2 þ cf ð1Þ

where γ° is the backscattering coefficient (dB), DN is the pixel digital number value in HH or
HV, and cf is the absolute correction factor of -83.

An OSi 10m spatial resolution DEM with a vertical accuracy of 0.5m and several ground
control points (GCPs) were used to geometrically correct the SAR scenes to the Irish Trans-
verse Mercator (ITM) projection using a Range-Doppler approach. No terrain distortions were
present in the Longford dataset as a result of its low-lying topography. Conversely, the scenes
for Sligo needed to be masked for certain terrain-induced distortions (e.g. layover and shadow-
ing) due to a more varying topography. Approximately 0.2% (2.73km2) of the total county area
(1837km2) was subsequently masked out. The areas of layover and shadow were calculated
using the local incidence angle (angle between the normal to the backscattering object and the
incoming radar signal) as generated using the DEM, where negative values corresponded to
layover areas and values higher than 90° corresponded to shadow areas. In a final step, the two
scenes covering each area were mosaiced. All SAR processing was carried out using SARscape
5.0.001 software within an ENVI 4.8 environment. Fig 2 displays a false colour composite
mosaic for both counties. Forest areas appear in green, water bodies appear in blue, and agri-
cultural fields and peatlands appear in varying shades of purple. Sligo and Longford town,
which have almost 20,000 and 8,000 inhabitants respectively, appear in light shades of pink.

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 7 / 27

http://forest.jrc.ec.europa.eu/download/data/forest-data-download
http://forest.jrc.ec.europa.eu/download/data/forest-data-download
http://earthenginepartners.appspot.com/science-2013-�global-forest
http://earthenginepartners.appspot.com/science-2013-�global-forest


2.4 Training data
A 15 x 15m grid overlaid on the radar datasets was used to extract γ° values from the cell cen-
troid locations. A total of 2378 training samples were selected for Longford (forest = 1189;
non-forest = 1189), and 7890 training samples for Sligo (forest = 3945; non-forest = 3945). The
location of training samples is provided in S1 and S2 Figs These samples were selected on the
basis of reference information obtained from ancillary datasets including OSi aerial imagery
and Bing Maps image layer within ArcGIS 10 (ESRI Inc.) to provide spatially representative
samples for both classes. The validation followed the widely used k-fold cross validation
approach [62]. In this approach, the training samples are separated equally into a user-defined
number of subsets, k. For this study, k was set to 5. During the training stage, one of the k sub-
sets is chosen for validation and the remaining (k-1) subsets for training. This process is
repeated sequentially until all the data sets have been tested. The classification errors computed
from the validation sets are then averaged over the k-trials. The k-fold cross validation accuracy
is the percentage of validation samples that are correctly classified, and this measure provides a
more objective and accurate estimate of classification accuracy than the traditionally used
1-fold method [63]. A further advantage is that all the samples are eventually used for both
training and validating the classifiers, thereby minimising the impact of the training data
selection.

Fig 2. PALSAR false colour composites (HH backscatter (red)–HV backscatter (green)–HH/HV backscatter ratio (blue)) for Sligo (a), and Longford
(b). (Source: European Space Agency)

doi:10.1371/journal.pone.0133583.g002
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2.5 Classifiers
Several methods for forest cover classification can be found in the literature (e.g. [64–66]). In
this study, two machine-learning algorithms; Random Forests (RF) [67] and Extremely Rando-
mised Trees (ERT) [68] were applied to the radar backscatter (HH, HV, and HV/HH ratio)
and ancillary (elevation, slope, soils and subsoils) datasets to distinguish between forest and
non-forest areas on a per-pixel basis. To assess the influence of the ancillary variables on the
classification accuracies, the variable importance ranking derived from the RF algorithm was
analysed to evaluate the contribution of each variable to the classification accuracies. As recom-
mended by Díaz-Uriarte and De Andres [69], a RF model with 5000 trees was used to calculate
the variable contributions.

Machine Learning techniques such as RF have been gaining more widespread use in forest
cover and carbon mapping applications (e.g. [44,70,71]) as they can accept a variety of mea-
surement scales for both numeric and categorical variables, handle many input variables, do
not rely on the data distribution and do not suffer from overfitting [72]. Both classifiers were
implemented in Python v2.7.6 using the open-source Scikit-learn module [73].

2.5.1 Random Forests. Random Forests (RF) builds an ensemble of individual decision-
tree classifiers that are later combined using a majority voting scheme to improve predictive
accuracy. The individual trees are constructed using a bootstrap sample of the training data,
whereby the training is performed on two thirds of the data samples and the remaining one
third of the data samples are omitted. These ‘out-of-bag’ (OOB) samples are used to test the
classification during each iteration and estimate the OOB error. For this study, the RF algo-
rithm was run using a 200-tree ensemble and a random sample of predictor variables at each
node equal to the square root of the total number of predictor variables. RF can also provide
the relative importance of each of the variables used in the model formulation which can pro-
vide valuable insight into the contribution of each variable to the classification accuracy (see
S1, S2 and S3 Tables).

2.5.2 Extremely Randomised Trees. Extremely Randomised Trees (ERT) or Extra-Trees
is a relatively underused (in EO applications) tree-based ensemble classifier, introduced by
Guerts et al. [68], that has been shown to be effective in high-dimensional classification prob-
lems, predominantly in biomedical imaging (e.g. [74–77]). Few applications of ERT to multi-
configuration SAR exist [78]. The primary differences between ERT and RF is that ERT ran-
domly chooses the node split when constructing each tree (as opposed to searching for the
optimal split node) and uses the same input training data to train all individual trees. Increas-
ing the randomisation reduces the variance among trees, while using the full training dataset
rather than bootstrap samples minimises the bias. Similar to RF, the number of the trees was
set to 200 and the number of variables to split at each node was set to the square root of the
number of predictor variables.

2.5.3 Post-classification filtering. Images obtained from coherent sensors such as SARs
are characterised by speckle. Multi-looking and speckle filtering cannot remove entirely the
presence of speckle from the backscatter images and this subsequently impacts on the output
classification maps. In addition, small groups of trees and hedgerows that were classified as for-
est needed to be removed as they do not meet the forest definition used in this study. For both
the RF and ERT derived forest maps, a series of post-classification filtering procedures were
applied (ranging on a scale from 1 (weak filtering) to 5 (strong filtering)) in order to compare
overall accuracies and determine an optimal post-classification filtering procedure. The con-
nectivity of all originally classified forest pixels was analysed and this informed the filtering
process. For scale 1, all contiguous pixel regions of 7 or less were dissolved and all pixel regions
of 71 or less were dissolved for scale 5.
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2.6 Data harmonisation
The extent of forest cover in two regions in Ireland was evaluated using ALOS PALSAR imag-
ery from 2010 and compared with estimates from three national sources (Forestry2010,
Prime2, NFI), one pan-European (JRC Forest Map 2006) and one global forest map (Global
Forest Change 2000–2012). Spatially harmonising the different datasets before comparison is
critical [79]. The JRC2006 and Global Forest cover products were re-projected into the Irish
Transverse Mercator (ITM) projection using a bilinear resampling. Raster maps were con-
verted to polygon shapefiles with simplified polygons. For all maps, forest polygons were dis-
solved to derive a discrete polygon for each continuous forest parcel and the area (ha) of each
forest parcel was calculated. Any resulting polygons<0.1 ha were removed as they fail to meet
the forest definition. As radar and Prime2 coverage were not complete for both Longford and
Sligo, all maps were clipped to a vector boundary layer of areas common to all datasets. Each
forest map was also used to populate the OSi Prime2 object-based database using a simple
majority rule. From each map, total forest area and average forest size was calculated for both
counties. It is noted that although SAR-derived maps, GFC, JRC and NFI stocked forest areas
provide estimates of forest land-cover, Forestry2010 and Prime2 are inherently forest land-use
maps. Despite the modification of the Forestry2010 to exclude non-forest land-use areas and
the exclusion of forest roads from Prime2, these datasets will include recently clear-felled areas
without tree cover and open spaces within the forest.

2.7 Accuracy assessment of forest datasets
An independent accuracy assessment was carried out on all forest cover maps. Forest/non-for-
est ground survey point data were combined from a number of available sources. NFI forest
plots, LUCAS 2009 and the national survey of native woodlands in Ireland survey plots were
combined to create an independent accuracy assessment dataset. Ground visits to all NFI per-
manent sample forest plots in Longford and Sligo were carried out during 2010–2012. LUCAS
(Land Use/Cover Area frame Survey) is a ground-based survey, with direct observations of
land use/cover recorded by field surveyors at 270,000 permanent sampling units throughout
the European Union in 2009. It is managed by Eurostat (Directorate-General of the European
Commission acting as a statistical office) and carried out every three years [80]. The national
survey of native woodlands in Ireland was a comprehensive ground survey of native woodlands
in Ireland [81]. A total of 1,320 forest plots were surveyed in the Republic of Ireland during the
period 2003–2007. Ground survey forest/non forest points from Longford and Sligo were com-
bined from these sources to create an independent accuracy assessment dataset. For Longford,
the dataset contained 77 forest and 273 non-forest samples, and 90 forest and 455 non-forest
samples for Sligo. The overall accuracies of forest/non-forest cover maps were calculated using
this independent accuracy assessment dataset.

Results

3.1 Backscatter analysis
The distribution of radar backscatter (γ°) values for the forest and non-forest classes in both
study areas is shown in Fig 3. The forest backscatter samples have a high level of agreement
with each other. As expected, the non-forest samples display a much wider range as they
include samples from multiple cover types (e.g. settlement, water, grassland, peatland). None-
theless, significant differences (p<0.001) in the mean γ° for both HV and HH polarisations are
obtained. Sligo has slightly higher mean γ° values in both HH (-7.8 ± 1.7dB) and HV
(-12.2 ± 1.8dB) polarisation, compared to Longford (-8.3 ± 1.4dB and -12.9 ± 1.7dB). The
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average difference between forest and non-forest is 7.5dB and 10 dB for Longford and 4.5dB
and 8.6dB for Sligo in both HH and HV polarisations, respectively. At L-band, the backscatter
response is a mixture of backscattering from branches, trunks, and trunk-ground backscatter-
ing. Typically, trees with higher biomass result in a stronger backscatter signal being recorded

Fig 3. Box plots of median L-band HH and HV backscatter (γ°) for forest and non-forest training samples for Longford and Sligo.

doi:10.1371/journal.pone.0133583.g003
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by the sensor. The areas with the strongest response in the cross-polarised images are indicative
of signal depolarisation, caused by volume scattering due to dense vegetation cover or multiple
scattering due to significant surface roughness. Surface scattering does not cause significant
depolarisation and therefore cross-polarised images can generally be used to discriminate
between these different scattering mechanisms.

3.2 SAR Classification accuracies
The RF and ERT radar classification results for Longford and Sligo are summarised in Table 3.
Overall accuracies were high (98.1–98.5%), with differences between the two classifiers being
minimal (<0.5%) and consistent results for both study areas with associated high kappa coeffi-
cients (κ = 0.96–0.97). User`s accuracy was marginally higher for the forest class than the non-
forest class, suggesting a greater tendency of the algorithms to slightly overestimate forest
extent (i.e. misclassify non-forest as forest). Differences between forest area estimates from the
various post-classification filtering procedures for SAR derived maps are shown in Table 4. For
non-Prime2 populated forest area maps, an increased level of post-classification filtering
resulted in a reduction in the overall estimated forest area, an increase in the mean forest size,
and an increase in overall accuracy following independent accuracy assessment (1.5%- 5.5%)
in all cases. For example, in Longford, total estimated forest area decreased from 15,432.8 ha to
11,848.8 ha between the ERT-1 and ERT-5 filtering levels, with a corresponding mean forest
size increase from 1.51 ha to 12.51 ha. Similarly, forest area decreased from 22,038.0 ha to
19,533.9 ha between ERT-1 and ERT-5 for Sligo. In general, this reduction in area estimation
was associated with an increase in overall accuracy of forest cover maps. For non-Prime2 popu-
lated maps, with the exception of the Sligo RF classifier, highest accuracies were recorded at the
strongest filtering level. Overall, higher accuracies were reported when using the RF classifier
in comparison to ERT for both counties. However, this trend was reversed when forest cover
maps were populated into Prime2, with higher accuracies recorded for ERT Prime2 populated
forest cover maps for Longford and Sligo. For Longford, the highest overall accuracy was
recorded with the Prime2 populated ERT-4 forest map. The highest accuracy forest map for
Sligo was the Prime2 populated ERT-4 estimate.

3.3 Impact of ancillary data on classification accuracy
To assess the influence of the ancillary variables on classification accuracies, the variable
importance ranking derived from the RF algorithm was analysed. As can be seen from Fig 4,
the radar HV intensity data have the highest importance for both counties, followed by the HH
intensity data and the HV/HH ratio data. The ancillary datasets have the lowest importance
scores. The accumulation of scores for all variables equals one. Based on these scores, the ancil-
lary variables have little contribution to the classification accuracies. To quantitatively assess
this, the classifications were re-run to assess the influence of the ancillary variables on the origi-
nal classification accuracies. Table 5 displays the results of the RF and ERT classifiers for (i) all
variables, (ii) soil and subsoil information is excluded, (iii) slope and elevation information is
excluded, and (iv) the radar intensities only. The accuracies when either the soil or elevation
data are omitted are approximately the same for both classifiers in each county, with the lowest
accuracies being achieved when only the radar data are considered. The increased importance
score of the elevation data for Sligo may be explained by the fact that many forests in Sligo
occur in upland areas and that the topographic relief of Longford is relatively flat. Overall, the
inclusion of the ancillary data contributes between 2–4% to the overall accuracies when consid-
ering a forest—non-forest classification approach. Not surprisingly, these differences increase
when several different land cover classes are included (as can be seen in S1, S2 and S3 Tables
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Table 3. Radar classification results (RF = Random Forests, ERT = Extremely Randomised Trees, PA = Producer`s Accuracy, UA = User`s
Accuracy).

Longford Sligo

RF ERT RF ERT

PA UA PA UA PA UA PA UA

Forest 0.97 0.99 0.97 0.99 0.98 0.98 0.98 0.99

Non-Forest 0.99 0.97 0.99 0.97 0.98 0.98 0.99 0.98

Overall Accuracy 98.1% 98.4% 98.2% 98.5%

Kappa coefficient 0.96 0.97 0.96 0.97

doi:10.1371/journal.pone.0133583.t003

Table 4. Extremely Randomised Tress (ERT) and Random Forests (RF) forest area (ha) estimates, mean forest size (ha) and overall accuracy
(based on independent accuracy assessment dataset) for each of the different post-classification levels for Longford and Sligo. Corresponding
metrics are presented for the Prime2 populated datasets.

Region Non Prime2 populated Prime2 populated

Forest area
(ha)

Mean Forest size
(ha)

Overall accuracy
(%)

Forest area
(ha)

Mean Forest size
(ha)

Overall accuracy
(%)

Longford ERT-
1

15,432.80 1.51 90.86 9,915.30 2.21 96

ERT-
2

14,779.20 2.23 92.57 9,832.60 2.31 96

ERT-
3

13,759.40 4.03 93.43 9,695.80 2.58 96.28

ERT-
4

13,124.30 5.84 95.14 9,576.60 2.82 96.85

ERT-
5

11,848.80 12.51 96.28 9,346.60 3.64 96.28

RF-1 13,271.50 1.44 93.71 8,945.50 2.21 95.42

RF-2 12,652.70 2.17 94.86 8,890.90 2.36 95.42

RF-3 11,680.40 4.13 96 8,711.50 2.73 96.28

RF-4 11,111.90 6.16 96.28 8,568.70 3.06 96

RF-5 10,086.70 13.35 96.28 8,184.90 3.87 96.57

Sligo ERT-
1

22,038.00 2.72 92.66 18,662.50 3.74 95.96

ERT-
2

21,547.00 4.16 93.03 18,533.30 3.95 95.96

ERT-
3

20,809.60 7.59 93.58 18,336.30 4.45 96.15

ERT-
4

20,403.40 10.6 93.95 18,231.00 4.87 96.15

ERT-
5

19,533.90 19.79 94.13 17,745.80 5.77 95.78

RF-1 20,055.80 2.59 93.03 17,342.90 3.78 95.41

RF-2 19,566.60 4.04 93.03 17,253.50 4.01 95.41

RF-3 18,859.50 7.5 94.5 17,101.50 4.59 95.41

RF-4 18,486.70 10.43 94.86 17,008.00 5 95.41

RF-5 17,731.30 18.29 94.68 16,658.00 5.92 95.41

doi:10.1371/journal.pone.0133583.t004

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 13 / 27



Fig 4. Variable importance scores of the radar backscatter intensities and ancillary data for Longford (top) and Sligo (bottom).

doi:10.1371/journal.pone.0133583.g004

Table 5. Comparison of classification accuracies with and without the ancillary data.

Longford Sligo

RF ERT RF ERT

OA Kappa OA Kappa OA Kappa OA Kappa

i) All variables 98.1% 0.96 98.4% 0.97 98.2% 0.96 98.5% 0.97

ii) No soil 96.3% 0.93 96.5% 0.93 96.8% 0.94 96.9% 0.94

iii) No elevation 97.8% 0.96 97.9% 0.96 96.6% 0.93 96.7% 0.93

iv) Radar only 95.7% 0.91 95.1% 0.90 94.6% 0.89 94.0% 0.88

doi:10.1371/journal.pone.0133583.t005
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and see section 4.3) and this is in agreement with previous studies (e.g. [78] and [82]). The
results from this study indicate that even if ancillary variables are not available/or used in a for-
est—non-forest classification, high accuracies can still be obtained using only the radar inten-
sity data.

3.4 Comparison of SAR forest cover estimates with existing forest cover
estimates
A comparative analysis of forest area estimates for Longford and Sligo for the different forest
cover datasets was carried out and is presented in Table 6. Considerable variation in the spatial
extent of forest cover was found between the sources investigated (see Figs 5–8 and S3 and S4
Figs). In Longford, total forest area varied from 11,848.8 ha using SAR derived estimates, to
2153.1 ha using the JRC Forest Map 2006. Mean forest size was highest in SAR derived esti-
mates (12.51 ha) and lowest in the GFC map (1 ha). In both counties, the GFC map indicated a
much larger number of small, fragmented forest parcels than other datasets (Figs 6 and 8). In
Sligo, total forest area ranged from 20,585.6 ha in the NFI estimate, to 2043.8 using the JRC
Forest Map 2006. Mean forest size was highest in Forestry2010 (15.16 ha) and lowest in the
GFC map (1.25 ha). In all cases, population of the Prime2 object-based spatial data storage
model led to a reduction in the total estimated forest area. For example, following Prime2 pop-
ulation, the forest cover area estimation for Longford using SAR decreased from 11,848.8 ha to
9576.6 ha. The greatest proportionate reduction in area following Prime2 population was
recorded in the GFC map, decreasing from 8368.5 ha to 5763.9 ha (~31%) in Longford, and
from 16,559.2 ha to 11,972.8 ha (~28%) in Sligo. For Longford, the highest overall accuracy
was recorded for the Forestry2010 dataset: 96.57%, increasing to 97.42% following Prime2 pop-
ulation. For Sligo non-Prime2 populated products, the highest overall accuracy was again
recorded in the Forestry2010 dataset (95.52%). The highest overall accuracy was obtained for
the Sligo Prime2 populated map (97.43%).

Discussion

4.1 Forest backscatter signatures
The amount of radar backscatter received from a forest canopy depends upon the system fre-
quency, polarisation and incidence angle, as well as canopy parameters such as structure and
moisture. L-band signal penetrates deeper into the canopy than shorter wavelengths (e.g. X-
and C- band) and interacts with the larger canopy components (e.g. large branches, trunk-
ground interactions) rather than leaves or twigs. Fig 9 displays a comparison of HH and HV γ°
backscatter values for forest training samples at Longford and Sligo. The HH backscatter was
higher compared to the HV backscatter for both counties, with both the HH and HV backscat-
ter being higher in Sligo than Longford. The diversity in backscatter responses may be attrib-
uted to the scattering processes associated with different forest conditions. Generally, dense
mature canopies will result in an increase in HV and HH backscatter. Forest canopies usually
depolarise the radar signal, resulting in a strong HV signal. However, strong HV backscatter
(and increased depolarisation) may also be caused by forest detritus left after a disturbance
event [40]. Such surface conditions would also lead to a strong HH signal, due to increased sur-
face roughness and additional corner reflectors.

4.2 Comparison with accuracies for other land cover types
The principal focus of this study is the ability of radar to distinguish between forest and non-
forest covers in a fragmented landscape. For a thorough investigation, the achieved
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classification results were also assessed in terms of the individual classes that make up the non-
forest class (i.e. the 472 grassland, 71 crop, 296 peatland, 182 settlement and 168 water samples
that make up the 1189 non-forest samples for Longford, and the 502 grassland, 37 crop, 1132
peatland, 1293 settlement, 685 water and 296 exposed rock samples that make up the 3945
non-forest samples for Sligo). In addition, these accuracies were compared with an additional
non-parametric (Support Vector Machines—SVM) and parametric classifier (Maximum Like-
lihood—ML) (Table 7). The ERT classifier outperforms the RF classifier for both counties,
although only marginally in Sligo. The SVM also performs well and the lowest accuracies are
obtained by using the traditional ML classifier. Although these other land covers were not of
primary interest in this study, the results outline the potential of the adopted approach for
mapping different cover types, as for example, has been shown by Barrett et al., [14] for distin-
guishing between grassland types.

4.3 Comparison of SAR-derived forest cover maps with existing forest
cover estimates
Observed differences between SAR-derived maps, Forestry2010, and NFI are of particular
importance as these datasets are commonly used in national reporting statistics. For Longford,
the lowest SAR-derived estimate was approximately 40% greater than Forestry2010 and NFI
estimates. This discrepancy may be partly explained by changing land-cover trends. Longford
has a high proportion of raised bog land-cover, much of which has been used for industrial
harvesting of peat for electricity production and domestic heating [83]. Anecdotal evidence

Table 6. Forest area (ha), mean forest size (ha), and accuracy (based on independent accuracy assessment dataset) for forest cover estimation in
both non-Prime2 populated and Prime2 populatedmaps, in Longford and Sligo.

Region Non Prime2 populated Prime2 populated

Forest
area (ha)

Mean
forest
size (ha)

Producer`s
Accuracy
(%)

User`s
Accuracy
(%)

Overall
accuracy
(%)

Forest
area (ha)

Mean
forest
size
(ha)

Producer`s
Accuracy
(%)

User`s
Accuracy
(%)

Overall
accuracy
(%)

Longford

SAR* (RF) 10,086.70 13.35 92.21 91.03 96.28 8,184.90 3.87 90.91 93.33 96.57

SAR* (ERT) 11,848.80 12.51 94.81 89.02 96.28 9,346.60 3.64 92.21 91.03 96.28

Forestry2010 7,314.60 9.55 88.31 95.77 96.57 6,724.60 4.73 90.91 97.22 97.42

Prime2 - - - - - 6,923.70 3.93 87.01 97.1 96.57

NFI 6,769.90 - - - - - - - - -

JRC 2,153.10 2.26 12.99 90.91 80.57 1,870.30 3.94 16.88 92.86 81.42

GFC 8,368.50 1 71.43 85.94 91.14 5,763.90 2.78 68.83 91.38 91.71

Sligo

SAR* (RF) 17,731.30 18.29 77.78 88.61 94.68 16,658 5.92 75.56 95.77 95.41

SAR* (ERT) 19,533.90 19.79 81.11 82.95 94.13 17,745.80 5.77 81.11 92.41 95.78

Forestry2010 17,827.20 15.16 77.78 92.11 95.52 17,036.00 7.14 75.56 93.15 95.05

Prime2 - - - - - 18,297.80 6.53 88.89 95.24 97.43

NFI 16,571.10 - - - - - - - - -

JRC 2,043.70 2.44 2.22 100 83.85 1,546.30 5.97 3.33 100 84.04

GFC 16,559.20 1.25 58.89 77.94 90.46 11,972.80 2.82 60 91.52 92.48

*The SAR forest area estimates for Longford and Sligo are derived from the RF-5 and ERT-5 products

doi:10.1371/journal.pone.0133583.t006
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suggests that, due to changing socio-economic circumstances and environmental concerns,
industrial practices on many of these peatlands have recently been abandoned leading to the
development of successional woodlands. Within the Forestry2010 dataset, recent, naturally
developing forests are not accounted for and hence may be underrepresented. Conversely,
SAR-derived maps may have incorrectly identified non-forest scrub vegetation (such as Ulex
spp.) as forest, leading to an over-estimation of the total forest area. These areas support a
lower L-band backscatter (see Fig 9) and could be mapped as a separate class [84].

To our knowledge, this is one of the first studies worldwide to assess the usefulness of the
GFC map for forest monitoring on a regional scale, whereby accuracies are compared to exist-
ing and novel national forest cover datasets. Although GFC-derived forest area estimates were
within 25% of national (Forestry2010 and NFI) and SAR-derived estimates, overall accuracy

Fig 5. Extent of forest cover in Longford based on (a) SAR RF-5, (b) SAR ERT-5, (c) Forestry2010, (d) Prime2, (e) JRC Forest Map 2006, and (f)
Global Forest Changemap. The boxed area indicates the zoom-in area shown in Fig 6.

doi:10.1371/journal.pone.0133583.g005
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was consistently lower in GFC maps than other sources (with the exception of FMAP2006).
Visual inspection of forest maps indicates a higher number of small forest parcels in the GFC
dataset (Figs 6 and 8). The possible erroneous inclusion of non-forest areas of tree cover as for-
est in the GFC dataset may have occurred due to difficulties with harmonising forest defini-
tions between the different estimation methodologies. The Irish national forest definition [85]
was applied for this study and attempts were made to align all datasets to this definition. Never-
theless, the original GFC dataset was designed to capture percentage cover of all vegetation>5
m in height, rather than forest as described by the national definition. Although forest cover in
Ireland is low compared to other European countries [1], a large area of trees outside forests in
the form of hedgerows and scrub exists [30]. The GFC dataset may have incorrectly incorpo-
rated some of these areas as forest. It is important to note that no post-classification filtering
was carried out on JRC or GFC forests maps. This process would be unlikely to improve

Fig 6. Zoomed-in (1: 60,000) extent of forest cover in Longford based on (a) SAR RF-5, (b) SAR ERT-5, (c) Forestry2010, (d) Prime2, (e) JRC Forest
Map 2006, and (f) Global Forest Changemap.

doi:10.1371/journal.pone.0133583.g006
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accuracies of the JRC map due to its large under-representation of forest cover but may influ-
ence accuracies of GFC forest maps. Global and pan-continental forest cover maps such as
those investigated in this study are essential instruments in the long-term monitoring of large-
scale land cover changes. However, the reduced accuracies of these datasets in comparison to
national and the SAR-derived forest maps, indicate that caution should be exercised when
applying these datasets to nuanced local forest conditions, such as highly sparse and frag-
mented forest landscapes. Currently, particularly in developed counties where pre-existing for-
est cover estimation methodologies have been optimally developed for local circumstances,
their use for national reporting may be limited.

In almost all cases, population of the object-based Prime2 storage model with other forest
cover maps resulted in increased overall accuracy of maps. Prime2 is a highly detailed spatial
framework of all topological features on the Irish landscape. Rather than being pixel-based, it
has the advantage of incorporating landscape features and real-world objects. While increases

Fig 7. Extent of forest cover in Sligo based on (a) SAR RF-5, (b) SAR ERT-5, (c) Forestry2010, (d) Prime2, (e) JRC Forest Map 2006, and (f) Global
Forest Changemap. The boxed area indicates the zoom-in area shown in Fig 8.

doi:10.1371/journal.pone.0133583.g007

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 19 / 27



in overall accuracy between Prime2 populated and non-Prime2 populated maps are small, this
trend supports the potential use of Prime2 as a spatial framework for determining forest (and
general land) cover in Ireland using EO data. A similar product, the Ordnance Survey UKMas-
terMap, has been used in conjunction with optical imagery to produce a land-cover map for
the United Kingdom with an overall accuracy of 83% based on 9127 field validation points
[86].

As identified in previous comparative studies (e.g. [17,78]), limitations exist with regard to
the spatial and temporal harmonisation of datasets. In some cases, differences in basic method-
ologies meant that spatial and temporal alignment of all datasets was not possible. As the NFI
is a sample based estimation methodology, accuracy comparison with other estimates was not
possible. Similarly, high spatial resolution of training data within the FMAP 2006 product may
have led to an underrepresentation of forest cover in our study areas. The FMAP 2006 has

Fig 8. Zoomed-in (1: 60,000) extent of forest cover in Sligo based on (a) SAR RF-5, (b) SAR ERT-5, (c) Forestry2010, (d) Prime2, (e) JRC Forest Map
2006, and (f) Global Forest Changemap.

doi:10.1371/journal.pone.0133583.g008
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reported overall classification accuracy on a pan-European level of 88.0%. However, for coun-
tries such as Ireland which have a low proportion of forest, there is a strong under-estimation
of forest cover (see Table 6 and [11]). This is due to the minimummapping unit of 25 ha of the
CLC2006 which was used to train the classifier. As the mean forest size in Ireland is< 25 ha,
many forest areas were not included in the training dataset used to produce the FMAP 2006.
Similar difficulties in reporting forest-related land-cover changes in using CORINE data were
noted by Black et. al. [87]. Temporal differences in data capture will also have contributed
some variation in the estimates provided. Data acquisition for the FMAP 2006 was carried out

Fig 9. Comparison of HH and HV γ° backscatter for Forest training samples at Longford and Sligo.

doi:10.1371/journal.pone.0133583.g009

Table 7. Longford and Sligo classification results for multiple classes (RF = Random Forests, ERT = Extremely Randomised Trees, SVM = Support
Vector Machines, ML = Maximum Likelihood, PA = Producer’s Accuracy, UA = User’s Accuracy).

Longford Sligo

RF ERT SVM ML RF ERT SVM ML

PA UA PA UA PA UA PA UA # Samples PA UA PA UA PA UA PA UA # Samples

Forest 0.97 0.99 0.97 1.00 0.96 0.98 0.96 0.94 1189 0.98 0.99 0.98 0.99 0.97 0.98 0.95 0.96 3945

Grassland 0.88 0.94 0.90 0.95 0.88 0.89 0.83 0.84 472 0.86 0.79 0.88 0.79 0.77 0.73 0.46 0.40 502

Water 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.98 168 0.97 0.98 0.96 0.98 0.93 0.96 0.72 0.94 685

Settlement 0.91 0.76 0.98 0.81 0.89 0.74 0.61 0.65 182 0.93 0.91 0.94 0.91 0.87 0.87 0.83 0.68 1293

Peatland 0.89 0.99 0.92 0.99 0.89 0.97 0.77 0.93 296 0.94 0.98 0.94 0.98 0.93 0.96 0.80 0.87 1132

Crop 0.87 0.18 0.83 0.34 0.53 0.35 0.04 0.01 71 1.00 0.32 0.95 0.51 0.71 0.68 0.28 0.14 37

Exposed Rock / / / / / / / / - 0.91 0.90 0.89 0.88 0.80 0.70 0.39 0.35 296

OA 93.9% 95.1% 92.6% 86.9% / 95.7% 95.9% 92.8% 83.7% /

Kappa 0.91 0.93 0.89 0.81 / 0.94 0.94 0.90 0.76 /

doi:10.1371/journal.pone.0133583.t007
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between 2005 and 2007 and hence, recently afforested areas would have been omitted from this
dataset, although this is unlikely to explain the large under-representation of the forest area by
this product.

Conclusions
In countries with near constant cloud-cover, radar EO data has the potential to produce high-
accuracy, high-resolution forest cover maps. Of particular note is the possible use of SAR data
in Land-Use, Land-Use Change and Forestry (LULUCF) sector of UNFCCC inventory reports,
whereby annual updates of forest area, afforestation and deforestation areas are required. SAR-
derived forest cover maps for two Irish regions displayed high accuracies following indepen-
dent accuracy assessment and were comparable with datasets currently used in national forest
reporting. These findings indicate that dual-polarisation radar could aid forest inventories.
However, SAR forest mapping is primarily a land-covermapping technique, whereas LULUCF
reporting is based on land-use. In countries where the principal silvicultural method is clear-
felling followed by replanting, a change in forest cover may be not associated with a change in
land-use. Thus, for reporting land-use change events, SAR-based forest cover change identifi-
cation should be used in combination with data from other sources such as ground surveys,
ancillary data and other sensors (e.g. optical) [21]. SAR-derived maps of tree cover may also be
applicable to the assessment of “trees outside the forest” [88] which are often overlooked in
standard inventory methodologies such as NFIs [89].

Although ALOS PALSAR is no longer operational, a follow-on mission, ALOS-2 [90] was
successfully launched on 24th May 2014. Furthermore, continuity of observations will be facili-
tated by the ever-increasing number of radar sensors being launched. This, in addition to free
and open access policies for certain sensor data (e.g. Sentinel-1A/B—launched 3rd April 2014)
further constitute a basis for incorporating SAR-derived forest cover estimates into national
reporting mechanisms. The reduced accuracies of global and pan-continental forest cover
maps investigated in this study indicate that caution should be exercised when applying these
datasets to nuanced local forest conditions.

Supporting Information
S1 Fig. Location of classification training samples for Longford. Green dots refer to Forest
samples and white dots depict Non-Forest samples.
(TIF)

S2 Fig. Location of classification training samples for Sligo. Green dots refer to Forest sam-
ples and white dots depict Non-Forest samples.
(TIF)

S3 Fig. Zoomed-in (1: 150,000) extent of forest cover in Longford based on (a) SAR RF5,
(b) SAR ERT5, (c) Forestry2010, (d) Prime2, (e) JRC Forest Map 2006, and (f) Global For-
est Change map.
(TIF)

S4 Fig. Zoomed-in (1: 150,000) extent of forest cover in Sligo based on (a) SAR RF5, (b)
SAR ERT5, (c) Forestry2010, (d) Prime2, (e) JRC Forest Map 2006, and (f) Global Forest
Change map.
(TIF)

S1 Table. Longford and Sligo classification results for multiple classes (RF = Random Forests,
ERT = Extremely Randomised Trees, SVM = Support Vector Machines, ML =Maximum
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Likelihood, PA = Producer’s Accuracy, UA = User’s Accuracy) without ancillary soil data
(XLSX)

S2 Table. Longford and Sligo classification results for multiple classes (RF = Random For-
ests, ERT = Extremely Randomised Trees, SVM = Support Vector Machines,
ML =Maximum Likelihood, PA = Producer’s Accuracy, UA = User’s Accuracy) without
ancillary elevation data
(XLSX)

S3 Table. Longford and Sligo classification results for multiple classes (RF = Random For-
ests, ERT = Extremely Randomised Trees, SVM = Support Vector Machines,
ML =Maximum Likelihood, PA = Producer’s Accuracy, UA = User’s Accuracy) without
ancillary soil and elevation data
(XLSX)

Acknowledgments
The authors would like to thank the European Space Agency (ESA) for providing SAR data
under Category-1 project ID 14194. Thanks to the National Parks andWildlife Service
(NPWS) for provision of National Survey of Native Woodlands data. The authors also
acknowledge Ordnance Survey Ireland (OSi) for access to aerial photography and Prime2 data
(Licence No. EN 0076414). We are grateful to the Joint Research Centre Forest Action and
Hansen/UMD/Google/USGS/NASA for access to large-scale forest cover datasets. We thank
the anonymous reviewers and the editors for their useful comments that have helped improve
the manuscript.

Author Contributions
Conceived and designed the experiments: JD BB FB JR JO. Performed the experiments: JD BB.
Analyzed the data: JD BB. Wrote the paper: JD BB FB JR JO.

References
1. FAO (2010) Global Forest Resources Assessment 2010 Main Report. Rome: FAO.

2. Houghton R (2007) Balancing the global carbon budget. Annu Rev Earth Planet Sci 35: 313–347.

3. IPCC (2000) In: Watson RT, Noble IR, Bolin B, Ravindranath NH, Verado DJ, Dokken DJ (eds) Inter-
governmental Panel on Climate Change: Land use, land-use change, and forestry. Cambridge: Cam-
bridge University Press.

4. Bonan GB (2008) Forests and climate change: forcings, feedbacks, and the climate benefits of forests.
Science 320: 1444–1449. doi: 10.1126/science.1155121 PMID: 18556546

5. Ashton MS, Tyrrell ML, Spalding D, Gentry B (2012) Managing forest carbon in a changing climate:
Springer.

6. Busch J, Godoy F, Turner WR, Harvey CA (2011) Biodiversity co-benefits of reducing emissions from
deforestation under alternative reference levels and levels of finance. Conservation Letters 4: 101–
115.

7. Fearnside PM (2005) Deforestation in Brazilian Amazonia: history, rates, and consequences. Conser-
vation Biology 19: 680–688.

8. Lynch J, Maslin M, Balzter H, Sweeting M (2013) Sustainability: Choose satellites to monitor deforesta-
tion. Nature 496: 293–294. doi: 10.1038/496293a PMID: 23598323

9. Asner GP (2014) Satellites and psychology for improved forest monitoring. Proceedings of the National
Academy of Sciences 111: 567–568.

10. Hansen MC, Stehman SV, Potapov PV, Loveland TR, Townshend JR, DeFries RS, et al. (2008) Humid
tropical forest clearing from 2000 to 2005 quantified by using multitemporal and multiresolution
remotely sensed data. Proceedings of the National Academy of Sciences 105: 9439–9444.

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 23 / 27

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133583.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133583.s007
http://dx.doi.org/10.1126/science.1155121
http://www.ncbi.nlm.nih.gov/pubmed/18556546
http://dx.doi.org/10.1038/496293a
http://www.ncbi.nlm.nih.gov/pubmed/23598323


11. Kempeneers P, McInerney D, Sedano F, Gallego J, Strobl P, Kay S, et al. (2013) Accuracy Assessment
of a Remote Sensing-Based, Pan-European Forest Cover Map Using Multi-Country National Forest
Inventory Data. IEEE Journal of Selected Topics in Applied Earth Observation and Remote Sensing.

12. Bossard M, Feranec J, Otahel J (2000) CORINE land cover technical guide: Addendum 2000. Euro-
pean Environment Agency Copenhagen.

13. Caccetta P, Furby S, Wallace J, Wu X, Richards G, Waterworth R (2012) Long-Term Monitoring of Aus-
tralian Land Cover Change Using Landsat Data: Development, Implementation, and Operation. Global
Forest Monitoring from Earth Observation: 243.

14. Hansen M, Potapov P, Moore R, Hancher M, Turubanova S, Tyukavina A, et al. (2013) High-resolution
global maps of 21st-century forest cover change. Science 342: 850–853. doi: 10.1126/science.
1244693 PMID: 24233722

15. Bartholomé E, Belward A (2005) GLC2000: a new approach to global land cover mapping from Earth
observation data. International Journal of Remote Sensing 26: 1959–1977.

16. HansenMC, Stehman SV, Potapov PV (2010) Quantification of global gross forest cover loss. Proceed-
ings of the National Academy of Sciences 107: 8650–8655.

17. Dong J, Xiao X, Sheldon S, Biradar C, Duong ND, Hazarika M (2012) A comparison of forest cover
maps in Mainland Southeast Asia frommultiple sources: PALSAR, MERIS, MODIS and FRA. Remote
Sensing of Environment 127: 60–73.

18. Achard F, Eva HD, Stibig H-J, Mayaux P, Gallego J, Richards T, et al. (2002) Determination of defores-
tation rates of the world's humid tropical forests. Science 297: 999–1002. PMID: 12169731

19. Zhang Q, Devers D, Desch A, Justice CO, Townshend J (2005) Mapping tropical deforestation in Cen-
tral Africa. Environmental Monitoring and Assessment 101: 69–83. PMID: 15736876

20. Petit C, Scudder T, Lambin E (2001) Quantifying processes of land-cover change by remote sensing:
resettlement and rapid land-cover changes in south-eastern Zambia. International Journal of Remote
Sensing 22: 3435–3456.

21. Patenaude G, Milne R, Dawson TP (2005) Synthesis of remote sensing approaches for forest carbon
estimation: reporting to the Kyoto Protocol. Environmental Science & Policy 8: 161–178.

22. Le Toan T, Quegan S, Davidson M, Balzter H, Paillou P, Papathanassiou K, et al. (2011) The BIO-
MASSmission: Mapping global forest biomass to better understand the terrestrial carbon cycle.
Remote Sensing of Environment 115: 2850–2860.

23. Lucas R, Clewley D, Rosenqvist A, Kellndorfer J, Walker W, Bunting P, et al. (2012) Global Forest Mon-
itoring with Synthetic Aperture Radar (SAR) Data: CRC Press: Boca Raton, FL, USA.

24. UNFCCC (1992) United Nations Framework Convention on Climate Change. Available: http://unfccc.
int/.

25. UNFCCC (1997) Kyoto Protocol to the United Nation Framework Convention on Climate Change.
Avaialble: http://unfccc.int/.

26. Turner W, Spector S, Gardiner N, Fladeland M, Sterling E, Steininger M (2003) Remote sensing for bio-
diversity science and conservation. Trends in Ecology and Evolution 18: 306–314.

27. Pettorelli N, Vik JO, Mysterud A, Gaillard J-M, Tucker CJ, Stenseth NC (2005) Using the satellite-
derived NDVI to assess ecological responses to environmental change. Trends in ecology & evolution
20: 503–510.

28. Zhao B, Kreuter U, Li B, Ma Z, Chen J, Nakagoshi N (2004) An ecosystem service value assessment of
land-use change on Chongming Island, China. Land Use Policy 21: 139–148.

29. Mitchell F (2000) The development of Ireland's tree cover over the millennia. Irish Forestry 57: 38–46.

30. Forest Service (2013) Ireland's National Forest Inventory 2012. Department of Agriculture, Food and
the Marine, Johnstown Castle. Co. Wexford, Ireland.

31. Wilson MW, Gittings T, Pithon J, Kelly TC, Irwin S, O'Halloran J. Bird diversity o f afforestation habitats
in Ireland: current trends and likely impacts; 2012. The Royal Irish Academy. pp. 1–14.

32. Forest Policy Review Group (2013) Ireland`s forest policy—a renewed vision. Available: https://www.
agriculture.gov.ie/media/migration/forestry/publicconsultation/forestpolicyreview/
ForestPolicyReviewpublicconsult21Jun2013.pdf. Accessed: 24 April 2014.

33. O’Donnell A, Cummins M, Byrne KA (2013) Forestry in the Republic of Ireland: Government policy,
grant incentives and carbon sequestration value. Land Use Policy 35: 16–23.

34. COFORD (2009) Forestry 2030. National Council for Forest Research and Development, Dublin.

35. Achard F, Hansen MC (2012) Global Forest Monitoring from Earth Observation: CRC Press.

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 24 / 27

http://dx.doi.org/10.1126/science.1244693
http://dx.doi.org/10.1126/science.1244693
http://www.ncbi.nlm.nih.gov/pubmed/24233722
http://www.ncbi.nlm.nih.gov/pubmed/12169731
http://www.ncbi.nlm.nih.gov/pubmed/15736876
http://unfccc.int/
http://unfccc.int/
http://unfccc.int/
https://www.agriculture.gov.ie/media/migration/forestry/publicconsultation/forestpolicyreview/ForestPolicyReviewpublicconsult21Jun2013.pdf
https://www.agriculture.gov.ie/media/migration/forestry/publicconsultation/forestpolicyreview/ForestPolicyReviewpublicconsult21Jun2013.pdf
https://www.agriculture.gov.ie/media/migration/forestry/publicconsultation/forestpolicyreview/ForestPolicyReviewpublicconsult21Jun2013.pdf


36. Herold M, Román-Cuesta RM, Mollicone D, Hirata Y, Van Laake P, Asner GP, et al. (2011) Options for
monitoring and estimating historical carbon emissions from forest degradation in the context of REDD+.
Carbon Balance and Management 6: 1–7.

37. DeFries R, Hansen M, Townshend J, Janetos A, Loveland T (2000) A new global 1-km dataset of per-
centage tree cover derived from remote sensing. Global Change Biology 6: 247–254.

38. Boyd D, Danson F (2005) Satellite remote sensing of forest resources: three decades of research
development. Progress in Physical Geography 29: 1–26.

39. Parker C, Mitchell A, Trivedi M, Mardas N, Sosis K (2009) The little REDD+ book. Global Canopy
Fundation.

40. Whittle M, Quegan S, Uryu Y, Stüewe M, Yulianto K (2012) Detection of tropical deforestation using
ALOS-PALSAR: A Sumatran case study. Remote Sensing of Environment 124: 83–98.

41. Schlund M, von Poncet F, Hoekman DH, Kuntz S, Schmullius C (2013) Importance of bistatic SAR fea-
tures from TanDEM-X for forest mapping and monitoring. Remote Sensing of Environment.

42. Hoekman DH, Vissers MA, Wielaard N (2010) PALSAR wide-area mapping of Borneo: methodology
and map validation. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sens-
ing 3: 605–617.

43. Dong J, Xiao X, Sheldon S, Biradar C, Zhang G, Hazarika M (2014) A 50-m Forest Cover Map in South-
east Asia from ALOS/PALSAR and Its Application on Forest Fragmentation Assessment. PloS One 9:
e85801. doi: 10.1371/journal.pone.0085801 PMID: 24465714

44. Walker WS, Stickler CM, Kellndorfer JM, Kirsch KM, Nepstad DC (2010) Large-area classification and
mapping of forest and land cover in the Brazilian Amazon: a comparative analysis of ALOS/PALSAR
and Landsat data sources. Selected Topics in Applied Earth Observations and Remote Sensing, IEEE
Journal of 3: 594–604.

45. Rignot E, SalasWA, Skole DL (1997) Mapping deforestation and secondary growth in Rondônia, Brazil,
using imaging radar and Thematic Mapper data. Remote Sensing of Environment 59: 167–179.

46. Almeida-Filho R, Shimabukuro Y, Rosenqvist A, Sanchez G (2009) Using dual-polarized ALOS PAL-
SAR data for detecting new fronts of deforestation in the Brazilian Amazônia. International Journal of
Remote Sensing 30: 3735–3743.

47. Ryan CM, Hill T, Woollen E, Ghee C, Mitchard E, Cassells G (2012) Quantifying small-scale deforesta-
tion and forest degradation in African woodlands using radar imagery. Global Change Biology 18:
243–257.

48. Thiel CJ, Thiel C, Schmullius CC (2009) Operational Large-Area Forest Monitoring in Siberia Using
ALOS PALSAR Summer Intensities andWinter Coherence. IEEE Transactions on Geoscience and
Remote Sensing 47: 3993–4000.

49. Wagner W, Luckman A, Vietmeier J, Tansey K, Balzter H, Schmullius C, et al. (2003) Large-scale map-
ping of boreal forest in SIBERIA using ERS tandem coherence and JERS backscatter data. Remote
Sensing of Environment 85: 125–144.

50. Saatchi SS, Soares JV, Alves DS (1997) Mapping deforestation and land use in Amazon rainforest by
using SIR-C imagery. Remote Sensing of Environment 59: 191–202.

51. Lucas R, Armston J, Fairfax R, FenshamR, Accad A, Carreiras J, et al. (2010) An evaluation of the
ALOS PALSAR L-band backscatter—Above ground biomass relationship Queensland, Australia:
Impacts of surface moisture condition and vegetation structure. IEEE Journal of Selected Topics in
Applied Earth Observations and Remote Sensing 3: 576–593.

52. Dobson MC, Ulaby FT, LeToan T, Beaudoin A, Kasischke ES, Christensen N (1992) Dependence of
radar backscatter on coniferous forest biomass. IEEE Transactions on Geoscience and Remote Sens-
ing 30: 412–415.

53. Pulliainen JT, Kurvonen L, Hallikainen MT (1999) Multitemporal behavior of L-and C-band SAR obser-
vations of boreal forests. Geoscience and Remote Sensing, IEEE Transactions on 37: 927–937.

54. Quegan S, Le Toan T, Yu JJ, Ribbes F, Floury N (2000) Multitemporal ERS SAR analysis applied to for-
est mapping. IEEE Transactions on Geoscience and Remote Sensing 38: 741–753.

55. Pulliainen JT, Heiska K, Hyyppa J, Hallikainen MT (1994) Backscattering properties of boreal forests at
the C-and X-bands. IEEE Transactions on Geoscience and Remote Sensing 32: 1041–1050.

56. Karjalainen M, Kankare V, Vastaranta M, Holopainen M, Hyyppä J (2012) Prediction of plot-level forest
variables using TerraSAR-X stereo SAR data. Remote Sensing of Environment 117: 338–347.

57. Rosenqvist A, Shimada M, Ito N, Watanabe M (2007) ALOS PALSAR: A pathfinder mission for global-
scale monitoring of the environment. IEEE Transactions on Geoscience and Remote Sensing 45:
3307–3316.

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 25 / 27

http://dx.doi.org/10.1371/journal.pone.0085801
http://www.ncbi.nlm.nih.gov/pubmed/24465714


58. Gallagher G, Dunne S, Jordan P, Stanley B (2001) Ireland’s Forest Inventory and Planning System.
Forest Service, Department of Agriculture and Food, Johnstown castle Estate, CoWexford Ireland.

59. Tomppo E, Gschwantner M, Lawrence M, McRoberts RE (2010) National Forest Inventories. Dor-
drecht: Springer.

60. Kempeneers P, Sedano F, Seebach L, Strobl P, San-Miguel-Ayanz J (2011) Data fusion of different
spatial resolution remote sensing images applied to forest-type mapping. IEEE Transactions on Geo-
science and Remote Sensing 49: 4977–4986.

61. Breiman L, Friedman J, Stone CJ, Olshen RA (1984) Classification and regression trees: CRC press.

62. Fielding AH, Bell JF (1997). A review of methods for the assessment of prediction errors in conservation
presence/absence models. Environmental conservation, 24, 38–49

63. Tso B, Mather P. (2009). Classification methods for remotely sensed data. ( 2nd ed.). Boca Raton, Flor-
ida: CRC press

64. Lu D, Weng Q (2007) A survey of image classification methods and techniques for improving classifica-
tion performance. International Journal of Remote Sensing 28: 823–870.

65. Gislason PO, Benediktsson JA, Sveinsson JR (2006) Random forests for land cover classification. Pat-
tern Recognition Letters 27: 294–300.

66. Pal M, Mather P (2005) Support vector machines for classification in remote sensing. International Jour-
nal of Remote Sensing 26: 1007–1011.

67. Breiman L (2001) Random forests. Machine learning 45: 5–32.

68. Geurts P, Ernst D, Wehenkel L (2006) Extremely randomized trees. Machine learning 63: 3–42.

69. Díaz-Uriarte R, De Andres SA (2006). Gene selection and classification of microarray data using ran-
dom forest. BMC bioinformatics, 7(1): 3.

70. Mellor A, Haywood A, Stone C, Jones S (2013) The Performance of Random Forests in an Operational
Setting for Large Area Sclerophyll Forest Classification. Remote Sensing 5: 2838–2856.

71. Mascaro J, Asner GP, Knapp DE, Kennedy-Bowdoin T, Martin RE, Anderson C, et al. (2014) A Tale of
Two “Forests”: Random Forest Machine Learning Aids Tropical Forest Carbon Mapping. PloS One 9:
e85993. doi: 10.1371/journal.pone.0085993 PMID: 24489686

72. Rodriguez-Galiano V, Ghimire B, Rogan J, Chica-OlmoM, Rigol-Sanchez J (2012) An assessment of
the effectiveness of a random forest classifier for land-cover classification. ISPRS Journal of Photo-
grammetry and Remote Sensing 67: 93–104.

73. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. (2011) Scikit-learn:
Machine learning in Python. The Journal of Machine Learning Research 12: 2825–2830.

74. Marée R, Geurts P, Wehenkel L (2007) Random subwindows and extremely randomized trees for
image classification in cell biology. BMCCell Biology 8: S2. PMID: 17634092

75. Geurts P, Irrthum A, Wehenkel L (2009) Supervised learning with decision tree-based methods in
computational and systems biology. Molecular Biosystems 5: 1593–1605. doi: 10.1039/b907946g
PMID: 20023720

76. Marée R, Wehenkel L, Geurts P (2013) Extremely Randomized Trees and Random Subwindows for
Image Classification, Annotation, and Retrieval. Decision Forests for Computer Vision and Medical
Image Analysis: Berlin: Springer. pp. 125–141.

77. Irrthum A, Wehenkel L, Geurts P (2010) Inferring regulatory networks from expression data using tree-
based methods. PloS One 5: e12776. doi: 10.1371/journal.pone.0012776 PMID: 20927193

78. Barrett B, Nitze I, Green S, Cawkwell F (2014). Assessment of multi-temporal, multi-sensor radar and
ancillary spatial data for grasslands monitoring in Ireland using machine learning approaches. Remote
Sensing of Environment, 152, 109–124

79. Seebach LM, Strobl P, San Miguel-Ayanz J, Gallego J, Bastrup-Birk A (2011) Comparative analysis of
harmonized forest area estimates for European countries. Forestry 84: 285–299.

80. Gallego J, Bamps C (2008) Using CORINE land cover and the point survey LUCAS for area estimation.
International Journal of Applied Earth Observation and Geoinformation 10: 467–475.

81. Perrin P, Barron S, Martin J (2006) National survey of native woodlands in Ireland: Second phase
report. Dublin: National Parks andWildlife Service.

82. Marti-Cardona B, Dolz-Ripolles J, Lopez-Martinez C (2013). Wetland inundation monitoring by the syn-
ergistic use of ENVISAT/ASAR imagery and ancillary spatial data. Remote Sensing of Environment,
139(0): 171–184.

83. Tuohy A, Bazilian M, Doherty R, Gallachóir BÓ, O’Malley M (2009) Burning peat in Ireland: An electric-
ity market dispatch perspective. Energy Policy 37: 3035–3042.

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 26 / 27

http://dx.doi.org/10.1371/journal.pone.0085993
http://www.ncbi.nlm.nih.gov/pubmed/24489686
http://www.ncbi.nlm.nih.gov/pubmed/17634092
http://dx.doi.org/10.1039/b907946g
http://www.ncbi.nlm.nih.gov/pubmed/20023720
http://dx.doi.org/10.1371/journal.pone.0012776
http://www.ncbi.nlm.nih.gov/pubmed/20927193


84. Lucas RM, Cronin N, MoghaddamM, Lee A, Armston J, Bunting P, et al. (2006) Integration of radar and
Landsat-derived foliage projected cover for woody regrowth mapping, Queensland, Australia. Remote
Sensing of Environment 100: 388–406.

85. Duffy P, Hanley E, Hyde B, O’Brien P, Ponzi J, Cotter E, et al. (2012) Ireland national inventory report
2013. Greenhouse gas emissions 1990–2011 reported to the United Nations framework convention on
climate change. Environmental Protection Agency< http://coeepaie/ghg/nirdownloadsjsp> accessed
29.

86. Morton D, Rowland C, Wood C, Meek L, Marston C, Smith G, et al. (2011) Final Report for LCM2007-
the new UK land cover map. Countryside Survey Technical Report No 11/07.

87. Black K, O’Brien P, Redmond J, Barrett F, Twomey M (2008) The extent of recent peatland afforesta-
tion in Ireland. Irish Forestry 65: 71–81.

88. FAO (2001) Global forest resources assessment 2000. Main report. Rome: Food and Agriculture
Organization of the United Nations.

89. Lund HG, Iremonger S (2000) Omissions, commissions, and decisions: the need for integrated
resource assessments. Forest Ecology and Management 128: 3–10.

90. Rosenqvist A, Shimada M, Suzuki S, Ohgushi F, Tadono T, Watanabe M, et al. (2014) Operational per-
formance of the ALOS global systematic acquisition strategy and observation plans for ALOS-2 PAL-
SAR-2. Remote Sensing of Environment.

Forest Cover Estimation in Ireland Using Radar Remote Sensing

PLOS ONE | DOI:10.1371/journal.pone.0133583 August 11, 2015 27 / 27

http://coeepaie/ghg/nirdownloadsjsp

