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Disturbed forests may need decades to reach amature stage and optically-based vegetation indices are usually
poorly suited for monitoring purposes due to the rapid saturation of the signal with increasing canopy cover.
Spaceborne synthetic aperture radar (SAR) data provide an alternate monitoring approach since the
backscattered microwave energy is sensitive to the vegetation structure. Images from two regions in Spain
and Alaska were used to analyze SAR metrics (cross-polarized backscatter and co-polarized interferometric
coherence) from regrowing forests previously affected by fire. TerraSAR-X X-band backscatter showed the
lowest sensitivity to forest regrowth, with the average backscatter increasing by 1–2 dB between the most
recent fire scar and the unburned forest. Increased sensitivity (around 3–4 dB) was observed for C-band
Envisat Advanced Synthetic Aperture (ASAR) backscatter. The Advanced Land Observing Satellite (ALOS)
Phased Array-type L-band Synthetic Aperture Radar (PALSAR) L-band backscatter presented the highest
dynamic range from unburned to recently burned forests (approximately 8 dB). The interferometric
coherence showed low sensitivity to forest regrowth at all SAR frequencies. For Mediterranean forests, five
phases of forest regrowth were discerned whereas for boreal forest, up to four different regrowth phases
could be discerned with L-band SAR data. In comparison, the Normalized Difference Vegetation Index (NDVI)
provided reliable differentiation only for the most recent development stages. The results obtained were
consistent in both environments.
+34 976 761 506.
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1. Introduction

Information on forest regrowth is of great interest for scientists and
land managers dealing with environmental issues (e.g., climate impact,
carbon budget, forest management, etc.) since forests need a long time
to reach the biomass level, structure and carbon sink capacity prior to
disturbance. Satellite remote sensors provide the ability to collect
recurrent data facilitating the temporal analysis of wide areas. Changes
in forest structure and composition (caused by fires, floods, winds etc.)
and subsequent processesmay be identified andmonitored bymeans of
remote sensing using optical (Marchetti et al., 1995; Patterson & Yool,
1998; Viedma et al., 1997), radar (Bourgeau-Chavez et al., 1997, 2002;
Ruecker & Siegert, 2000; Siegert & Ruecker, 2000) or lidar (Goetz et al.,
2010) sensors. Suitability of remote sensing data for monitoring
vegetation recovery is determined by two factors: a) sensitivity to
alterations in the radiometric response because of the vegetation
development and b) the spatial resolution of satellite imagery which
allows the characterization of the response patterns.
Disappearance of immediate disturbance effects (e.g. charcoal-ash
remains), increase of vegetation and the subsequent decrease of bare
soil cover are targets for remote sensing satellites operating in the
visible and infrared region of the electromagnetic spectrum. In
consequence of such dynamics, infrared reflectance increases and red
and blue reflectance decreases caused by changes in chlorophyll levels
as a result of recovery from disturbance are detected by optical sensors.
A number of studies evidenced this as useful for vegetation monitoring
(Díaz-Delgado& Pons, 2001;Henry &Hope, 1998; Pérez-Cabello, 2002).
TheNormalizedDifference Vegetation Index (NDVI) (Rouse et al., 1973)
has been the most frequently used tool for monitoring, analyzing, and
mapping temporal and spatial vegetation variations (Díaz-Delgado
et al., 2002, 2003;Viedmaet al., 1997).However,NDVI respondsmore to
changes in leaf area than to changes in overall biomass (Henry & Hope,
1998) and its relation to leaf area index (LAI) varies both intra- and
inter-annually reaching saturation levels at LAI values that reach a
maximum prior to point where an ecosystem fully recovers from
disturbance (Wang et al., 2005). Therefore, tracking vegetation
development using NDVI is usually limited to the first decade after
disturbance. For example, the analysis of fire-affected oak forests in NE
Spain showed that pre-fire NDVI values were reached after only 7 years
(Díaz-Delgado & Pons, 2001). Similar trends were found by (Clemente
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et al., 2009; Vila & Barbosa, 2010) in other Mediterranean regions
whereas in boreal forests pre-fire NDVI values were reached after
13 years (Cuevas-Gonzalez et al., 2009).

Forests may need decades to reach the mature stage and the short
period within which optical based vegetation indices reach pre-
disturbance levels implies limited value for longer-term monitoring.
SAR data have the potential to significantly extend the monitoring
period since the backscattered signal is directly influenced by the forest
structure. The signal backscattered from forests is the result of complex
interactions between microwave electromagnetic energy and the
ground and vegetation scattering components (Richards et al., 1987).
It depends on the amount and geometric properties of vegetation on site
as well as soil dielectric and geometric (roughness) properties on one
hand (M. Dobson et al., 1992; Imhoff, 1995) and on the radar frequency,
polarization and look direction on the other hand (Imhoff, 1995). X-
band waves mostly interact with leaves/needles, twigs and small
branches, C-band waves with leaves and small and secondary branches
whereas L-band waves interact mostly with primary braches and tree
trunks (Toan et al., 1992). Backscatter sensitivity to forest structural
parameters increases with wavelength of the microwave sensor being
used. Typically, the backscatter coefficient, i.e. the backscattered
intensity per unit area, increases with forest biomass reaching
saturation as a function of forest type and structure. Higher sensitivity
to forest regrowth was reported for L-band (23 cm wavelength) HH
polarization compared to C-band (6 cmwavelength)VVpolarization for
a 10 year old burn in China (Sun et al., 2002). The longer L-band
wavelength allowed the differentiation among young (i.e. regrowth)
and mature forest stands. In a Mediterranean environment temporal
changes in forest biomass were assessed using multi-temporal C-band
VV polarized images in order to characterize vegetation recovery
processes (Minchella et al., 2009). Furthermore, interferometric
coherence, i.e. a measure of the correlation of the coherent signal
recorded by the radar at two different polarizations and/or times, could
provide additional information for monitoring affected areas. Repeat-
pass interferometric coherence computed from images acquired with a
certain temporal separation is usually low over mature forests and is
significantly higher for areas covered by short vegetation or bare soil
(Wegmuller & Werner, 1995). In forests affected by fire, C- and L-band
co-polarized coherence was found to be higher than in undisturbed
areas (Liew et al., 1999; Takeuchi & Yamada, 2002).

In previous articles (Tanase et al., 2009, 2010a, 2010b), we have
analyzed the signatures of SAR backscatter and interferometric
coherence with respect to burn severity. Increasing burn severity
implies a reduction of the number of scatterers in the canopy layer,
leading to increased penetration ofmicrowaves through the canopy and
larger proportion of the ground component to the total backscatter.
Burn severity and forest regrowth are different aspects of post-fire
processes. The first one is considered a first-order fire effect (e.g. fuel
consumption, plant injury and death, greenhouse gasses emission etc.)
while the second is a second-order effect which may be evident many
decades after fire.When relating SARmetrics to forest age after fire, one
should bear inmind that the scattering scenario is different. At the start
of the regrowth, the scattering originates from the forest floor, which is
covered by shrubs and herbs. When the regrowth advances, the
backscattered signal is the sum of a component due to the live
vegetation and a component due to the forest floor, which can be
different depending on the environmental conditions.

Previous studies onpost-fire forestmonitoring carried out using SAR
data could not take advantage of the cross-polarized backscatter, which
is more sensitive to forest structure than the co-polarized backscatter
(M.C. Dobson et al., 1992; Rignot et al., 1994; Toan et al., 1992), nor
evaluated the sensitivity of backscatter and coherence at different
wavelengths to forest regrowth. Cross-polarized data could provide
better differentiation between recovery stages. This paper aims atfilling
this gap by reporting on X-, C- and L-band cross-polarized backscatter
and co-polarized interferometric coherence from fire disturbed areas to
Please cite this article as: Tanase, M., et al., Sensitivity of SAR data to po
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assess the utility of these metrics for forest regrowth monitoring in
ecosystems common to the Mediterranean basin. In addition, regrowth
in boreal forests affectedbyfirewas studiedusing L-banddata.Although
the radar dataset also included co-polarized backscatter and cross-
polarized coherence measurements, it was decided to focus on the
metrics that presented the largest sensitivity to forest structural
properties. The sensitivity of SAR measurements to regrowth was
compared to trends in NDVI obtained from visible and near infrared
sensor data acquired over the study sites.

Forest regrowth is here quantified in terms of the number of years
since disturbance (ysd). Throughout this paperwe considered the terms
“forest age” and “years since disturbance (ysd)” as interchangeable
since the first seedlings appear during the following spring after the fire
event.

2. Study regions

Two regions located in theMediterranean and the boreal zoneswere
used. The first region (Zuera) was located in the central Ebro valley,
northeastern Spain and has a Mediterranean climate with continental
features and marked seasonal variation of precipitations. This region is
characterized by a hilly relief, with elevation ranging between 400 m
and 750 m above sea level. The topography is moderate, around 65% of
the surface presenting slopes smaller than 15°. Aleppo pine forests
(Pinus halepensis P. Mill.) cover approximately 22,000 ha being
interspersed with shrub vegetation and cereal crops. The forest has a
homogeneous structure. The average height is approximately 6.5 m and
the average biomass around 45 t/ha. Old stands reach heights of 12–
13m and 90 t/ha (Notivol et al., 2005). During the last century the
region has been repeatedly affected by fires, with some areas having
been burned up to three times. Fourteen sites affected by fire were
identified using Landsat MSS and TM imagery which was also used
for digitizing the fire perimeters. The year of burn as observed from
the satellite images was cross-checked with information obtained
from the Regional Environmental Service of Aragón, which also
provided the perimeters of the older burns in this region (1922
and 1952). The year of burn and the affected area are presented in
Table 1. Aleppo pine regenerates quickly after fire due to the large seed
bank stored in the canopy (Tapias et al., 2001) and the relatively young
age (15 years) at which it reaches sexual maturity. Post-fire succession
in aleppo pine forests involves stand self-replacement (Buhk et al.,
2006) (e.g., shrubs dominated by Quercus coccifera L. and immature
pines followed by mature pine forest with a dense understory layer).
In areas repeatedly affected by fire the vegetation is dominated by
shrub species and the succession to forest needs considerably longer
time. Previous studies suggested no clear relationship between
seedling density and burn severity; however, seedling growth was
higher in areas affected by high burn severities (Pausas et al., 2002). The
minimum human intervention and the vigorous forest growth at
Zuera sites due to the specificmicroclimate of the area and the resilience
of aleppo pine forest provided ideal conditions for the forest
regeneration.

The boreal region used in this studywas located near Delta Junction,
in interior Alaska. In this region, the average annual temperature is
−2.1 °C, with the warmest month being July (15.6 °C) and the coldest
January (−19.7 °C). Average annual precipitation is 290 mm, with
three-quarters of this amount occurring during the growing season
(May to September) (Kasischke et al., 2002). Twenty sites affected by
fire were identified using fire perimeter information provided by the
Alaska Interagency Coordination Center (Table 1). The sitesweremostly
located on a gently sloping alluvial outwash plane north of the Alaska
Range, with elevations ranging between 300 and 600 m, and slopes
being less than 3°. A detailed description of the region can be found in
(Kasischke & Johnstone, 2005). The upland forests at the Alaskan sites
are undergoing secondary succession following fires, where poorly
drained soils are occupied by black spruce (Picea mariana P. Mill). on
st-fire forest regrowth in Mediterranean and boreal forests, Remote
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Table 1
Surface of the fire-affected areas computed from the digitized fire perimeters. Years
since disturbance is referred to the SAR dataset acquisition (see Table 3).

Zuera sites Delta Junction sites

Burn
year

Affected
area (ha)

Years since
disturbance (ysd)

Burn
year

Affected
area (ha)

Years since
disturbance (ysd)

1922 1030 87 1947⁎ 2097 60
1952⁎ 2000 57 1951 9387 56
1970⁎ 272 39 1954 7312 53
1979 680 30 1969⁎ 28101 38
1983 25 26 1969 892 38
1984 29 25 1971⁎ 2150 36
1985 10 24 1979⁎ 13588 28
1986⁎ 303 23 1979 2518 28
1990 23 19 1979 1342 28
1994 37 15 1980 3338 27
1994 96 15 1981 8269 26
1995⁎ 3100 14 1984 1233 23
2001⁎ 26 8 1987⁎ 18336 20
2005 30 4 1993⁎ 192 14
2006⁎ 31 3 1994 318 13
2008⁎ 2200 b1 1994⁎ 8904 13

1995 951 12
1998⁎ 22045 9
1999⁎ 7581 8
2001 44.7 6

⁎ Analyzed sites.
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cooler, wetter sites and white spruce (Picea glauca (Moench) Voss.) on
warmer drier sites (Viereck et al., 1983). Post-fire succession in black
spruce forests involves self replacement (e.g., shrubs to immature
spruce/shrubmixture followed bymature forests), while relay floristics
occur after fire on sites occupied by white spruce forests (shrubs
following by Populus sp. or Betula sp. forests followed by mixed
deciduous/spruce forests followed by mature white spruce forests).

3. Earth observation and ancillary data

For the Zuera region, the SARdataset consisted of images acquiredby
the TerraSAR-X (TSX), Environmental Satellite (Envisat) Advanced SAR
(ASAR) and Advanced Land Observing Satellite (ALOS) Phased Array-
type L-band SAR (PALSAR) sensors. For the Delta Junction region, only
ALOS PALSAR datawere available. Table 2 presents the acquisition dates
together with themain characteristics of the datasets. TerraSAR-X dual-
polarized images were acquired in strip map mode (SM). One Envisat
ASAR image was acquired in Alternating Polarization mode (AP) with
HH and HV polarizations whereas the two images used for interfero-
metric processing were acquired in Image Mode (IM). ALOS PALSAR
data were acquired in full polarimetric (PLR) and dual polarization Fine
Beam Dual (FBD) modes. For the Zuera site, backscatter measurements
were available for similar incidence angles for all sensors whereas the
Table 2
SAR acquisition date, incidence angle, perpendicular baseline (Pb), temporal baseline (Tb
minimum temperature (Tmin) in °C and the accumulated precipitations (AcPp) in mm.

Area Sensor Polarization Incidence
angle

Acquisition
date 1

Acquisitio
date 2

Zuera Backscatter analysis
TSX HH,HV 25° 2008.12.24
ASAR HH,HV 23° 2009.03.19
PALSAR All 25° 2009.04.28
PALSAR HH,HV 34° 2009.08.20
Interferometric coherence analysis
TSX HH,HV 40° 2008.11.16 2008.12.19
ASAR HH 23° 2009.01.08 2009.02.12
PALSAR HH,HV 34° 2009.08.20 2009.10.05

Delta Junction Backscatter and interferometric coherence analysis
PALSAR HH,HV 34° 2007.08.15 2007.09.30

⁎ Precipitations registered partially during the day of SAR acquisition.
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incidence angle of the image pairs used for interferometric coherence
analysis varied between 23° (ASAR) and 40° (TSX).

The SAR data for the Zuera sites were absolutely calibrated, multi-
looked to obtain the desired 25 m spatial resolution and geocoded to
Universal Transverse Mercator (UTM) projection using a 20 m spatial
resolution digital elevation model (DEM). The DEM was obtained from
the regional government of Aragón. Topographic normalization of the
backscatter to account for the effect of varying incidenceangle fromnear
to far rangeand the effectivepixel areawas applied (Ulander, 1996). The
resulting images were in gamma nought (γ°) format, and only included
variations of the scatteringproperties of a target due to local orientation.
Generation of the SAR coherence signatures involved co-registration of
the images, spatial multi-looking, common band filtering and differen-
tial interferogramcomputation, coherence estimation, and geocoding to
UTM projection. Detailed description of the processing is given in
(Tanase et al., 2010b, 2010c).

The PALSAR dataset (FBD mode) for the Delta Junction sites was
processed in a similar way. The images were geocoded to 30 m using a
60 m spatial resolution DEM and UTM projection. The National
Elevation Dataset (NED) from US Geological Survey (USGS) was used.
Although most of the area presented flat or nearly flat topography,
normalization of the backscatter was applied in order to obtain similar
metrics (γ°) as for the Zuera sites.

Fig. 1 shows the coherence image product (red: coherence; green:
backscatter, blue: backscatter ratio) for the ALOS PALSAR FBD image
pairs. Fire perimeters together with the burn year were superimposed
over the satellite images. The coherence image product shows the
burned sites in red and orange because of overall high coherence and
low backscatter. Forests appear in green tones (high backscatter and
low coherence) at Delta Junction whereas at Zuera they appear in
yellow tones (high backscatter and high coherence). The large
difference in forest coherence values for the two regions was
explained by the more stable weather conditions at the Zuera sites
and the greater stiffness of the L-band scatterers in Mediterranean
pine forests. Red colors correspond to sparsely vegetated areas which
did not change (high coherence and low backscatter) whereas blue
colors represent areas of considerable backscatter change between
image acquisitions.

For each region, a Landsat imageacquiredon22August 2008 (Zuera)
and 12 August 2009 (Delta Junction) was used to estimate the NDVI in
the studies sites. The Landsat images were transformed to the same
coordinate system used to geocode the SAR data. Both images under-
went radiometric corrections to compensate for variations in sensor
radiometric response, sun angle, sun azimuth and topography. Raw
digital number (DN) values were converted to satellite reflectance.

To aid the interpretation, meteorological data collected from the
nearest availablemeteorological stationwereused. For theZuera region,
temperature measurements were available from the Casa Perez station
located at approximately 10 km west of the study area whereas
), and meteorological conditions at acquisition: maximum temperature (Tmax) and

n Pb
(m)

Tb
(days)

AcPp
date1

Tmax
date1

Tmin
date1

AcPp
date2

Tmax
date2

Tmin
date2

0 −3 −6
0 20 −1
3.5⁎ 18 10
0 34 15

231 33 0 14 −2 0 11 4
34 35 0.5 0 −6 0.5 10 4

508 46 0 34 15 0 26 11

483 46 1.3⁎ 24 12 0.1 9 −3

st-fire forest regrowth in Mediterranean and boreal forests, Remote

http://dx.doi.org/10.1016/j.rse.2011.04.009


Fig. 1. Disturbed areas as revealed by ALOS PALSAR data at Zuera (left) and Delta Junction (right) sites. False color composite of (red) HH coherence, (green) HH backscatter and
(blue) HH backscatter ratio. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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precipitation datawere obtained from anautomatic rain gauge installed
roughly at the center of the study area. For the Alaskan region
meteorological data were available from the Delta Junction station
located 45 km to the west of the study area (see Table 2). Accumulated
precipitation (AcPp) in mmwas computed taking into account the last
5 days before acquisition of SAR data. At the Zuera region, all images
were acquired under dry conditions except the full polarimetric ALOS
PALSAR dataset (28 April 2009), as shown in Table 2. At Delta Junction
site a previous study (Kasischke et al., 2011) had examined the
precipitation patterns for the two ALOS PALSAR scenes used for this
study and concluded that the soil moisture, based on the previous
60 days precipitations, was high during the 15 August 2008 collection
andveryhighduring the30September2008 collection.WhileKasischke
et al. (2011) concluded that temporal differences in soil moisture could
contribute to variations in PALSAR SAR backscatter in forests with low
biomass, they also concluded that these variations were most
pronounced when comparing sites with very high soil moisture. The
average L-band backscatter for the low biomass sites studied by
Kasischke et al. (2011) in the Delta Junction region were only slightly
different for the 15 August and 30 September 2008 PALSAR data
collections, and there were significant correlations between above-
ground biomass and backscatter on both dates.

4. Methods

The lack of long-term systematically archived SAR data for most of
the SAR frequencies conditioned the analysis. Therefore, we carried out
the assessment of microwave backscatter sensitivity to forest regrowth
using single date imagery and areas affected by fire in different years.
The forest age interpreted as years since disturbance (ysd)was used as a
quantitative parameter since it is strongly related to forest structure
properties (e.g. biomass, tree height, basal area etc.) The small study
areas offered relatively homogeneous forest conditions and the single
date image minimized possible spatial heterogeneities of soil moisture
or canopy moisture content.

Five regrowth sites (i.e. fire scars) larger than 250 ha were themain
focus of the study at Zuera. In addition, two smaller sites (burns from
2001 and 2006) were included (for signature analysis) to cover the last
decade. For the Delta Junction region, nine sites were selected for the
analysis (Table 1). The selectionwas carried out taking into account site
size, vegetation type (scrublands, open forests and woody wetlands
were eliminated), fire recurrence (sites repeatedly affected by fire were
eliminated), availability of larger burns from the same year, obvious
Please cite this article as: Tanase, M., et al., Sensitivity of SAR data to po
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human related land cover changes and availability of the SAR data at all
frequencies (Zuera sites only).

To reduce pixel wise noise of backscatter and coherence measure-
ments, the analysis was conducted on samples produced by averaging
over several pixel values. The larger sites and the rather flat topography
atDelta Junction allowed thegenerationof contiguousplots (1 ha)using
a systematic grid spaced at 600 m. For the Zuera sites, the study was
carried out using a set of random plots, so called pseudo-plots. Pseudo-
plots were generated by averaging inside each site random pixels of
similar slopeandaspectwith respect to the radarviewing geometry. The
generationof pseudo-plotswas considereddue to the rough topography
in most of the studied sites. To avoid bias related to size, only pseudo-
plots containing a constant number of pixels were considered. Nine
pixel per pseudo-plot (0.55 ha) appeared to be optimal for the selected
spatial resolution (25 m) of the geocoded images (Tanase et al., 2009).

For the Mediterranean sites, a threshold on NDVI was used to
eliminate non-forest pixels thus assuring pseudo-plots homogeneity.
For the Delta Junction region, plots with large difference (N0.15)
between maximum and minimum NDVI pixel values were discarded
due to the increased probability of containing different land cover types.
In total 652 plots were analyzed at Delta Junction (15 to 250 depending
on the site size) whereas around 2700 pseudo-plots where analyzed at
Zuera, depending on image coverage. Changes in local topography
greatly influenced the radar signal when analyzing burn severity levels
(Tanase et al., 2010b, 2010c). Therefore, for the Zuera sites the pseudo-
plots were clustered into 5°-wide intervals of local incidence angle
(Tanase et al., 2010a) with 15 to 100 pseudo-plots available for the
analysis at each site and incidence angle interval. For the small sized
sites (i.e. 2001 and 2006), the total number of pseudo-plots was small,
i.e. between 10 and 25. Since these sites were located on rather flat
terrain, most of the pseudo-plots belonged only to one or two local
incidence angle intervals.

To provide a reference on the forest regrowth status, the
Mediterranean siteswere visitednear the timeof SAR image acquisitions.
Since vegetation conditions inside each site were rather homogeneous,
two to three points per burn scar were used for the assessment of
vegetation cover fraction and the average tree height and diameter. The
cover fraction of the vegetation layerswas visually estimated at each plot
on a 15 m radius. For trees taller than 2 m, the diameter (D) was
measuredat breast heightwhereas for the smaller trees thediameterwas
measured at half of their height. Vegetation layers present at Zuera sites
consisted of herbs and low shrubs less than 1 m tall for the most recent
burns, shrubs and small trees up to 5 m tall, and trees up to 15 m tall for
st-fire forest regrowth in Mediterranean and boreal forests, Remote

http://dx.doi.org/10.1016/j.rse.2011.04.009


Table 3
Average vegetation conditions for the analyzed fire scars at Zuera sites.

Site Strata Cover (%) Height (m) D (cm)

Undisturbed Herbs 20–70 0.3–1
Shrubs 5–60 0.5–2 8–35
Trees 40–75 8–12

57 ysd Herbs 10 0.2–0.3
Shrubs 20–25 0.7–1.5 10–25
Trees 60–75 8–9

39 ysd Herbs 10–20 0.1–0.3
Shrubs 50–60 0.5–2 9–16
Trees 90 3–6

23 ysd Herbs 10 0.4
Shrubs 5–10 0.5–1 3–5
Trees 70–80 1.5–4

14 ysd Herbs 10 0.2–0.3
Shrubs 30–35 0.5–1 2–3
Trees 55–65 0.7–2

8 ysd Herbs 80 0.2–1
Shrubs 10 0.5–1 b3
Trees 5–10 0.5–1

3 ysd Herbs 70 50–80
Shrubs 5 0.5–0.8 b1
Trees N/A 0.1–0.2

b1 ysd Herbs 5–20 0.1–0.3
Shrubs 5–20 0.1–0.3 8–35
Trees N/A 8–12
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the oldest burns. A short description of the average vegetation status at
each site is presented in Table 3 whereas Fig. 2 illustrates vegetation
regrowth phases foundat some of the assessed points. Nofield datawere
available forDelta Junction sites. Post-fire vegetation is shown in Fig. 3 for
three of the analyzed sites.

Descriptive statistics were used to analyze backscatter and coher-
ence sensitivity to forest age. Analysis of variance (ANOVA)was used to
assess the possibility to discern between forest recovery stages using
mean values of SAR backscatter and coherence, for sites larger than
200 ha. Pair-wise comparison using Games–Howell test (Games &
Howel, 1976) provided information on the significantly different mean
values. This test was used because it does not assume equal variances,
the sample size were unequal and the homogeneity of variance
assumption was violated in the ANOVA analysis. The smaller sites (i.e.
less than 200 ha) were not included in the analysis due to the small
number of samples.
Fig. 2. Examples of vegetation condition at the Zuera si

Please cite this article as: Tanase, M., et al., Sensitivity of SAR data to po
Sensing of Environment (2011), doi:10.1016/j.rse.2011.04.009
5. Results and discussion

Recent studies by Kasischke et al. (2011) showed that variations in
soil moisture over time influenced the relationships between L-band
SAR backscatter and biomass in many of the Alaskan sites used in this
study. Therefore, variations in soil moisture should be considered
when using SAR backscatter data to assess patterns of post-fire
recovery. If all the sites being analyzed are contained within a single
SAR scene, then steps should be taken to account for between-site
variations in soil drainage. Both regions used in this study had sites
with similar soil types, so between-site variations in soil moisture
were not an important factor in contributing to variations in
backscatter using data collected on the same date.

5.1. Signature analysis

Similarly to the analysis carried out in (Tanase et al., 2010b) when
relating burn severity to SAR backscatter, we observed strong
sensitivity of the regrowth in terms of local orientation of the forest
with respect to the SAR look direction. In Fig. 4, we show plots ofmean
backscatter (HV polarization) as a function of the local incidence angle
and forest age for each SAR frequency for the Zuera sites. Flat areas
correspond to local incidence angles around 25°. Slopes oriented
towards the sensor correspond to local incidence angles between 5°
and 25° whereas slopes oriented away from the sensor correspond to
local incidence angles between 25° and 55°. The average backscatter
of the small sites is represented by the filled symbols whereas the
average backscatter of undisturbed forests (NB) is represented by the
grey circles. The standard error of the mean is given in Table 4 for
some of the local incidence angle intervals.

Regardless of the incidence angle, HV-polarized backscatter
increased with increasing forest age because increased vegetation
cover increased the volume scattering component. The dynamic range
of the X-band backscatter from unburned to recently burned forest
was low (1–2 dB in flat areas) and decreased to 1 dB for the largest
incidence angles. Stronger sensitivity to changes in forest structure
was observed at C-band. The dynamic range between unburned forest
and themost recent burnwas relatively constant over the entire range
of incidence angles reaching around 3 dB (Fig. 4b). Generally, the X-
and C-band backscatter difference between undisturbed forest and
different stages of forest regrowth was low except for the most recent
tes. The pictures were taken during summer 2009.

st-fire forest regrowth in Mediterranean and boreal forests, Remote
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Fig. 3. Examples of vegetation condition at the Delta Junction sites. The pictures were taken during summer 2008.
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affected sites (one to seven years since disturbance) where the
regrowth was negligible. The greatest difference (around 7 dB) of the
backscatter coefficient between forest regrowth stages was observed
at L-band. Fig. 4c illustrates L-band average backscatter of the PLR data
(2009.04.28) since it was acquired at similar incidence angle as for X-
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Fig. 4. Cross-polarized (HV) normalized backscatter coefficient (γ°) trend as a function of
the local incidence angle and the year since disturbance (ysd) for the Zuera sites: (a) X-band
data from 24 December 2008; (b) C-band data from 19 March 2009; and (c) L-band data
from 28 April 2009.
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and C-band. The PALSAR image was however acquired during
precipitations, which influenced the backscattering coefficient reduc-
ing the dynamic range from old to young forests (see also Fig. 5).
Burned trees still present on site (b1 ysd site) increased C- and L-band
cross-polarized backscatter when compared to 3 and 8 ysd sites from
which the dead trees had been removed before the acquisition of the
Envisat ASAR image.

Fig. 5 illustrates the HV backscatter as a function of the forest age
for the Zuera and Delta Junction regions, for PALSAR FBD data
acquired at 34.3° look angle. Because of the flat topography at Delta
Junction, the analysis is focused only on flat terrain. Horizontal lines
represent the average backscatter of undisturbed areas. The trends of
the mean backscatter values were similar. The only obvious difference
is represented by the lower backscatter values observed at Zuera
during the first years after the fire, which was explained by the
different type of post-fire management. The Spanish administration
usually removes the burned standing trees after fire whereas in boreal
forest trees are left at on site. Thus, the backscatter from burned areas
in the boreal zone contains a significant component due to the
remaining vegetation whereas in Mediterranean burns this compo-
nent is usually missing. This explanation was supported by the
backscatter levels observed for the b1 ysd Zuera site where trees had
not been removed before image acquisition. In such case, the
backscatter values were closer to the values observed at Delta
Junction. At the Zuera sites increased dynamic range (10 dB) was
observed for the FBD data acquired under dry conditions when
compared to PLR data, which had been acquired during rainfall. The
larger dynamic range could be also the consequence of the shallower
look direction of the FBD mode with respect to the PLR mode.

In a similar manner to Fig. 4, Fig. 6 illustrates co-polarized (HH)
coherence trends for the Zuera sites. Regardless of the range of local
incidence angles, lower coherence was observed with increasing
forest age at X- and C-band. The standard error of the mean is given in
Table 4. The highest coherence values were recorded for the most
recent burns which presented little or no vegetation cover. It is
interesting to note that the presence of burned standing trees on the
b1 ysd site was sufficient to cause decorrelation of the signal almost
completely at X-band (Fig. 7a). At L-band, the coherence showed a
completely opposite trend (Fig. 7c). High coherence was observed for
older burns while for the most recent fires the coherence was
significantly lower (see also Fig. 8). At the time of acquisition of the
PALSAR data, the environmental conditions had been dry for a long
period, which may have caused the upper part of the canopy to be
rather transparent to the impinging L-bandmicrowaves. Furthermore,
Mediterranean pines are stiff trees so that typical decorrelating agents
in forests (wind and moisture changes) are not playing a significant
role and the coherence is preserved. Yet unclear is the low coherence
of recent fires which were characterized primarily by shrub
vegetation. Changes in soil moisture between the two image
acquisitions (46 days) can be considered a plausible explanation;
nonetheless, we did not have direct evidence of this. The decreasing
trend of coherence with local incidence angle was observed at all
st-fire forest regrowth in Mediterranean and boreal forests, Remote

http://dx.doi.org/10.1016/j.rse.2011.04.009


Table 4
Average properties of the analyzed sites for different slope orientations. Data represent mean values and the standard error of the mean. Different letters indicate statistically
significant differences between sites (pb0.05). Zuera.

Slope orientation Undisturbed 57 ysd 39 ysd 23 ysd 14 ysd b1 ysd

Backscatter
X-band Toward sensor −19.1 (0.36) a −18.7 (0.25) a N/A −19.2 (0.18) a −19.6 (0.22) a −19.5 (0.21) a
HV Flat area −16.2 (0.06) a −15.9 (0.11) a −16.8 (0.05) bc −16.6 (0.11) b −17.1 (0.10) cd −17.1 (0.06) d

Away from sensor −14.6 (0.04) a −14.5 (0.05) a N/A −15.2 (0.05) b −15.2 (0.06) b −15.7 (0.05) c
C-band Toward sensor −18.0 (0.27) a −16.8 (0.20) b N/A −17.4(0.22) ab −18.2 (0.22) a −20.7 (0.20) c
HV Flat area −15.3 (0.14) a −15.5 (0.24) ab −16.2 (0.11) bc −16.0 (0.14) b −16.6 (0.15) c −18.4 (0.16) d

Away from sensor −15.1 (0.14) ab −14.6 (0.15) a N/A −14.8(0.15) ab −15.3 (0.12) b −17.7 (0.12) c
L-band Toward sensor −16.9 (0.09) a −18.3 (0.15) b N/A −19.8 (0.13) c −21.7 (0.12) d −25.0 (0.14) e
HV⁎ Flat area −15.0 (0.05) a −15.8 (0.07) b −15.8 (0.04) b −17.0 (0.09) c −18.7 (0.10) d −21.8 (0.16) e

Away from sensor −13.3 (0.05) a −14.0 (0.08) b N/A −15.0 (0.12) c −16.9 (0.10) d −20.9 (0.20) e

Coherence
X-band Toward sensor 0.17 (0.00) a 0.19 (0.00) b N/A 0.27 (0.01) c 0.33 (0.00) d 0.34 (0.00) d
HH Flat area 0.18 (0.00) a 0.15 (0.00) b 0.22 (0.00) c 0.23 (0.01) c 0.33 (0.01) d 0.31 (0.00) d

Away from sensor 0.11 (0.00) a 0.10 (0.00) a N/A 0.13 (0.00) b 0.24 (0.00) c 0.22 (0.00) d
C-band Toward sensor 0.21 (0.01) a 0.22 (0.01) a N/A 0.21 (0.00) a 0.28 (0.01) b 0.53 (0.01) c
HH Flat area 0.18 (0.00) a 0.20 (0.00) b 0.18 (0.00) a 0.19 (0.01) ab 0.28 (0.01) c 0.38 (0.01) d

Away from sensor 0.12 (0.00) a 0.14 (0.00) a N/A 0.16 (0.00) b 0.19 (0.00) c 0.24 (0.01) d
L-band Toward sensor 0.77 (0.00) a 0.71 (0.01) b N/A 0.83 (0.00) c 0.77 (0.00) a 0.72 (0.00) b
HH Flat area 0.77 (0.00) a 0.78 (0.00) ab 0.79 (0.00) b 0.84 (0.00) c 0.76 (0.00) d 0.63 (0.00) e

Away from sensor 0.76 (0.00) a 0.80 (0.00) b N/A 0.83 (0.00) c 0.76 (0.00) a 0.56 (0.01) d

⁎ Reported for data not affected by rain (FDB, 2008.08.20, look angle 34°).
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Fig. 5. Average L-band normalized HV backscatter coefficient (γ°) as a function of forest
age for flat areas. Delta Junction (15 August 2007) and Zuera (20 August 2009) sites.
Horizontal lines represent backscatter levels of undisturbed forests.
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frequencies especially for the most recently affected sites and was
related to the smaller ground component for the slopes oriented away
from the sensor.

At the Delta Junction sites, the L-band coherence decreased with
increasing forest age due to the increased vegetation cover (Fig. 7).
The coherence was lower overall because of the 46-day interval
between acquisitions. In the boreal zone, the environmental condi-
tions during summer months are prone to rapid changes which cause
strong temporal decorrelation in interferograms spanning several
weeks. Long periods of stable environmental conditions, as shown in
this article for the Zuera site or in Thiel et al. (2009) for Siberian forest,
instead preserve coherence.

5.2. Statistical analysis

The analysis of variance helped understanding the potential of SAR
data to monitor forest regrowth status. For the Zuera sites, Table 4
illustrates backscatter and coherence response for three intervals of
local incidence angle corresponding to the main type of relief
orientation with respect to the radar viewing geometry: i) slopes
tilted towards the sensor, ii) flat or nearly flat areas and iii) slopes
tilted away from the sensor. The mean values and the standard error
of the mean are presented for the large sites (N200 ha) at each SAR
frequency. Due to the rather flat topography, the statistics for the area
affected in 1970 (39 ysd) are presented only for the flat terrain class.
For the Delta Junction sites, the analysis was carried out considering
only the flat terrain conditions. The results from Delta Junction sites
are presented in Table 5. Pair-wise comparison results were coded by
letters. For sites sharing the same letter the average backscatter or
coherence were not significantly different (pb0.05) meaning that it
was not possible to statistically separate the respective regrowth
phases. For simplicity in interpretation we considered similar
regrowth phases when the difference in mean backscatter or
interferometric coherence between sites was less than 1 dB and
0.1 U respectively. We judged a mean backscatter difference of less
than 1 dB between two consecutive burns impractical for differenti-
ation of the regrowth phase. The threshold was based on the highest
standard error of the mean (see Tables 4 and 5) for a confidence
interval of 99%. Residual speckle was negligible since the statistical
analysis was carried out over several thousands of the original pixels
(multi-look processing, pseudo-plot averaging and analysis at fire scar
level). Therefore, it was reasonable to assume that the variability
Please cite this article as: Tanase, M., et al., Sensitivity of SAR data to po
Sensing of Environment (2011), doi:10.1016/j.rse.2011.04.009
inside a given site corresponded mostly to differences in forest
regrowth. Similar reasoning was applied for the coherence analysis.

The analysis of variance for the backscatter coefficient revealed
statistically significant differences between different stages of forest
regrowth for all frequencies and slope orientations at the Zuera sites
(Table 4). However, the small dynamic range from undisturbed to
recently disturbed sites observed at X-band HV polarization indicated
limited practical use for regrowth phases discrimination. C-band data
showed increased discrimination potential although only the most
recently affected site (b1 ysd) was reliably differentiated for all slopes;
the average backscatter difference with respect to older forests was
between 1 and 2 dB. The largest number of forest regrowth phases was
differentiated at L-band. Five groups were consistently separated for all
slope orientations. Each individual site was separatedwith the exception
of the two oldest ones (57 ysd and 39 ysd). The average backscatter
difference between consecutive groups was larger than 1 dB.

Statistically significant differences were found between forest
regrowth phases when analyzing the interferometric coherence at the
st-fire forest regrowth in Mediterranean and boreal forests, Remote
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Zuera sites. However, the small dynamic range (b0.2) did not allow
reliable identification among different phases of forest regrowth at C-
and L-band due to the small variation among individual sites (0.03–
0.05). The only exception was the b1 ysd site where the forest floor
provided a stable scattering scenario not greatly influenced by the
remaining burned trees.

At the Delta Junction sites, the analysis of variance produced less
obvious results due to smaller time interval between disturbance events,
slower regrowth rates and larger variability of the boreal forest in terms
of structure and species composition (Table 5). Thus, most of the sites
pertained to at least two groups in the pair-wise comparison illustrating
the transitional nature of the forest regrowth. Four regrowth phases
could be differentiated at HV polarization using backscatter information:
i) undisturbed forest and 60 ysd site, ii) 38 ysd, 36 ysd and 28 ysd sites,
iii) 20 ysd site and iv), 13 ysd, 9 ysd and 8 ysd sites. These regrowth
phases corresponded largely to the decade of disturbance suggesting
temporally consistent traits. As for Zuera, the interferometric coherence
showed low discrimination potential for forest regrowth monitoring.
Please cite this article as: Tanase, M., et al., Sensitivity of SAR data to po
Sensing of Environment (2011), doi:10.1016/j.rse.2011.04.009
Statistically significantdifferenceswere foundbetweensites but their use
for operational application appears to be limited by the small variability
of the coherence among individual sites. Only the undisturbed forests
were reliably identified at HH polarization since their mean coherence
was significantly lower.

5.3. Regrowth dynamics of SAR and optical data

To assess the capability of a remote sensing parameter to monitor
forest regrowth, the relative difference of the remote sensing
parameter (e.g. backscatter) of a fire-affected area with respect to
the undisturbed conditions is here introduced. We will refer to this
quantity as percentage of change.

%change =
xNB−xfire

xNB
� 100 ð1Þ

In Eq. (1), xNB represents the value of the remote sensing
parameter for undisturbed conditions whereas xfire represents the
corresponding value for a specific disturbed site. Since it was shown in
this Section that the SAR parameter most sensitive to regrowth is L-
band HV backscatter, the analysis will be focused on this parameter.
As comparison, the percentage of change for the most widely used
parameter for monitoring vegetation recovery, i.e. NDVI, is also
considered.

The percentage of change with respect to the undisturbed forest is
presented as a function of time from the disturbance for L-band HV
backscatter and NDVI in Fig. 8. For clarity reasons, the two parameters
are represented on opposite sides of the zero change line. The change
in backscatter was computed using the average of the plots located in
flat areas whereas for optical data all plots were used when averaging
for a given site. Mature undisturbed forests were represented on the
zero change line. For the Zuera sites, the average age of the forest
(65 years) was used to estimate the fire-return interval. For interior
Alaska the fire regime of black spruce dominated forests was
previously estimated between 80 (Hu et al., 2006) and 120 (Kasischke
et al., 2002) years. There is a certain lag between forest age at the
Zuera and the Delta Junction sites due to the different date of the last
burns.

Fig. 8 shows that the percentage of change for L-bandHVbackscatter
andNDVI decreasedwith forest age during the first years. After a certain
st-fire forest regrowth in Mediterranean and boreal forests, Remote
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Fig. 8. Forest recovery as seen by L-band HV SAR and optical based NDVI—percentage of change with respect to the undisturbed area for Zuera (a) and Delta Junction (b) sites.

Table 5
Average properties of the analyzed sites. Data represent mean values and the standard error of the mean. Different letters indicate statistically significant differences between sites
(pb0.05). Delta Junction.

Undisturbed 60 ysd 38 ysd 36 ysd 28 ysd 20 ysd 13 ysd 9 ysd 8 ysd

Backscatter
L-band HV −14.7(0.37)a −15.2(0.18)a −16.1(0.37)ab −16.8(0.31)bc −16.6(0.14)b −18.1(0.11)c −19.9(0.17)d −19.0(0.09)d −20.4(0.17)e

Coherence
L-band HH 0.31(0.02)a 0.49(0.02)b 0.46(0.03)bc 0.55(0.01)bc 0.50(0.01)b 0.51(0.00)b 0.62(0.01)d 0.56(0.01)c 0.63(0.01)d

Fig. 9. Co-plotted model-based percentage of change with respect to undisturbed area
for Zuera and Delta Junction regions.
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age, the trend flattened out, indicating that the signal had reached
values similar to thoseofmature forest. At Zuera, the loss of sensitivity of
the NDVImetric occurred approximately 15 years after the disturbance.
This loss corresponded to the increased canopy cover of the regenerat-
ing forest with the age (Table 3). The NDVI percentage of change
becomes negligible when the forest canopy fraction reached relatively
high levels (70–80% for the 20 ysd site). On the contrary, the L-bandHV
backscatter percentage of change reached the zero change line
approximately 40 to 50 years after disturbance which is explained by
the longer periods needed for the recovery of forest structure. The
comparative analysis of Table 3 and Fig. 8 highlighted the correspon-
dence between the evolution of the forest cover fraction and NDVI
percentage of change on one hand and of the forest structural
parameters (diameter and height) and L-band SAR percentage of
change on the other hand. Similarly, for the boreal forests NDVI reached
pre-disturbance values much sooner when compared to L-band cross-
polarized backscatter which needed approximately 60 years. Fig. 8 also
shows that the radardatawere sensitive to the trees remainingon site. If
burned trees are not removed, the backscatter from recently affected
areas may be confused with forest regrowth especially during the first
years (e.g. b1 ysd at Zuera).

To evaluate the association strength between forest age and the
percentage of changewith respect to undisturbed forest, a logarithmic
model was fitted to the measurements (Fig. 8). The b1 ysd Zuera site
was excluded since it represented an atypical phase which usually
disappears past the second year after disturbance. For both regions,
the percentage of change for the L-band HV backscatter showed
similar trends, suggesting consistent behavior over different environ-
ments. Fig. 9 illustrates a comparison of the values predicted by the
two logarithmic functions. As reference we considered the 1:1 line,
indicating perfect correspondence between trends. Fig. 9 shows that
regrowth trends are similar during the first years after fire (i.e. for the
highest percentage of change). The slower growth rate of the boreal
Please cite this article as: Tanase, M., et al., Sensitivity of SAR data to po
Sensing of Environment (2011), doi:10.1016/j.rse.2011.04.009
forest is revealed by the additional time needed to reach pre-fire
forest structure when compared to Mediterranean forests. When the
Mediterranean forest has reached the level of unburned forests (0%
change), i.e. after 65 years, at Delta Junction the forest still needs to
recover about 10% of the pre-fire structure.
st-fire forest regrowth in Mediterranean and boreal forests, Remote
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6. Conclusions

The properties of multi-frequency SAR backscatter and interfero-
metric coherence from Mediterranean and boreal disturbed forests
were investigated with the aim of assessing the potential of active
microwave remote sensing for forest regrowth monitoring. A compar-
ison with NDVI was carried out to establish the advantages and
limitations of SAR data compared to optical sensors. For Mediterranean
forests, the L-band HV-polarized SAR backscatter allowed the best
differentiation of regrowth phases (five phases for six dates) whereas at
X- and C-band the HV-polarized backscatter was less sensitive to
modification in forest structure due to the rapid saturation of the signal.
For boreal forest four different regrowth phases were separated. Co-
polarized repeat-pass coherence presented weak sensitivity to the
different forest regrowth phases. Separation was possible only for the
most recently affected sites (b15 ysd) regardless of the radar frequency.

Analysis of the NDVI in terms of percentage of changewith respect to
undisturbed forests in the case of Mediterranean pine forest showed
saturation at about 10–20 years after disturbance provided that
forest cover recovery is not hindered by other factors (e.g. recurrent
fires). L-band SAR backscatter provided much larger monitoring in-
tervals: around 45 years for Mediterranean and 60 years for boreal
forests. Therefore, L-band SAR cross-polarized data appear more
appropriate to differentiate among forest regrowth stages when
compared to optical based indices. The usefulness of SAR data for
regrowth monitoring is further supported by the independence from
solar illumination and visibility. At high latitudes, the availability of
usable optical images is scarce due to frequent clouds. Only six images
with modest cloud cover were available for Delta Junction region during
the vegetation season between 1999 and 2009 fromwhich just one was
cloud free over all burns. In addition, although only few images were
analyzed, certain confidence in the consistency of the results is provided
by the observations reported in Santoro et al. (2009), who showed that
the seasonal variability of the L-band HV backscatter under unfrozen
conditions is limited.

At the Zuera sites, the study took advantage of the vigorous forest
growth which allowed almost ideal conditions for natural regeneration
that could not be met in other regions. In addition, repeatedly burned
areas could present different regeneration patterns especially when
disturbances occur at short time intervals, before forests reachmaturity.
Therefore, the temporal recovery trend registered for the Zuera site
could take longer in forests exposed to harsh environment or when
disturbance cycle is short. The study assumed relatively homogenous
soil moisture conditions due to the single date image approach used. As
noted by Kasischke et al. (2011), analyzing SAR biomass-backscatter
relationships using data collected on different dates will require
development of approaches to account for variations in soil moisture.
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