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ABSTRACT

Quantification of forest cover is essential as a tool to stimulate forest management and conservation.
Image compositing techniques that sample the most suited pixel from multi-temporal image acquisitions,
provide an important tool for forest cover detection as they provide alternatives for missing data due
to cloud cover and data discontinuities. At present, however, it is not clear to which extent forest cover
detection based on compositing can be improved if the source imagery is firstly corrected for topographic
distortions on a pixel-basis. In this study, the results of a pixel compositing algorithm with and without
preprocessing topographic correction are compared for a study area covering 9 Landsat footprints in
the Romanian Carpathians based on two different classifiers: Maximum Likelihood (ML) and Support
Vector Machine (SVM). Results show that classifier selection has a stronger impact on the classification
accuracy than topographic correction. Finally, application of the optimal method (SVM classifier with
topographic correction) on the Romanian Carpathian Ecoregion between 1985, 1995 and 2010 shows a

steady greening due to more afforestation than deforestation.

© 2014 Elsevier B.V. All rights reserved.

Introduction

The Millennium Development Goals Report (2013) stated that
accelerated progress and actions are needed for forest conserva-
tion. Forest cover changes affect crucial ecosystem services, such
as water supply, biodiversity, carbon storage, and climate regula-
tion (Foley et al., 2005). Assessing the rate and spatial pattern of
forest cover change is challenging since large forests are present in
rather inaccessible and rough mountain areas (Lambin and Geist,
2006). Multiple efforts have been made to quantify global forest
cover changes and forest transitions (Hansen and DeFries, 2004;
Meyfroidt and Lambin, 2011; FAO, 2012). These global inventories
were either sample-based or based on coarse spatial resolution
data (Hansen et al., 2013). Moreover, time-series analysis of for-
est cover change based on high resolution satellite data have been
performed in different countries, e.g. Indonesia (Broich et al., 2011),
United States of America (Kennedy et al.,2010; Hansen et al.,2011),
Democratic Republic of Congo (Potapov et al., 2012), and Romania
(Griffiths et al., 2013b). In contrast, Hansen et al. (2013) presented
a global forest cover change inventory based on high resolution
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satellite data. Remote sensing techniques are privileged monitoring
tools and yet suffer from methodological challenges that need to be
resolved by correction methods (Lhermitte et al., 2011a; Balthazar
etal., 2012).

The opening of the Landsat archive provides opportunities to
reconstruct forest cover changes for large areas on a 30-60 m spa-
tial scale (Loveland and Dwyer, 2012; Giri et al.,, 2013; Hansen
et al., 2013). The use of the Landsat archive with 185 km x 185 km
footprint size and a 16-day repeat cycle, however, poses sev-
eral challenges, ranging from image mosaicking over large areas
that cover more than one footprint, to optimal data selection
due to cloud cover (Ju and Roy, 2008; Lhermitte et al., 2011b;
Griffiths et al., 2013a) and data discontinuities due to sensor or data
related errors (e.g. the failure of scan line correction in Landsat 7;
Arvidson et al., 2006). Moreover, optimal processing is essential to
obtain consistent reflectance values for each Landsat image, where
processing methods range from cloud/shadow/water screening and
quality assessment, and image normalization for atmospheric con-
ditions and surface anisotropy (Potapov et al., 2011, 2012; Hansen
et al., 2013) to physically based atmospheric and topographic cor-
rection methods (Minnaert, 1941; Teillet et al., 1982; Berk et al.,
1998; Meyer et al., 1993; Jensen, 1996; Richter, 1996; Vermote
et al., 1997; Veraverbeke et al., 2010). More recent, comparisons
in the performance of different combinations of atmospheric and
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topographic corrections have been made (Riano et al., 2003; Vincini
and Frazzi, 2003; Vicente-Serrano et al., 2008; Gao and Zhang,
2009; Vanonckelen et al., 2013, 2014). Finally, the processed Land-
sat images can be used to detect changes on the original Landsat
footprints or on composites derived from the Landsat data, where
the latter data have the advantage that they (i) allow solutions over
large areas for missing data due to cloud cover and data disconti-
nuities, (ii) avoid artificial partitioning into footprint, (iii) increase
observation frequency by across track overlap exploitation (Masek
et al., 2006).

Pixel-based image compositing (PBIC), which was initially
developed for wide-swath sensor data with clouds (Holben, 1986;
Cihlar et al., 1994), selects the most suitable pixel or set of pixel
values for each location from a series of available source images.
Initial PBIC methods aimed at developing cloud-free composites
and implemented the parameter ‘distance from cloud’ as a crite-
rion (Hansen et al., 2008; Roy et al., 2010). Other PBIC methods
were developed for the removal of the missing lines in Landsat-
7 imagery (Goward et al., 1999; Arvidson et al., 2001, 2006). In
2010, Kennedy et al. presented the Landsat-based detection of
trends in disturbance and recovery (LandTrendr) approach which
implements change detection algorithms to perform temporal seg-
mentation and fitting of Landsat time series. Griffiths et al. (2013a)
presented a large scale forest cover change mapping across the
entire Carpathians between 2000 and 2010. The most recent world-
wide forest inventory was performed between 2000 and 2012 by
Hansen et al. (2013) and used per-pixel set of cloud-free Landsat
observations that was normalized for atmospheric conditions and
surface anisotropy but not physically corrected for atmospheric or
topographic effects. Pixel-based image compositing clearly offers
new possibilities for large scale analysis of land and forest cover
dynamics. The homogeneous image composites can be classified
and analyzed in a single operation resulting in consistent forest
cover (change) maps. In general, the impact of a topographic pre-
processing method on the results of a PBIC has not been studied.
At present, it is unknown to what extent the results of PBIC can
be improved if topographic preprocessing is applied on the source
images.

Therefore, in this study a pixel-based topographic correction is
integrated in the compositing algorithm of Griffiths et al. (2013a)
with the objective to (i) assess the impact of topographic correc-
tion on classification accuracy of PBICs, and (ii) compare the effect
of topographic correction with different classifiers. Within this
framework, a large area mapping was performed on the Romanian
Carpathian mountains.

Materials and methods
Study area

The study area consist of nine Landsat footprints
(+107,000km?2) in the Romanian part of the Carpathian Ecore-
gion, which constitutes more than half of the total Carpathian
region (Fig. 1) and contains about 60% of the Carpathian forest
cover (Webster et al., 2001). The study area is characterized
by mountainous terrain with elevations up to 2544m and a
temperate-continental climate. The growing season is between
April and October, and varies in response to annual rainfall and
elevation (Rotzer and Chmielewski, 2001). Both temperature and
precipitation are highly inversely correlated with elevation. This
mountain area is characterized by a mean annual temperature
of £7°C and a mean annual rainfall ranging between 750 and
1400 mm (Mihai et al., 2007; Miiller et al., 2009). Warm summers
alternate with cold winters and high precipitation rates, mostly as
snow. In summer, showers and thunderstorms occur frequently,
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Fig. 1. Location of Romania in eastern Europe and indication of the Carpathian
Ecoregion (irregular polygon) and the nine Landsat footprints comprising the Roma-
nian Carpathian Ecoregion (rectangles). Romania was overlaid with the Shuttle
Radar Topography Mission elevation data.

reaching peak intensity in June (Mihai et al., 2007). The bedrock in
this area consists of crystalline schist, sedimentary rock deposits
as limestone and volcanic layers (Griffiths et al., 2013a). Major
soils include Podzols in the mountain zone and Cambisols in the
foothill zone (FAO/UNESCO/WRB, 1998).

Data and methodology

Satellite and elevation data

Landsat imagery was selected from the Landsat archive based
on two criteria. First, all available Landsat TM and ETM+ images
from the USGS Landsat archive with a precision terrain correction
L1T and covered by less than 70% clouds were considered (Griffiths
etal., 2013a). Secondly, all images acquired within a two year range
of the target years 1985, 1995 and 2010, and between mid-February
and mid-November were retained. This range of acquisition months
was included to avoid low sun elevation angles, shadowing and
high snow coverage, but also allowed to maximize the amount
of pixels in the final composite. The disadvantage of this large
range of months (e.g., different phonological stages) was moreover
minimized by inclusion of the day of year (DOY) in a parametric
weighting scheme (see subsection “Pixel-based image composit-
ing”).

Topographic correction was performed based on the co-
registered 3 arc sec (90 m x 90 m) digital elevation model (DEM).
This space shuttle radar topography mission data (SRTM version
4.1; Slater et al., 2006) from CGIARCSI/NASA, which was resam-
pled to the 30m x 30m Landsat dataset by means of a bicubic
spline interpolation. Although the resampled SRTM data do not
allow an perfect topographic correction (e.g., Zhang et al. (2015)
concluded that a 30 m DEM achieved the required topographic cor-
rection accuracy for 90-500 m resolution remote sensing images),
it is the best DEM available and it was preferred over the 1 arc sec
(30 m x 30m) ASTER GDEM data as several studies indicate that the
ASTER GDEM is more subject to artifacts such as stripes or cloud
anomalies (Van Ede, 2004; Hirt et al., 2010).

Pixel-based image compositing

Griffithsetal. (2013b) implemented a PBIC algorithm to produce
cloud-free and best observation composites of leaf-on phenology
for a target year. Suitability of a given pixel was based on a paramet-
ric decision function which included: (1) the difference between
acquisition year and target year, (2) the acquisition DOY, and (3)
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the pixel’s distance to the next cloud/shadow. For each pixel in each
acquisition, scores across the parameters were combined. Based on
these scores the best acquisition date was determined per pixel and
all spectral band values of that best acquisition were written into
the final best observation composite for the target year (Griffiths
etal, 2013b).

Fig. 2 shows an illustration of the implemented PBIC procedure
with 3 available input images, while in this study more than 1000
images were available for the three target years (i.e., 1985, 1995,
2010). In a first step (Fig. 2a), all footprints were (i) georeferenced,
(ii) atmospherically corrected with the Landsat Ecosystem Disturb-
ance Adaptive Processing System (LEDAPS) algorithm (Masek et al.,
2006) and (iii) masked for clouds using the FMASK algorithm (Zhu
and Woodcock, 2012). Secondly, a pixel-based composite was con-
structed for each target year by sampling the most suitable pixel
for each cell from the all available imagery (Griffiths et al., 2013a;
Fig. 2b).

During the suitability assessment, the most suitable observation
for each cell was assessed based on three parameters, for which a
pixel score was calculated (Griffiths et al., 2013a): acquisition year
(i.e. annual suitability), DOY (i.e. seasonal suitability), and distance
of a pixel to the most nearby cloud (i.e. risk of atmospheric disturb-
ance). Highly suitable pixels have (i) an acquisition year close to
target year, (ii) a DOY close to 183, which is an approximation of
the period of main photosynthetic activity in Romania (Griffiths
et al., 2013a), and (iii) no adjacent clouds. Afterwards, the total
weighting of the pixel scores was obtained according to a flexi-
ble parametric weighting scheme (Griffiths et al., 2013a). In this
weighting scheme, scores were calculated according to the year
median DOY, preferred seasonal window and the distance to clouds.
In this weighting scheme acquisitions within 30 days of the tar-
get DOY (i.e. May 28th and August 26th) are favored over images
acquired one year before/after the target year, whereas acquisi-
tions within a 45 day range of the target DOY are selected over
images acquired two years from the target year. Finally, all scores
are summed for each pixel in each acquisition and the most opti-
mal acquisition (i.e. the highest final score) per pixel is selected.
All six spectral bands for that pixel-acquisition combination were
finally used to construct the PBIC that also contains the solar and
illumination parameters (e.g. different incidence and zenith solar
angles) of each pixel in separate bands (Griffiths et al., 2013a).

Pixel-based topographic correction of image composites

In this study, the PBIC procedure was applied on the total Land-
sat archive to generate three composites for target years 1985, 1995
and 2010. Additionally, an alternative composite was constructed
by topographically correcting the pixel-based composite based on
the pixel-based Minnaert (PBM) correction method of the ATCOR3
correction (Fig. 2c). ATCOR3 was first proposed by Richter (1998)
and its PBM was shown to be the optimal topographic correction
method for the Carpathian study region (Vanonckelen et al., 2014).

The PBM correction in the ATCOR3 method is based on a set of
empirical rules (Richter et al., 2009). In a first step, the Lambertian
or Cosine correction assumes a uniform reflectance of incident solar
energyinalldirections(Luetal.,2008; Richteretal.,2009; Balthazar
et al.,, 2012). The incident solar angle § is the angle between the
normal to the ground surface and the solar zenith direction (Civco,
1989). The cosine of the incident solar angle is calculated with Eq.
(1) and varies between —1 and +1:

cos B = cos s cos Uy + sin ¥ sin ¥y cos(¢r — @aq) @)

where ¥, ¢r and ¢q, are slope angle of the terrain, aspect angle of
the terrain, and solar azimuth angle, respectively. In a second step,
the normalized reflectance py, is calculated with the correction
parameter G which equals (cos B/cos Br)? and where b is function
of wavelength and vegetation cover, and fr is a threshold value of

the incident solar angle 8 depending on the solar zenith angle v
(Eq. (2)):

b
PH,. = Pt ( cos > (2)

cos Br

with b is function of the vegetation cover and wavelength. The PBM
method of ATCOR3 combines two empirical parameters to calcu-
late the bidirectional reflectance distribution function model: the
lower boundary threshold of G and the threshold S (0-90°). The
threshold of G regulates the intensity of the correction, whereas the
threshold of Sr regulates the type of correction.

The lower boundary threshold of the factor G prevents an
excessive reflectance reduction if the local solar zenith angle is sub-
stantially higher than the threshold angle (Richter and Schlédpfer,
2013). Though a value of 0.25 is the standard threshold (Richter
etal., 2009), an optimal lower boundary of 0.05 was derived in this
study by examining the consistency between the reflectance values
of opposite facing slopes and the resulting color composites using
the method of Vanonckelen et al. (2014). Based on the 0.05 thresh-
old overcorrection problems were removed in the natural and false
color composites, as results shown in “Forest cover map” section.

The threshold S determines the type of correction, where Bt
depends on ¥ plus an increment that according to its initial value
(Richter et al., 2009):

Br =05 +20° ifds < 45° 3)
Br=s+15° if45° < ¥ < 55° (4)
Br =105 +10° ifdyy > 55° (5)

When f<pfr, Lambertian correction is applied (pg,) = 01.3),
whereas the corrected surface reflectance is converted according
to Richter and Schldpfer (2013) when B exceeds Bt using:

b=1/2 for non-vegetation;
b=3/4 for vegetation in the visible spectrum (A <720 nm);
b=1/3 for vegetation if A > 720 nm.

The differentiation between vegetation and non-vegetation was
based on the pixel-based NDVI value of 0.7 (normalized difference
vegetation index), which basically corresponds to the difference
between the forest classes (i.e. the dominant vegetation cover) and
the non-forest class. This threshold value was determined by exam-
ining the natural and false color composites of five known study
areas (each of about 500 km?) in combination with field knowl-
edge and existing vegetation maps. Moreover, the dominant land
cover type in the study area was vegetation.

NDVI = PNIR = Pred (6)
PNIR + Pred

where p,.q4 and ppjg are reflectance measurements in % for the red
and NIR bands. Fig. 3a and b is an illustration of the effect of topo-
graphic correction and show the true color composites without and
with topographic correction of a detail of the study area. The dif-
ference in illumination is clearly visible in the composite without
correction in Fig. 3a. However, the differential illumination effects
are reduced in the topographically corrected Fig. 3b: equal for-
est cover types have comparable spectral values for similar terrain
features on opposite facing slopes.

Forest cover classification

Based on the generated composites, large scale forest cover
maps were compiled for the three target years using the Maximum
Likelihood (ML) and Support Vector Machine (SVM) classifiers. The
supervised ML classifier is based on the Gaussian distribution of the
elements in the coherent scattering matrix (Foody, 2002). It is still
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Fig. 2. Pixel-based compositing with (a) selection of all available images (in this example there are only 3 images available), (b) construction of the pixel-based composite
with selection of the best pixel for each cell after a suitability assessment, and (c) topographically corrected pixel-based composite.

widely used as a supervised classification method (Chen et al.,2004;
Mountrakis et al., 2011) due to its convenient use when sufficient
GCPs are available (Gao and Zhang, 2009).

The basic principle of a SVM classifier is to identify a hyper-
plane that optimally separates two classes in the feature space.
The hyperplane is constructed in an iterative way by maximizing
the distance among class boundaries (Foody et al., 2007; Alcantara
et al., 2012). SVMs frequently outperform other non-parametric
and parametric classifiers (Foody and Mathur, 2004) while requir-
ing few training data (Huang et al., 2002; Pal and Mather, 2005; Guo
et al,, 2005; Dixon and Candade, 2008; Knorn et al., 2009). SVMs
have been successfully applied to map forest cover changes over
large areas (Huang et al., 2008; Kuemmerle et al., 2008; Sieber et al.,
2013) and is well suited to map spectrally complex classes, such
as in forest change analysis (Vapnik, 1999; Melgani and Bruzzone,
2004; Huang et al., 2008).

The ML and SVM classifier were implemented using ENVI/IDL
and the EnMAP Box software (van der Linden et al., 2010) to dif-
ferentiate 4 classes (Table 1): non-forest, broadleaved forest, mixed
forest, and coniferous forest. As the focus of this study was to detect
forest cover changes, all non-forest classes were grouped. A simi-
lar separation of classes was performed by Olofsson et al. (2011),
Griffiths et al. (2013b) and Main-Knorn et al. (2013).

The ML and SVM classifiers of 2010 were trained based on ran-
domly stratified points that were sampled using high resolution

imagery from Google Earth. For each forest cover class, a min-
imum of 900 training points was sampled (randomly stratified
based on Google Earth interpretation) with a minimum distance
of 1km between adjacent points to minimize spatial autocorre-
lation (Campbell, 1981; Labovitz and Masuoka, 1984; Table 1).
Since reference data were unavailable for 1985 and 1995, the 2010
training data were selected and verified on the 1985 and 1995
pixel-based composites. Validation was performed with a differ-
ent set of sample points that were sampled independently based
on randomly sampled GCP points from two sources: fieldwork and
high-resolution WorldView-2 imagery: (1) GCP-collection during
field visits in May 2010 and July 2011; and (2) GCP-identification
on high-resolution satellite imagery (WorldView-2, 8 bands, 46 cm
resolution, acquisition date October 13, 2010). The selection of the
samples was equal for both topographic and non-topographic cor-
rection.

Evaluation of forest cover classification

Evaluation of the results consisted of assessing overall accu-
racy (OA) and forest cover specific producer’s and user’s accuracies
(Congalton, 1991; Foody, 2002) for four different scenarios:

(1) ML with 4 classes-topographically uncorrected;
(2) ML with 4 classes-topographically corrected;
(3) SVM with 4 classes-topographically uncorrected;

(b)

6 Kilometers ’t

Fig. 3. Detail of the study area with (a) true color composite (RGB: band 3, 2 and 1) without topographic correction, and (b) true color composite with topographic correction.
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Table 1

Forest cover classes, code, dominant species and average training and test samples of 2010, 1995 and 1985 (separated by slashes) in the study area.

Forest cover classes Code Dominant species Average training samples Average test samples
Broadleaved forest BL Carpinus betulus, Fagus sylvatica, Quercus petraea, Quercus robur 900/875/850 100/90/85
Coniferous forest CF Abies alba, Picea abies, Pinus mugo, Pinus sylestris 900/850/810 100/90/85

Mixed forest MX Mixture of the dominant BL and CF forest species 900/875/850 100/90/85
Non-forest NF - 2000/1850/1700 200/180/165

Non-forest (NF), broadleaved (BL), coniferous (CF) and mixed forest (MX). Mixed forests are stands where neither broadleaved nor coniferous trees account for more than

75% of the tree crown area (UN-ECE/FAO, 2000).

Table 2

Classification accuracy assessment of a topographically uncorrected Maximum Likelihood classification of 1985, 1995 and 2010 (separated by commas and in %).

Reference Classification
NF BL MX CF
1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010
NF 77 78 88 10 4 7 6 7 3 3 6 4
BL 8 6 10 79 92 82 9 8 6 2 2 5
MX 5 6 2 4 4 8 63 62 79 3 12 12
CF 7 11 4 7 2 2 20 24 11 84 82 81
PA 77 78 88 79 92 82 63 62 79 84 82 81
UA 87 89 85 70 79 79 53 57 75 58 72 69
OA 78 79 84

Non-forest (NF), broadleaved forest (BL), coniferous forest (CF) and mixed forest (MX). Producer’s Accuracy (PA), User’s Accuracy (UA) and Overall Accuracy (OA). Note:
accuracy values are provided as integers, consequently it is possible that the sum over all forest cover classes is not exactly 100.

(4) SVM with 4 classes—topographically corrected.

Results
Forest cover accuracies

An overview of the classification accuracy of the ML classifica-
tion without (Table 2) and with (Table 3) topographical correction
for the different target years is presented in Tables 2 and 3. The
produced forest cover maps based on the topographically uncor-
rected data have overall accuracy values of 78% (1985), 79% (1995)
and 84% (2010) with highest accuracies for the CF and BL classes
(i.e. producer’s accuracy between 81-84% for CF and 79-92% for BL
respectively). The MX class shows lower accuracies (i.e. producer’s
accuracies between 62% and 79%), which can be explained by the
mixed nature of this class that makes it more difficult to classify.
Comparison of Tables 2 and 3 indicates that topographic correction
results in a small increase in overall accuracy for the ML classifier
with respectively 3% (1985), 3% (1995) and 2% (2010).

Tables 4 and 5 illustrate the classification accuracy when apply-
ing SVM without (Table 4) and with (Table 5) topographical
correction. Comparison of the classifiers without topographical cor-
rection (ML in Table 2 vs. SVM in Table 4) shows that applying an
improved classifier results in higher overall and class accuracies.

Table 3

For example, the OA increases by 5% (1985), 4% (1995) and 5%
(2010), whereas the producer’s accuracies of MX increase by 7%
(1985), 5% (1995) and 6% (2010). Similar effects can be seen when
comparing ML and SVM for topographically corrected data (ML in
Table 3 vs. SVM in Table 5) as switching to SVM results in increases
in overall classification accuracies of 4% (1985), 1% (1995) and 5%
(2010), respectively, whereas the producer’s accuracy increase by
5% (1985), 1% (1995) and 3% (2010) for the CF forest class and by
4% (1985), 0% (1995) and 4% (2010) for the MX forest class.

The classification accuracies of the uncorrected classified com-
posites (Tables 2 and 4) are lower than the accuracies of the
corrected classified composites (Tables 3 and 5). This is shown by
overall accuracy increases of respectively 3%, 3% and 2% between
Tables 2 and 4 (ML scenario), and respectively 2%, 0% and 2%
between Tables 3 and 5 (SVM scenario). In this study, the impact
of the topographic correction on classification accuracy is smaller
than the impact of the classifier.

Forest cover maps

The previous section demonstrated that the highest classifica-
tion accuracies were achieved by the topographically corrected
SVM composites. Therefore, the resulting forest cover maps with
the highest overall accuracies - the topographically corrected SVM

Classification accuracy assessment of a topographically corrected Maximum Likelihood classification of 1985, 1995 and 2010 (separated by commas and in %).

Reference Classification
NF BL MX CF
1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010
NF 80 80 91 10 3 6 5 6 2 2 5 2
BL 7 5 7 81 96 86 9 7 5 2 2 3
MX 4 6 3 3 2 6 68 66 82 5 10 11
CF 6 9 3 6 1 2 18 22 10 87 85 85
PA 80 80 91 81 96 86 68 66 82 87 85 85
UA 91 92 88 73 83 81 56 60 77 61 76 71
OA 81 82 86

Non-forest (NF), broadleaved forest (BL), coniferous forest (CF) and mixed forest (MX). Producer’s Accuracy (PA), User’s Accuracy (UA) and Overall Accuracy (OA). Note:
accuracy values are provided as integers, consequently it is possible that the sum over all forest cover classes is not exactly 100.
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Table 4
Classification accuracy assessment of a topographically uncorrected Support Vector Machine classification of 1985, 1995 and 2010 (separated by commas and in %).
Reference Classification
NF BL MX CF
1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010
NF 82 81 94 8 2 4 5 5 1 1 4 1
BL 7 6 7 84 97 89 8 6 4 1 1 3
MX 3 6 2 2 1 5 70 67 85 5 10 10
CF 5 7 1 5 0 1 17 23 9 89 86 87
PA 82 81 94 84 97 89 70 67 85 89 86 87
UA 93 94 90 75 85 83 57 61 80 63 78 74
OA 83 83 89

Non-forest (NF), broadleaved forest (BL), coniferous forest (CF) and mixed forest (MX). Producer’s Accuracy (PA), User’s Accuracy (UA) and Overall Accuracy (OA). Note:
accuracy values are provided as integers, consequently it is possible that the sum over all forest cover classes is not exactly 100.

Table 5

Classification accuracy assessment of a topographically corrected Support Vector Machine classification of 1985, 1995 and 2010 (separated by commas and in %).

Reference Classification
NF BL MX CF
1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010 1985 1995 2010
NF 85 83 97 7 1 2 5 5 1 1 4 1
BL 5 5 1 85 97 89 6 5 4 0 1 1
MX 3 5 1 1 2 8 72 66 86 6 10 11
CF 4 6 1 6 0 1 17 25 10 92 86 88
PA 85 83 97 85 97 89 72 66 86 92 86 88
UA 98 96 93 76 85 84 59 62 81 64 77 75
OA 85 83 921

Non-forest (NF), broadleaved forest (BL), coniferous forest (CF) and mixed forest (MX). Producer’s Accuracy (PA), User’s Accuracy (UA) and Overall Accuracy (OA). Note:
accuracy values are provided as integers, consequently it is possible that the sum over all forest cover classes is not exactly 100.

composites — are presented in Fig. 4a-c. Fig. 4a presents the for-
est cover map of the Romanian Carpathians in 1985. The Romanian
Carpathian mountain range is dominated by the forest classes, with
broadleaved forest in light green, coniferous forest in dark green
and mixed forest in between. Lower elevated areas - located in
the center and northwest corner of the map - are dominated by
the non-forest class, especially arable land and grassland. In gen-
eral, no major changes are present in the three figures. However,
it is possible to discern a gradual greening of some areas in 1995
(Fig.4b)and 2010 (Fig. 4c). In order to support the visual results, the
statistics of the forest cover types were calculated and presented.
Fig. 5 shows the statistics in percentage of the topographically
corrected SVM classification in the Romanian Carpathian Ecore-
gion. The general trends between 1985 and 2010 show a decrease of
+5% in the non-forest class and consequently a similar increase in
the forest class. In 1985, the forest cover map consisted for 57%
of NF, 27% of BL, 10% of MX and 7% of CF. Compared to 1985,

0 20 &0 120 Kilometers $
————

Fig. 5 denotes an increase in the BL and MX forest cover classes
in 1995 and 2010. The CF forest class remains stable. The increase
from 10% to 13% between 1985 and 2010 was largest in the mixed
forest class, followed by an increase from 27% to 29% in the sim-
ilar period for the BL class. In contrast, CF forest remained stable
between 1985 and 2010, with a minor increase between 1985 and
1995.

In Table 6, these statistics are also summarized in ha for the
Romanian Carpathian Ecoregion. The non-forest class accounts for
more than half of the surface area, followed by the BL, MX and
CF class. The decrease in the non-forest class between 1985 and
2010(—-516,072 ha)is especially compensated by an increase in the
BL and MX forest classes with respectively increases of 302,784 ha
and 217,162 ha. The CF forest class experienced a small decline of
3874 ha between 1985 and 2010. Table 6 also shows that the total
forest area increased from 44,614,864 ha in 1985 to +5,130,936 ha
in 2010.

W Non-forest
Broadleaved forest

IMixed forest

B Conifercus forest

Fig. 4. Forest cover maps in the Romanian Carpathian Ecoregion of the topographically corrected SVM composites of (a) 1985, (b) 1995 and (c) 2010.
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Fig. 5. Statistics of the topographically corrected SVM composites of 1985, 1995 and
2010 in the Romanian Carpathian Ecoregion. The average standard deviation over
all forest cover types and bands for the 3 years was respectively 1.85 for 1985, 1.64
for 1995 and 1.38 for 2010. Non-forest (NF), and broadleaved (BL), mixed (MX) and
coniferous (CF) and forest.

Table 6

Forest cover area in ha of the 4 forest cover classes of 1985, 1995 and 2010.
Forest cover area (ha) 1985 1995 2010
NF 6,100,236 5,927,443 5,584,164
BL 2,859,076 2,920,346 3,076,238
MX 1,034,334 1,111,709 1,337,118
CF 721,453 755,602 717,579

Total forest 4,614,864 4,787,657 5,130,936

Broadleaved forest (BL), mixed forest (MX), coniferous forest (CF) and non-forest
(NF).

Discussion

Hitherto, forest cover dynamics in the Romanian Carpathians
were described by means of local scale case studies and topograph-
ically corrected Landsat composites were missing at regional scale.
In this study, classification accuracies were assessed for four differ-
ent scenarios in which 2 components were altered: classifier (ML
or SVM) and topographic correction (uncorrected or corrected).

The effect of topographic correction on PBIC

The overall accuracy of the forest cover maps produced in this
study were higher than a similar large scale study of Griffiths et al.
(2013a) which obtained an OA of 65% on the pixel-based image
composites without topographic correction using a random forest
classifier. Furthermore, UA values were ranging between 9% and
94%, and PA values varied between 36% and 96%. Another local scale
study on one multi-temporal Landsat TM footprint in Oregon by
Kennedy et al. (2007) selected the most suitable pixels based on
the temporal signatures of spectral values that are associated with
different forest cover changes. Here, the automated method labeled
the year of disturbance with 90% overall accuracy in clear-cuts and
with 77% accuracy in partial-cuts.

Forest cover mapping in the Romanian Carpathian Ecoregion

Since large (virgin) forests are located in mountain envi-
ronments, the methodology and results of this study can be
implemented in further analyses to improve the detection of for-
est cover change. As documented in this study, the selection of an
appropriate classifier is even more important than a topographic
correction. However, a similar analysis should be conducted in a
study area with extreme topography.

Generally, the main forest cover conversion between
1985-1995 and 1995-2010 was the conversion of non-forest
in forest. A steady greening of the Romanian Carpathian Ecoregion

was observed since afforestation was larger than deforestation
in the two periods. Between 1985 and 2010, a decrease of +5%
in the non-forest class was compensated by an increase in the
forest class (Table 6). The decrease in the non-forest class between
1985 and 2010 (-516,072 ha) was especially compensated by
an increase in the BL and MX forest classes with respectively
increases of +302,784ha and +217,162ha. The CF forest class
experienced a small decline of +3,874ha between 1985 and
2010. Table 6 also showed that the total forest area increased
from +4,614,864ha in 1985 to +5,130,936ha in 2010. Griffiths
et al. (2013b) examined forest disturbances across the Romanian
Carpathian Ecoregion, based on a SVM classification of topograph-
ically uncorrected images. Results showed that large changes in
forest composition between 1985 and 2010 occurred in Romania:
coniferous forests decreased with 7% or +197,330ha between
1985 and 2010, while broadleaved and mixed forests increased
with 12% and 2% or respectively +1,095,030 ha and +233,290 ha
(Griffiths et al., 2013b). In general, the total forest area increased
from +6,027,370 ha in 1985 to +7,158,360 ha in 2010. Moreover,
the Global Forest Resources Assessment of FAO (2010) reported
+6,573,000 ha of Romanian forest area in 2010. Based on this
comparison, our results reflect conservatives estimates of forest
cover and forest cover change.

Since only one optimal pixel near the median DOY of 183 was
selected for each year, phenology-related errors due to missing
effects of crop cycles were included in the analysis. In a comparable
analysis of Griffiths et al. (2012) on one Romanian Landsat foot-
print, the acquisition dates of some images between mid-October
and late-May explained lower accuracies due to strong pheno-
logy and illumination differences. Therefore, future versions of the
PBIC algorithm should address the potential of different phenology
measures by including specific temporal and spectral observations
(Griffithsetal.,2012). The decision for image selection during pixel-
based compositing procedure was based on a flexible parametric
weighting scheme that evaluated available observations for their
suitability. However, this decision system lacks a parameter that
quantifies the atmospheric or topographic distortion. For example,
the observation with the lowest reflectance in the blue band can
be selected to minimize the atmospheric effects (Griffiths et al.,
2013a). Finally, the determination of the optimal lower boundary
threshold of the correction parameter G can be improved, e.g. by
an optimization procedure such as performed by Balthazar et al.
(2012).

Conclusion

So far, several multi-temporal analyses were performed with
mosaicked satellite data or with pixel-based image composites.
However, at present, the inclusion of a topographic correction in
the compositing of Landsat data was still lacking. In this study,
a topographic correction was included in the pixel-based image
compositing algorithm and tested between 1985 and 2010. The
multi-temporal analysis in the Romanian Carpathian Ecoregion
provided large scale topographically corrected maps and accuracy
results. In this context, the classification accuracy was assessed
for four different scenarios in which 2 components were altered:
classifier (ML or SVM) and topographic correction (uncorrected or
corrected).

Forest cover accuracies were assessed and compared for the four
scenarios. The topographically uncorrected ML classification for 4
forest cover classes resulted in overall accuracies of respectively
of 78%(1985), 79% (1995) and 84% (2010). The topographic correc-
tion improved the ML classification with respectively 3% (1985), 3%
(1995) and 2% (2010). The SVM classification was also performed
on the topographically uncorrected and corrected composites. The
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topographically uncorrected SVM classification obtained overall
accuracies of respectively 83% (1985), 83% (1995) and 89% (2010).
The corrected SVM classification resulted in overall classification
accuracies increases of respectively 2% (1985), 0% (1995) and 2%
(2010). Generally, the overall accuracies for 4 forest cover classes
was between 78% and 91% for all years. The overall accuracy values
were highest for the forest cover maps of 2010.

Moreover, the results indicated that the implementation of a
topographic correction had a smaller influence on the classifica-
tion accuracies than the selection of a classifier. This was shown
by a larger increase in classification accuracy after conversion from
ML to SVM classifier than after conversion from the uncorrected
to the corrected scenarios. The overall classification accuracies of
the best scenario - the topographically corrected SVM classifica-
tion — were respectively 85% (1985), 83% (1995) and 91% (2010).
A steady greening of the Romanian Carpathian Ecoregion was
observed between 1985 and 2010 since afforestation was larger
than deforestation. Between 1985 and 2010, a decrease of £5% in
the non-forest class was compensated by an increase in the forest
class. This decrease in the non-forest class was especially compen-
sated by an increase in the broadleaved and mixed forest classes.

The further development of automatic detection methods based
on time series with a high temporal resolution is helpful for the
identification of forest cover changes. In a following step, the
application of topographic correction before the pixel-based image
compositing deserves further elaboration. This application would
allow the inclusion of a parameter that quantifies the illumination
effects and improves the input map for classification. Especially
change detection studies in mountain areas could profit from such
improvements.
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