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Abstract : The permafrost active layer plays an important role in permafrost dynamics. Ecological patterns,
processes, and water and ice contents in the active layer are spatially and temporally complex depending on
landscape heterogeneity and local-scale variations in hydrological processes. Although there has been emerging
interest in the application of optical remote sensing techniques to permafrost environments, optical sensors
are significantly limited in accessing information on near surface geo-cryological conditions. The primary
objective of this study was to investigate capability of L-band SAR data for monitoring spatio-temporal
variability of permafrost ecosystems and underlying soil conditions. This study exploits information from
different polarimetric SAR observables in relation to permafrost environmental conditions. Experimental
results show that each polarimetric radar observable conveys different information on permafrost
environments. In the case of the dual-pol mode, the radar observables consist of two backscattering powers
and one correlation coefficient between polarimetric channels. Among them, the dual-pol scattering powers
are highly sensitive to freeze/thaw transition and can discriminate grasslands or ponds in thermokarst area
from other permafrost ecosystems. However, it is difficult to identify the ground conditions with dual-pol
observables. Additional backscattering powers and correlation coefficients obtained from quad-pol mode help
understanding seasonal variations of radar scattering and assessing geo-cryological information on soil layers.
In particular, co-pol coherences at HV-basis and circular-basis were found to be very useful tools for mapping
and monitoring near surface soil properties.

Key Words : Synthetic aperture radar, dual-polarization, quad-polarization, microwave scattering
mechanism, permafrost active layer, ALOS PALSAR.

1. Introduction two or more consecutive years. Regions where
permafrost underlies all or part of the ground surface
Permafrost is defined as soil, rock, and any other occupy about 25% of land area in the Northern

subsurface earth material that exists at or below 0°C for Hemisphere. There have been continues evidences to
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accumulate that climatic change is having a profound
impact in the permafrost regions. Observations from
global permafrost monitoring stations, such as the
Thermal State of Permafrost (TSP) and the
Circumpolar Active Layer Monitoring (CALM),
indicate that there has been a general increase in
permafrost temperatures during the last several decades
across Alaska, northern Canada, Siberia, and northern
Europe (Anisimov et al., 2001; Stocker et al.,2013).

The active layer, defined as the top layer of ground
subject to annual thawing and freezing, plays an
important role in permafrost dynamics because most
ecological, hydrological, and geochemical activities
take place within it (Brown 2000). However, there is
widespread variation in water and ice contents in the
active layer across a broad spectrum of spatial and
temporal scales. Their seasonal and annual changes are
spatially and temporally complex depending on many
environmental factors, such as landscape heterogeneity
and local hydrological processes. Consequently, in-situ
measurements offer only limited insight into the
impacts of global climate variations on the active layer
dynamics. Radar remote sensing can be a useful
observational tool for closing the gaps in permafrost
monitoring with its ability to penetrate cloud and
independence from solar illumination.

Most of previous studies on the application of radar
remote sensing to permafrost environments have been
particularly interested in the detection of landscape
freeze/thaw states from variety of space-borne
scatterometer and radiometer (Rignot and Way, 1994;
Way et al., 1997; Frolking et al., 1999; Wisman, 2000;
Kimball er al., 2001; Rawlins et al., 2005; Bartsch et
al., 2007). There studies have shown that remotely-
sensed freeze/thaw states can be useful for supporting
ecologic and hydrological studies at regional, pan-
boreal, and global scales (25~50km). In order to
improve spatial resolution, Park et al. (2011) and Du et
al., (2015) have used Synthetic Aperture Radar (SAR)

data acquired at scanSAR mode for monitoring
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freeze/thaw process at moderate spatial resolution
(1km~100m). However, there have been few studies
on the application of high resolution SAR data to
monitoring permafrost environments because of less
data availability and increasing complexity in signals
from  heterogeneous  permafrost  landscape.
Nonetheless, with an increasing availability of multi-
frequency polarimetric space-borne SAR sensors, it is
important to exploit full potential of the SAR remote
sensing in the observation of spatially detailed
information on permafrost dynamics.

This study aims to discuss the capability of L-band
SAR data for monitoring spatio-temporal variability of
permafrost ecosystems and underlying soil conditions
in the active layer. The L-band PALSAR data of ALOS
satellite over Eastern Siberia are used in this study to
investigate the variations of scattering responses in
permafrost ecosystems. In recent years, most of SAR
systems including ALOS PALSAR have been
operating several polarimetric modes: single-pol mode
(HH or VV), dual-pol mode (HH/HV or VV/VH), and
full or quad-pol mode (HH/HV/VH/VV). While the
quad-pol data can provide several advantages in
extracting physical quantities of the scattering targets,
most of the SAR systems which have full polarization
capability are often operated in dual-pol mode mainly
because of the operational costs, such as power supply
and coverage. This paper also discusses the utility and
trade-off of dual-pol and quad-pol modes for
monitoring  arctic

ecosystems and periglacial

landforms.

2. SAR Measurements

1) Quad-pol data observables

In the imaging radar, a radiated electromagnetic
wave is scattered by an object and one observes this

wave. In general, the incident and scattered waves can
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be completely described by the two-dimensional
orthogonal basis (Lee and Pottier, 2009; Cloude, 2010).
Then, one can consider the ground scatterer as a
mathematical operator that takes one two-dimensional
incident wave vector E' and changes that into another
scattered wave vector E“', which are related by the
complex 2x2 scattering matrix [S], defined as:

Ej
E;

SHH SHV
SVH SVV

Ly

o M

where S, (g: polarization of the incident field; p:
polarization of the scattered field) is the complex
scattering amplitude which is dependent on the
incidence angle, wavelength, and polarization of the
radar system. For a given radar system, it is strongly
related to the electrical and geometrical properties of
the individual scatterers. Therefore, the complex
scattering amplitudes of an object is the key measure
of its scattering characteristics. The diagonal elements
of the scattering matrix are called co-pol terms (the
same polarization for the incident and the scattered
fields). The off-diagonal elements are called cross-pol
terms as they relate orthogonal polarization states. In
addition, the total scattered power, called Span, is
defined by the Frobenius norm (Span) of the scattering
matrix, such as Span = 1Sy, 1+ S, 12 + 1Sy, 1+ 1Sy %,

In natural surfaces, the received wave in the SAR
system is the coherent sum of the waves scattered from
all individual scattering centers. Therefore, several
measurements are often added to reduce statistical
variations, such as the speckle filtering as well as the
multi-look averaging. In this case, scattering properties
of random media can be better described by the
covariance matrix. In the monostatic backscattering
case, where the transmitting and receiving antennas are
placed at the same location, one can usually assume
scattering reciprocity Syy= Syy. Then, the covariance
matrix [C;] can be formed by the complex scattering
K3=[Su [2 Siy Sw)I”, such as
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where ¢ ) represents the ensemble averaging and the
superscript * denotes the complex conjugate. The
multiplier [2 of Syy is introduced to keep the norm
(Span) of the scattering vectors.

Since the incoherently averaged [C;] matrix is
Hermitian, polarimetric observations are fully
characterized by nine real parameters: three power
terms and three complex correlation terms. Diagonal
elements of the covariance matrix correspond to the

multi-look scattering coefficients as
0= <SuStr = <Su >
0'1011/: <SurSi>= <|SHVF>
09, =<SpSi> = <Sp>

A

The co-pol scattering power terms have been widely
studied in the literature, since all conventional space-
borne SAR systems in 1990s were operated either HH
or VV polarization mode. One the other hand, the
cross-pol scattering power a?,, can be only obtained by
polarimetric SAR systems in dual-pol or quad-pol
mode. The cross-pol power is sensitive to the geometry
of scattering surface and the presence of multiple or
volume scattering (Oh et al., 1992; Lee et al.,2002; Lin
et al.,2009).

Off-diagonal elements of the covariance matrix are
complex cross product terms between polarizations.
Without loss of generality, they can be described by the
complex correlation coefficients between polarizations.
The polarimetric correlation coefficient between XY

and AB polarization channels is defined by

OB = g = e )
The co-pol and cross-pol products often contain little

information in the case of natural distributed targets. In

this case, called reflection symmetry, the correlation

between co-pol and cross-pol channels, y(HH, HV) and

Y(HV, VV), are assumed to be zero. Nonzero
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correlations between co- and cross-polarized
components can be observed in case of the targets
having a tilted local coordinate with respect to the radar
coordinate, e.g., sloping terrain. Therefore, Y(HH,HV)
and Y(HV,VV) can indicate the axis misalignment (Park
et al.,2012). On the other hand, Y(HH,VV) contains
information on the scattering process. The magnitude
of co-pol correlation (often called coherence) between
HH and VV, pyuvy, can be a good indicator of signal
depolarization. It will be zero for a completely random
signal and one for a pure polarized signal. High ppy
values can be found in the single surface scattering
case, while multiple or volume scattering results in low
purvy Values (Park et al., 2013; Chowdhury et al.,

2014).

2) Dual-pol data observables

Space-borne SAR instruments often employ a single
transmitted polarization state and a coherent dual
channel receiver giving rise to dual-pol data. Dual-pol
radars are not capable of reconstructing the complete
scattering matrix in equation (1), but instead can be

used to reconstruct a column of [S] matrix. In the case

of H-pol transmission, the basic scattering
measurement of a pixel becomes
7 | Sua Suv |[1 | Z [Sea
ko= = . 5
o Svir Swv |0 ] N ©)

The resulting dual-pol covariance matrix after multi-
look processing is given by

<S> <SSy

T T =
[Con] = <kan k2> <SyuSt> <ISyu>

(©)

Consequently, the dual-pol data provides only two
scattering powers and one correlation coefficient
between co- and cross-polarized scattering amplitudes.
If the terrain exhibits reflection symmetry (a common
case in microwave remote sensing of natural surface),
the off-diagonal term in [C,] will be zero: <SySTy> =
0, and there will be only two observables. If we transmit

V-pol signal only and receive both, the similar
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considerations can be applied with minor modification.
In this case, the covariance matrix becomes

<S> <SuSir>

[CI=] <5805 <S> |

™

3. SAR Data Analysis

1) Study sites and data set

The selected study site is located in alluvial terrain
of Lena River near Yakutsk, eastern Siberia (Fig. 1). It
has relatively flat topography and is underlain by
continuous permafrost. Average monthly temperatures
in this region range from 19 °C in July to -40 °C in
January. The permafrost front reached the surface
during winter, and the active layer depth in the growing
season could be about 1-3 m (Brouchkov er al., 2004;
Lopez et al., 2007, lijima et al., 2010).

Three ALOS PALSAR quad-pol mode data were
acquired over heterogeneous forest and grass surfaces
on the left and right banks of Lena River (Fig. 1). The
data set covered a freeze/thaw cycle from November
2006 to May 2007. According to the meteorological
data obtained from the nearest grid point of global
atmospheric reanalysis product (Dee et al., 2011), air
temperature changed significantly from frozen
condition in November and March to thawed
conditions in May (Table 1).

The study site covered with pure and mixed forests,
shrublands, and thermokarst landforms. Particularly,
one of distinct features of the central Yakutia is the
abundance of thermokarst depressions called “alases”,
which ranges from several meters to more than 20 m
in depth (Brouchkov et al., 2004; Lopez et al., 2007,
[ijima et al., 2010). It is developed in response of the
thawing of upper part of ice rich permafrost leading to
the formation of depression. Central Yakutia area is
well suited to thermokarst because the alluvial terraces
of Lena River consist of silty and sandy loams with

high ice contents. Alases are usually covered by either
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Fig. 1. (a) Location of the study site and SAR data coverage marked on the Google Earth optical image.

(b) An example of acquired

ALOS PALSAR image (o} and five test sites (F, SW, SE, AW, AE) selected in this study (see Section 3.1).

Table 1. PALSAR data acquisition

Polarization Date Incidence angle Air temperature Top soil temperature | Snow water equivalent
Quad-pol 2006/11/03 23.8° -214°C -14.0°C 0.04m
Quad-pol 2007/03/21 23.8° -10.7°C -24.9°C 0.14m
Quad-pol 2007/05/06 23.9° 64°C 1.9°C Om

grassland with or without small ponds or sizeable lakes. right banks (AE) of Lena River.

It should be noted that a number of alas patches exist
on the right (East) bank of Lena River as one can
identify from the optical and SAR images (Fig. 1). In
addition, one can identify a distinctive elevation
difference between left bank uplands and right bank
lowlands (see Fig. 4(d)). Consequently, there could be
substantial differences in the soil properties, such as
water and ice content, permeability, and salinity,
between the left and right banks of Lena River (Hiyama
et al., 2003; Grosse and Jones, 2011). In this context,
five test sites were manually selected for the analysis
of SAR scattering responses as in indicated in Fig. 1.
The selected test areas consist of forested areas (F1),
shrublands in the left (SW) and right (SE) banks, and
isolated grassland in alas region in the left (AW) and

~51-

2) Dual-pol radar response

According to the observation strategy, ALOS
PALSAR acquired polarimetric data primarily in the
fine-beam dual-pol mode (single polarization
transmission and dual coherent reception). The dual-
pol covariance matrix data provides two scattering
powers and one co-pol and cross-pol correlation. In this
study, the quad-pol mode data are used to simulate
dual-pol mode data by using equations (5) and (6).

Fig. 2 shows seasonal variations of ¢¥,, and ¢?,, (here,
HV denotes H-pol transmission and V-pol reception)
over the study site. In both polarimetric channels,
drastic seasonal changes with thawing are easily
observed across all landscapes. Under frozen

conditions, both ¢?,, and ¢¥,, show low values in most
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Fig. 3. Seasonal variations of mean scattering powers o9,,and
o?,,in five test areas.

observed at thawed condition. Both surface and volume
scattering mechanisms in consolidated ice can be
related to such scattering behavior in river ice. There
have been several studies on monitoring river ice with
SAR remote sensing (Mermoz et al., 2009; Gauthier et
al., 2010; Mermoz et al., 2014). However this study
will stay focused on the land surface dynamics. In land
surface, scattering powers are increased significantly
with thawing primarily due to increases of the dielectric
constant of the scattering media.

Fig. 3 further illustrates how the backscattering
powers at frozen and thawed states vary with

permafrost landscape especially in five test areas. It is
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Fig. 4.

PALSAR dual-pol correlation coefficient pyy,y images
acquired on (a) 2006/11/03(frozen), (b) 2007/03/21
(frozen), and (c) 2007/05/06 (thawed). For comparison,
ASTER GDEM (Global Digital Elevation Model) over the
study site is also shown in (d).

shown that (1) both ¢9,, and ¢, show high temporal
consistency under frozen conditions, (2) ¢¥;, is more
sensitive than o9, to freeze/thaw transition, (3) temporal
trends of scattering powers have little dependency on
land cover types, (4) both ¢?,, and ¢?,, can be useful to
distinguish shrublands and grasslands, (5) differences
in cryological characteristics between the left and right
banks are hardly distinguishable in the dual-pol
scattering powers.

Fig. 4 shows remaining off-diagonal element in the
dual-pol covariance matrix, i.e., co-pol and cross-pol

correlation. As discussed above, the magnitudes of
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correlation pyuyy acquired at frozen and thawed
conditions are close to zero across the study site
regardless of extreme seasonal changes in the dielectric
properties. By comparing ppupy to the digital surface
model obtained from ASTER GDEM (Global Digital
Elevation Model) product (Abrams et al.,2010) in Fig.
4(d), nonzero pyyyy values are highly related to the
terrain slopes. Consequently, it can be a useful
parameter to augment mapping large scale relief
structures or geomorphological features in permafrost

areas.

3) Quad-pol radar response

The quad-pol covariance matrix under reflection
symmetry can provide one additional scattering power
term ¢Y,, and another correlation term pyyyy. Fig. 5
shows seasonal variations of ¢9,, and pyuy over the
study site. Seasonal variations of 9, follow similar
temporal patterns to g%, but exhibit less sensitivity to
freeze-thaw transition of the permafrost ecosystem. On
the other hand, spatial and temporal patterns of pygyy
are quite distinct from those in other polarimetric
parameters. Unlike the backscattering intensities, one
can clearly identify changes in pypgyy values between
the beginning and the end of the freezing seasons.

Fig. 6 shows spatial and temporal patterns of ppyy
in five test areas. Significant decreases in pp,y values
between the beginning and the end of the freezing
seasons can be identified in all test areas. In the
beginning of the freezing season, some parts of soil
layers can be in thawed conditions while most soil
media and organic layer are in frozen conditions in the
end of the freezing season. Therefore, it is possible to
assume that dielectric properties of the active layer are
different in the beginning and end of the freezing
seasons. This can cause a drop in py;y since dielectric
discontinuities distributed through a soil media affect
the signal depolarization. In addition, as discussed in
Section 3.1, water and ice contents can be different in

the left and right banks. Consequently, pyuyy Values
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observed the left and right banks also show significant
differences from each other. It is shown that pypy
values in the alluvial lowlands (right bank) are lower
than those in the left bank.

One of the main advantages of quad-pol SAR
observation is the fact that once a scattering response
is acquired in one polarization basis (e.g., HV-basis), it
can be represented in any other polarimetric basis by a
simple mathematical transformation (Boerner et al.,
1981, Lee and Pottier, 2009). Therefore, it is possible
to reconstruct SAR observables different from the usual
H or V polarization state.

Among the infinite possible combinations of
transmitting and receiving polarizations, an important
special case is the form of the scattering matrix in the
right (R) and left (L) handed circular polarization basis
[S.]. It can be obtained by a unitary transformation of

the linear [S] matrix as
Stirr St [1 i]
Syur Spv| i 1

i(Sur + Svv)
Svy— S + 2iSuv

Skr Skr
SLR SLL

11§

=g 5| =21

Strr— Syv+ 2iSuy
(St + Sw)

1
2

By defining a circular basis ks = [(Sgr /2 Sg. Si)17s

one can derive multi-look circular polarization



On the Spatial and Temporal Variability of L-band Polarimetric SAR Observations of Permafrost Environment in Central Yakutia

covariance matrix as
o <SSk [2<SuSi> <SwSi>
[Cs] = <ksckse>=| [3<SuS> 2<SuSy> [2<SuSi> |9)
<SuSw> [2<8,Sp>  <SuSi>

The circular polarization basis has been providing a
good platform for planetary radar and terrestrial radar
at longer wavelengths, which can be subject to
significant Faraday rotation as they pass through the
ionosphere. The circular polarization covariance matrix
provides additional three scattering powers and three
complex correlation coefficients between right and left
handed circular polarizations. Among them, the
correlation between the RR and LL circular
polarizations y(RR, LL) has been actively studied in the
radar remote sensing of Earth observation.

Unlike to pumyy, the magnitude of circular
polarization correlation pgg;; can be lower in both the
single surface scattering and depolarized volume
scattering mechanisms. A high degree of coherence
between RR and LL rather indicates a dominance of
double-bounce scattering, which can be used for
mapping man-made structures (Moriyama et al., 2005,
Yamaguchi et al., 2008). In addition, pgg;; has been
found very sensitive to the roughness of scattering
surfaces (Mattia et al., 1997; Park et al., 2009).
Furthermore, the phase of circular polarization
correlation ¢rrr. has been found to be directly related
to the local orientation angle of scattering surface
induced by the local topography (Lee et al., 2002).

Fig. 7 shows seasonal variations of pgg;; and ¢rrrr
of the study site. It is shown several distinctive features
that (1) both pgg;, and ¢rre. are much less sensitive to
freeze/thaw transition than other radar observables, (2)
prrrz Values obtained at both frozen and thawed
conditions exhibit distinctive spatial patterns allowing
discrimination of cryological characteristics between
the left and right banks, and (3) ¢z is sensitive not to
the permafrost ecosystem or soil condition but to the
terrain slope. This relationship is most obvious at frozen

condition.
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Fig. 7. Seasonal variations of (a) the magnitude prr;, and
(b) the phase ¢ra.0f circular polarization correlation.

Fig. 8 shows spatial variability of pgg;; in five test

areas. Note that, in order to better reflect inherent
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temporal trends of pgg;;, the mean pgg,,. values in test
areas are plotted as a function of soil temperature from
nearest weather station (Table 1). pgg, provides
enhanced contrast between the left and right banks. As
discussed above, distinctive differences in the terrain

elevation and the thermokarst lake distribution between

optical image

the left and right bank of Lena River can be identified.
Therefore, there could be substantial differences in the
ground hydrological condition between the left and
right banks. Maximum differences in pgg;; values
between the opposite sides of Lena River are observed
when the ground layers are fully frozen (minimum soil
temperature). Therefore, although physical causal
mechanisms about these characteristic scattering
properties cannot be confirmed at this stage, prg;; can
probably be related to local cryogenic processes, €.g.,
frost heave, occurring on the scattering surface.

Fig. 9 shows closer look of polarimetric parameters
in the left and right banks of Lena River observed in
the end of freezing season (2007/03/21). Alas areas
(covered with grass or lake) on both sides are clearly
distinguishable from neighboring shrublands by the
HV-pol scattering power represented in the first row.
Spatial patterns of the co-pol coherences pgg;; and prg;..
in the second row are not only varied with the land
cover types but also affected by the ground conditions.

Despite of similarities in land cover types, coherence

optical image

GDEM shaded relief
O 3

A L

£

i

Fig. 9. Closer look of polarimetric parameters in the left bank (left panel) and the right bank (right panel) of Lena River observed on
2007/03/21. For comparison, high resolution optical images from the Google Earth and shaded relief images derived from the

ASTER GDEM are also shown in this figure.
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levels between the left bank uplands and right bank
lowlands are distinguishable from each other.

On the other hand, spatial patterns of ¢rrr. exhibit
no relationship with either land cover types or soil
conditions. By compared to the DEM derived shaded
relief map on the left panel of Fig. 9, ¢rri. is closely
correspondent with the surface slope. In addition, as
shown on the right panel of Fig. 9, characteristic surface
depressions in thermokarst areas can be clearly
identified in the ¢rru. image, while they are not
detectable in ASTER GDEM. This is particularly
important in permafrost monitoring because most
periglacial processes are related to local relief and
geomorphological characteristics, e.g., patterned

ground, hummocks, palsas, pingos, and thermokarst.

4. Conclusions

With the remoteness and vast distribution of
permafrost, there has been emerging interest in the
application of remote sensing techniques to observe and
monitor permafrost environments. Space-borne and air-
borne optical sensors have been widely used for remote
sensing of permafrost landscapes for several decades.
However, optical sensors are significantly limited in
accessing information on near surface geo-cryological
conditions which play an important role in permafrost
dynamics. In this context, low frequency active
microwave sensors can be particularly valuable in
permafrost observation.

The primary objective of this study was to
investigate capability of L-band SAR data for
monitoring permafrost ecosystems and underlying soil
conditions. Particularly, this study presented spatial and
temporal behaviors of SAR signals subject to seasonal
cryogenic activities from the beginning of freezing
season to the beginning of melting season. This study
also placed focus on exploiting information from

different polarimetric SAR observables in relation to
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environmental conditions. Central Yakutia area
investigated in this study is a well-known example of
thermokarst terrain. Thermokarst formation process is
typical within areas of degrading ice rich permafrost
resulting in a localized depression. Since development
of thermokarst affects local hydrology, biota, and
biogeochemical processes, the study site can be a good
example highlights the importance of the volume and
the morphology of the ground ice distribution.

The experimental results presented show that each
polarimetric radar observable conveys different
information on the scattering surface. In the case of the
dual-pol mode with H-pol transmission, the radar
observables consist of two backscattering powers (a7,
and ;) and one correlation coefficient between co-pol
and cross-pol channels (pyuny). Although pupuy
provides no information for reflection symmetric
media, 69, and ¢9, are highly sensitive to freeze/thaw
transition and can discriminate grasslands or ponds in
thermokarst area from other permafrost ecosystems.
However, it is difficult to identify the ground conditions
with dual-pol observables.

A complete polarimetric scattering matrix can
be obtained from quad-pol mode. Additional
backscattering powers and correlation coefficients
between polarimetric channels help understanding
seasonal variations of radar scattering and assessing
geo-cryological information on soil layers. In particular,
co-pol coherences at HV-basis and circular-basis were
found to be very useful tools for mapping and
monitoring land cover types and near surface soil
properties in the permafrost active layer, such as water
and ice contents, geomorphic features, and periglacial
activities.

One of the main limitations of this study is the lack
of reference information. The availability of in-situ data
is restricted because of sparse measurement stations,
limited data accessibility, and a lack of regional details
in the documentation. The physical model-based

prediction of polarimetric signals as well as other



Korean Journal of Remote Sensing, Vol.33, No.1, 2017

independent data, e.g., multi-frequency radar, will be
helpful to partly overcome this problem and to design
retrieval algorithm for permafrost variables.
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