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“Once a photograph of the Earth, taken from outside, is available,
once the sheer isolation of the Earth become known,

a new idea, as powerful as any in history,

will be let loose.”

Sir Fred Hoyle, astronomer (1948).
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Preface

| find rather exciting how today’s technology offers us the capacity to monitor
our planet in so many different aspects and the fact that the main information used for
this purpose is practically derived from space, makes it even better. | chose to use this
technology as a tool, in order to study another thing that amazes me, which is the
natural environment. Being part of a changing planet, is all the motivation that one
needs to start wanting to study those changes. In an era where the term “climate
change” sounds more like a cliché, rather than a phenomenon that needs to be
understood and controlled, building environmental awareness within human
communities, developing mechanisms for the sustainable management and
exploitation of the environment and its natural resources and getting closer to
understanding what this term actually means anyway, become even more challenging

and even more necessary.

Carbon dioxide consists one of the major parameters affecting the global
climate. In this Master thesis, a first, preliminary approach is attempted on the
relationship between terrestrial carbon dioxide and satellite derived parameters. The
main idea that surrounds the study of such relationships lies in the fact that when
those relationships are finally established, we will then be able to monitor carbon

dioxide from space, with the use of satellite data.

The main goal of this study was reached; the relationships between the studied
parameters were examined and they are hereby presented, with respect to all the
limitations driven by the methods and the data that were used. For me, however, the
most important part of the current study was the effect that it had on me as a
researcher and the way that it contributed to the evolution of my research interests and

Vviews.

Maria Karamihalaki, Athens, 2017



Abstract

Carbon monitoring in regional and global scales is of significant importance for the
comprehension of the global carbon cycle. About 45% of the terrestrial carbon is
stored into forest biomass; therefore, the development of methodologies and models
for the monitoring and the quantification of Above Ground Biomass (AGB) in
different types of forest ecosystems arises as a key mechanism for carbon monitoring.
Satellite remote sensing techniques constitute a powerful and promising source of
information, providing global data with spatial and temporal continuity. In order to
proceed to the modeling and mapping of AGB, with the use of satellite remote
sensing techniques, the relationship between AGB and satellite derived parameters
has to be determined. In this study, a preliminary approach is being attempted on the
relationship between C-band SAR backscatter coefficient (sigma’) and AGB that was
estimated from in situ data that were collected from four different Mediterranean
conifer forests, of Abies cephalonica Loudon, in Greece. For the purposes of the
study, in-situ data of forest structural parameters (DBH and tree height) were
collected in the field and were then used in allometric equations, for the estimation of
AGB. Sentinel — 1 GRD products were processed for the retrieval of the SAR
backscatter coefficient (sigma®) values. Two empirical models were then applied, for
the investigation of the relationship between the in-situ measured AGB and the C —
band SAR backscatter coefficient. First results demonstrate the existence of a
moderate relationship between the VH polarized SAR backscatter coefficient, of the
ascending pass of the satellite, and the AGB, while no significant relationship is found
between either the VV polarized SAR backscatter coefficient of both passes, or the
VH polarized SAR backscatter of the descending pass and the AGB.

Key words: carbon, Above Ground Biomass (AGB), Synthetic Aperture Radar
(SAR), Abies Cephalonica Loudon, Sentinel — 1.
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Abstract in Greek / ITepiAnyn ota eAANVIKG,

H napakorovdnon tov dvOpaxo o€ TOTKEG Kot ToyKOoUIEG KAILAKES eivat eE€yovaag
onuacioag yw v KoTavonon tov kvkiov tov avBpaxa. Ilepimov 10 45% TtoUL
yepoaiov avOpoka Ppioketon  amoOnkevpévoc ot Pooudlo  TOV  dUCIKOV
OIKOGUGTNUATOV: EMOUEVMG, T avamTLEn HeBOdOAOYIDV KOl HOVTEA®V, Yoo TNV
TOPOKOAOLON G, TNV EKTIUNON Kol TNV TOGOTIKOToinon g vrépyswng Propdlog
(Above Ground Biomass, AGB) yia 610popeTikohg TOTOVS dUGIKMOV 0OIKOGLOTIUAT®YV,
avadVETOL G €vog UNXAVIGUOc KAEWL Yoo v mopakoAovdnon tov dvBpakxa. Ot
TEYVIKES SOPLPOPIKNG TNAETICKOTNONG ATOTEAOVV pia 1oyvpn YN TANPOPOpiag, M
omoio mwapéyel dedopéva e YWPIKN KOl YPOVIKT) GLVEXELD, O TOYKOGULN KAILOKOL.
[Ipokepévov va mpoywpnoel Kavels otnv Hovtelomoinon Kot T YapToypadenon g
vrépyelog Propdlog, e TN XPNOT TEXVIKMOV TNAETICKOTNONG, TPEMEL VAL TPOGOIOPICTEL
N oxéon peta&h OVTHG Kol TOPAUETPMY TOV TPOKVLITOVY ad S0PLEOPIKH SEOOUEVOL.
Ymv mopodoa HEAETN, emyElpeiton pio TPAOTN, TPOKATOPKTIKY] TPOCEYYIoT, OTN
OlepeELYNON NG OYEONS UETAED TOL GUVTEAESTN TOL OMIGHOCKESALOUEVOL GNLOTOC
SAR (C-band) kot g vroAoyicheicag and dedopuéva mediov vépyetag Popdlac. Ta
dedopéva mediov (in-situ) cvAréyOnkav omd S0OIKA OIKOGLOTHUATA KEQGOAANVIOKNG
ehdrng (Abies cephalonica Loudon), oe téooepic dropopetikéc 0écelg otnv EALGSa.
Ta oedopéva mov cLAAEYONKOV 610 TEdIO0 APOPOVV JOUIKA YOPUKTINPIOTIKE TOV
OEVIPOV Kol OvVOQEPOVTOL GUYKEKPIUEVA oTn pétpnon g otdioiog OpéTpov
(DBH) kot tov vyovg. Ztn ouvvéyewn £yve gloaymyn TV 0ed0péveov mediov oe
oAAOpETPIKES €EI0MGELS, Yoo TNV eKTiunom g vrépyswg Propdloc. Axdpa, €yve
xpnon tev mpoidviov GRD, tov dopveopov Sentinel — 1, tov svpomoikon
npoypaupatog Copernicus, vy v €faymyn TOV TIHOV TOV GLVIEAEGTN
omcBookédaong SAR (sigma®). Avo EUTEPIKE LOVTELD EQUPUOGONKAY GTN GLVEYELQ,
v T diepedvnon g oyéong netald tov cuvteheot| omcbookédaonc SAR kot g
vroAoyieleicag and dedouéva mediov vEpyelag Propdloc. Ta mpdta anoteléouata
vrodeikvoovy v VmoapEn  pog  pétpov  Pabpod  oxéong peTaEd  TOL
omcBookedaldpevov onpatog SAR, pe moAwon VH, yio 1o avodikd mépacpo tov
dopvEOPOL NG LVIEpyelng Propdlag, eV Kopio onUavTiK] cuoyETion oev Ppédnke
ueta&d tov omicbookedalopevov onfuatog SAR pe méhwon VV (kot yuo ta 600

nepAopaTa TOv S0pLEOPOV) Kot NG vrépPyelng Propdlog, oAAd kot HETAED TOV
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omsBookedalopevoy onuotog SAR, pe moAwon VH, vy to Kabodikd mépacua Tov

dopLEOPOL Kal TNG VIEEPYELNG Propdloc.

Aé&eic khednd: avOpaxoag, vrépyeta Popala (AGB), pavtdp cvvBetikov avoiypoatog

(SAR), Abies Cephalonica Loudon, Sentinel — 1.
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List of acronyms

AGB Above Ground Biomass

ALOS — Advanced Land observation satellite — Phased array type L-band
PALSAR synthetic aperture Radar

DBH Diameter at Breast Height

DN Digital Number

EAA European Environment Agency

EC European Commission

ECV Essential Climate Variable

EO Earth Observation

ESA European Space Agency

FRI Forest Research Institute

GHG Greenhouse Gases

GDR Ground Range Detected

GPP Gross Primary Production

GTOS Global Terrestrial Observing System

IPCC Intergovernmental Panel on Climate Change
JAXA Japan Aerospace Exploration Agency

LULUCF Land Use, Land-Use Change and Forestry

LUT Look Up Tables

MMSE Minimum Mean Square Error

NASA National Aeronautics and Space Administration
NPP Net Primary Production

RADAR RAdio Detection And Ranging

REDD Reduced Emissions from Deforestation and Degradation
RDB Rwanda Development Board

SAR Synthetic Aperture Radar

TOPSAR Terrain Observation with Progressive Scans SAR
UNEP United Nations Environment Programme
UNFCCC United Nations Framework Convention on Climate Change
VH Vertical — Horizontal

VvV Vertical — Vertical

WCMC World Conservation Monitoring Centre
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Definition and units of measure

According to the Global Terrestrial Observing System (GTOS), biomass is
defined as mass of live or dead organic matter. Changes in time of vegetation
biomass per unit area (biomass density) can be used as an essential climate
variable (ECV), because they are a direct measure of sequestration or release
of carbon between terrestrial ecosystems and the atmosphere (Bombelli et al.,
2009). According to the IPCC Good Practice Guidance for LULUCF (2003), the
carbon pools of terrestrial ecosystems involving biomass are conceptually divided into
above-ground and below-ground biomass, dead mass and litter (Bombelli et al.,
2009).

In this study, only the Above Ground Biomass (AGB) is being discussed. The use
of the term “Above Ground Biomass”, is referring to the mass of the stem, the
branches and foliage of live tress with DBH (Diameter at Breast Height) > 4cm. AGB
is measured in Mg/ ha (megagrams per hectare) and CO, is measured in Mg/ ha as

well.

The SAR backscatter coefficient (sigma®) is measured in db (decibel).
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1. Introduction

Biogeochemical cycles of carbon are of vital importance for the ecosystems, as
carbon is one of the major components and prerequisites for life, due to its significant
structural role for both biotic and abiotic factors. During the last decades, this major
chemical component has been having its popularity increased, owing to its role in the
compound of carbon dioxide (CO,). Given the fact that carbon dioxide is one of the
major greenhouse gases, it is associated with global warming, climate change and
environmental pollution. As carbon is the foundation of all life, balance is the key,
and in order for it to be achieved, carbon monitoring has become one of the greatest
necessities for environmental scientists. The scientific community focuses a great
amount of its attention on forests, as forest ecosystems provide a significant sink for
atmospheric CO,. Forests play a vital role in regulating climate through carbon
sequestration in their biomass (Sinha et al., 2015). Carbon concentrations in forests
are directly related to the amount of biomass and therefore, the biggest the volume of

a forest, the greatest its capacity as a carbon sink.

In an era of climate change, the significance of carbon monitoring invigorates.
The scientific community agrees that increased concentrations of carbon dioxide, due
to manmade carbon dioxide emissions, during the last century, has led to a series of
environmental problems, that subsequently lead to increased mean temperature
globally and extreme weather conditions regionally; shaped up together, these facts

constitute a major component for climate change.

Being able to monitor and map the terrestrial biomass on a global scale is of
great importance, as any activity that affects the amount of biomass in vegetation and
soil has the potential to sequester carbon from, or release carbon into the atmosphere
(Malhi et al. 2013). What is more, accurate estimates of forest (AGB), especially after
anthropogenic disturbance, could reduce uncertainties in the carbon budget of
terrestrial ecosystems and provide critical information to policy makers (Huang et al.,
2015). In order to better understand the global biogeochemical carbon cycle,
determining spatiotemporal variations in the carbon stock stored in forest biomass is
important (Suzuki et al, 2013).
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In situ measurements of structural forest parameters can provide accurate
estimations of forest biomass. However, they lack the spatial and temporal extent
needed to monitor this Essential Climate Variable in global scale. During the last
decades, several models and techniques have been developed for the monitoring of
carbon/ biomass in land vegetated ecosystems, with the use of satellite derived data
(Chang and Shoshany, 2016, Huang et al., 2015, Suzuki et al., 2013, Morel et al.,
2012, Sandberg et al., 2012, Lucas et al., 2010, etc.). Recently, there has been a
growing interest in the use of microwave Synthetic Aperture Radar (SAR), for the
estimation of AGB. SAR transmits a microwave pulse to the Earth’s surface and
receives the backscatter signal that is determined by the surface and includes
information regarding the land surface structure, such as forest structural
characteristics. (Suzuki et al, 2013). This attribute has demonstrated SAR data as an

effective technological tool for AGB monitoring.
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2. Literature review

Monitoring biomass of terrestrial ecosystems by means of remote sensing is being
raised as a field of great interest for the scientific community, during the last years.
On the review of related published studies, researchers explore the relationship
between forest biomass and forest structural parameters and satellite derived features
either from optical or radar data, in order to model forest carbon stocks and carbon
uptake by land vegetation.

Huang et al. (2015) conducted a sensitivity analysis of multi — source SAR
backscatter to changes in forest AGB, in order to investigate the influence of the
incidence angle and soil moisture on SAR backscatter, the feasibility of cross — image
normalization between multi-temporal and multi-sensor SAR data and the possibility
of applying normalized backscatter data to detect forest biomass changes.

In a study conducted by Sandberg et al (2012), experimental P-band SAR data and
reference data derived from laser scanning data were used for the development of
regression models for biomass change estimation. Their results suggested that not
only clear cuts, but also forest growth and thinning can be measured using P-band
SAR backscatter.

A very interesting study, conducted by Suzuki et al (2013), investigates the
potential of the P — band SAR system ALOS — PALSAR for estimating AGB and
other biophysical parameters (tree height, DBG and tree stand density), in the boreal
forest of Alaska. Their methodology is based on the backscatter intensity values
(converted to ¢°) and in situ measurements. They conclude that a strong positive
logarithmic correlation exists between the backscatter intensity and the forest AGB,
with the correlation being stronger in the HV than in the HH polarization mode and

finally they create a map of the geographical distribution of the forest AGB.

Morel et al. (2012) explored the potential of Landsat Enhanced Thematic Mapper
(ETM+) imagery to quantify the expansion of planted oil palm area and changes in
(AGB) in plantation and forest in Saba, Malaysian Borneo. With the combined use of
ALOS PALSAR data, they studied the land cover change and the consequent carbon
loss (release), due to forest conversion to oil palm. Finally, they came to estimate the

17



amount of carbon equivalent that were released. Their results, were presented as
relevant for on-going efforts for the remote monitoring of carbon emission
implications of forest loss as part of the United Nations Framework Convention on
Climate Change’s (UNFCCC'’s) proposed mechanism, Reduced Emissions from
Deforestation and Degradation (REDD).

Lucas et al. (2010) evaluated the relationship between L — band SAR backscatter,
derived from JAXA’s ALOS PALSAR and AGB, for woody vegetation in Australia.
They resulted that PALSAR data acquired when surface moisture and rainfall are
minimal allow better estimation of the AGB of woody vegetation and that retrieval
algorithms ideally need to consider differences in surface moisture conditions and

vegetation structure.

Chang and Shoshany (2016) investigated the potential of the synergic use of
Sentinel — 1 and Sentinel — 2 data for the mapping of biomass of Mediterranean
shrublands, by developing a fusion biomass model based on C — band SAR
backscatter coefficient, NDVI and in situ measurements. Most of the Sentinel — 1
parameters showed very low relationships with the shrub biomass, except HV
backscatter coefficient (¢°) and therefore they used the HV o° in order to develop a

regression model for biomass estimation.

In their study, Mermoz et al. (2015) examine the relationship between L-band
SAR backscatter and dense tropical forest biomass for a large range of biomass values
using both theoretical and experimental approaches. As they repost, both approaches
revealed that after reaching a maximum value, SAR backscatter correlates negatively
with forest biomass. This phenomenon is interpreted as a signal attenuation from the

forest canopy as the canopy becomes denser with increasing biomass.

18



3. Basic principles of Remote Sensing

The term Remote Sensing refers to the act of monitoring and collecting information
for an object of indifferent nature or size, or a phenomenon, from a distance and
without having immediate contact with it. However, it is mostly used to describe the
science and the art of monitoring the Earth and other celestial objects, from great
distances, with the use of modern and high technology tools. It may refer to the
monitoring of various states of matter (solids, liquids, gasses), or magnetic field, or
radiation. The term usually refers to satellite remote sensing, but it can also refer to
aerial photography or airborne systems, that might be equipped with various kinds of

sensors or sophisticated cameras.

3.1.  Electromagnetic radiation and electromagnetic spectrum

The electromagnetic (EM) spectrum is the range of all types of EM radiation.! EM
radiation, in classical physics, is the flow of energy at the universal speed of light
through free space or through a material medium in the form of the electric and
magnetic fields that make up electromagnetic waves such as radio waves, visible

light, and gamma rays>.

Electromagnetic radiation can be described in terms of a stream of mass-less particles,
called photons, each traveling in a wave-like pattern at the speed of light, while each
photon contains a certain amount of energy.® The different types of radiation are
defined by the amount of energy found in the photons. Radio waves have photons
with low energies, microwave photons have a little more energy than radio waves,
infrared photons have still more, then visible, ultraviolet, X-rays, and, the most

energetic of all, gamma-rays.

! https://imagine.gsfc.nasa.gov/science/toolbox/emspectrum1.html
2 https://www.britannica.com/science/electromagnetic-radiation
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Figure 1. Comparison of wavelength, frequency and energy for the electromagnetic spectrum.

Source:NASA.

Satellite remote sensing uses the electromagnetic spectrum in order to detect objects
and phenomena and collect information about them, based on the interaction between
electromagnetic radiation and their physicochemical properties or structural

characteristics.

3.2.  Different types of Earth Observation satellite systems

Satellite sensor types are roughly divided into two categories: active sensors and

passive sensors.
Passive sensors

Remote sensors, which detect and record the natural (solar) radiation, are called
passive sensors. Those systems, record the reflected solar radiation during the day,
while they have the capacity to record the emitted thermal radiation, regardless of the

presence of light, given that the amount of energy is high enough to be recorded.
Active sensors

Remote sensors, which record the electromagnetic waves that are emitted from an

external source or the satellite system itself, are called active sensors. Usually, the
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satellite or airborne system emits energy to the surface and subsequently, it records

2 (13

the signal’s “echo” that is reflected by the surface and returns to the system.
According to NASA’s EOSDIS, these are the types of active and passive sensors:
Active:

o Laser altimeter: An instrument that uses a lidar sensor, in order to measure the
height of the instrument’s platform above the surface. The height of the
platform with respect to the mean Earth’s surface is used to determine the

topography of the underlying surface.

e Lidar: A light detection and ranging sensor that uses a laser (light
amplification by stimulated emission of radiation) radar to transmit a light
pulse and a receiver with sensitive detectors to measure the backscattered or
reflected light. Distance to the object is determined by recording the time
between transmitted and backscattered pulses and by using the speed of light

to calculate the distance traveled.

o Radar—An active radio detection and ranging sensor that provides its own
source of electromagnetic energy. An active radar sensor, whether airborne or
spaceborne, emits microwave radiation in a series of pulses from an antenna.
When the energy reaches the target, some of the energy is reflected back
toward the sensor. This backscattered microwave radiation is detected,
measured, and timed. The time required for the energy to travel to the target
and return back to the sensor determines the distance or range to the target. By
recording the range and magnitude of the energy reflected from all targets as
the system passes by, a two-dimensional image of the surface can be

produced.

e Ranging Instrument—A device that measures the distance between the
instrument and a target object. Radars and altimeters work by determining the
time a transmitted pulse (microwaves or light) takes to reflect from a target
and return to the instrument. Another technique employs identical microwave
instruments on a pair of platforms. Signals are transmitted from each
instrument to the other, with the distance between the two determined from the

difference between the received signal phase and transmitted (reference)
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phase. These are examples of active techniques. An active technique views the
target from either end of a baseline of known length. The change in apparent
view direction (parallax) is related to the absolute distance between the

instrument and target.

Scatterometer—A high-frequency microwave radar designed specifically to
measure backscattered radiation. Over ocean surfaces, measurements of
backscattered radiation in the microwave spectral region can be used to derive

maps of surface wind speed and direction.

Sounder—An instrument that measures vertical distribution of precipitation
and other atmospheric characteristics such as temperature, humidity, and cloud

composition.

Passive:

Accelerometer—An instrument that measures acceleration (change in velocity
per unit time). There are two general types of accelerometers. One measures
translational accelerations (changes in linear motions in one or more
dimensions), and the other measures angular accelerations (changes in rotation

rate per unit time).

Hyperspectral radiometer—An advanced multispectral sensor that detects
hundreds of very narrow spectral bands throughout the visible, near-infrared,
and mid-infrared portions of the electromagnetic spectrum. This sensor’s very
high spectral resolution facilitates fine discrimination between different targets

based on their spectral response in each of the narrow bands.

Imaging radiometer—A radiometer that has a scanning capability to provide a
two-dimensional array of pixels from which an image may be produced.
Scanning can be performed mechanically or electronically by using an array of

detectors.

Radiometer—An instrument that quantitatively measures the intensity of
electromagnetic radiation in some bands within the spectrum. Usually, a
radiometer is further identified by the portion of the spectrum it covers; for

example, visible, infrared, or microwave.
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e Sounder—An instrument that measures vertical distributions of atmospheric
parameters such as temperature, pressure, and composition from multispectral

information.

e Spectrometer—A device that is designed to detect, measure, and analyze the
spectral content of incident electromagnetic radiation. Conventional imaging
spectrometers use gratings or prisms to disperse the radiation for spectral

discrimination.

e Spectroradiometer—A radiometer that measures the intensity of radiation in
multiple wavelength bands (i.e., multispectral). Many times the bands are of
high-spectral resolution, designed for remotely sensing specific geophysical

parameters’

3.2.1. SAR systems

Radar sensors operate in the microwave part of the electromagnetic spectrum.
Wavelengths in this domain of the spectrum are a few centimeters long, 100,000
times longer than those in the visible region of the EM spectrum. Different radar
sensors operate in different frequencies where, the longer the wavelength, the more
effective their ability to penetrate a dielectric material (Ferretti, 2014). Due to their
penetrative operating nature, radar systems are able to operate under any weather
conditions, as they can penetrate clouds, fog and dust. SAR (Synthetic Aperture
Radar) systems are active sensors, which means that instead of using the
electromagnetic radiation from the sun, they produce their own electromagnetic
radiation, through an antenna that is located on the satellite system or the spacecraft.
The antenna emits microwave radiation pulses that last a few minutes, and then the
“echoes” of these pulses that are recorded by the radar sensor. As a result, SAR
sensors are independent of natural daylight, as they can operate day or night while
penetrating through haze, smoke, and clouds (Goetz et al., 2009). Their ability to
function independently of sun illumination and to generate images, no matter what the

weather conditions are, have made satellite radar platforms an invaluable tool for

* https://earthdata.nasa.gov/user-resources/remote-sensors
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earth observation and remote sensing, complementing the information gathered by
optical sensors (Ferretti, 2014). It is important to be mentioned that this is particularly
useful for monitoring areas prone to long periods of darkness — such as the Arctic — or
providing imagery for emergency response during extreme weather conditions.® What
is more, radars, are coherent sensors- that means that they can record both amplitude

and phase information, for each ground target (Ferretti, 2014).
SAR vegetation applications

The sensitivity of SAR backscatter to both surface and volumetric properties
provides an opportunity to estimate and monitor vegetation structure and dynamics
over large areas (Svoray et al., 2001). Interaction of synthetic aperture radar (SAR)
with vegetation is volumetric in nature; hence SAR is sensitive to the variation in
vegetation density (Patel et al., 2006). For the purposes of this study, the information
that is being used is the SAR backscatter, converted into backscatter coefficient
(sigma”), as this parameter has been found to present a strong relationship with forest
biomass in several studies (e.g. Lei at al., 2008, Mitchard et al.2009, Sandberg et al.,
2012, Huang et al., 2015). Backscatter is the portion of the outgoing radar signal that
the target redirects directly back towards the radar antenna. Backscattering is the
process by which backscatter is formed. The scattering cross section in the direction
toward the radar is called the backscattering cross section; the usual notation is the
symbol sigma (o). It is a measure of the reflective strength of a radar target. The
normalized measure of the radar return from a distributed target is called the
backscatter coefficient, or sigma nought (c°), and is defined as per unit area on the
ground. If the signal formed by backscatter is undesired, it is called clutter. Other
portions of the incident radar energy may be reflected and scattered away from the

radar or absorbed.®

Radar backscatter is a parameter that depends on the target’s structural
characteristics. Different surface features exhibit different scattering characteristics:
urban areas return very strong backscatter, forests intermediate backscatter, calm
water (smooth surface) low backscatter and rough sea increased backscatter due to

wind and current effects. The radar backscattering coefficient o° provides information

® http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-1/Instrument
® https://earth.esa.int/handbooks/asar/CNTR5-2.html
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about the imaged surface. It is a function of radar observation parameters (frequency

f, polarisation p and incidence angle of the electromagnetic waves emitted), surface

parameters (roughness, geometric shape and dielectric properties of the target).’

The amount of SAR signal that is attenuated due to vegetation volume

depends on the frequency of operation, the polarization of the transmitted and

received signal and the angle of incidence. Therefore, at a given angle of incidence,

the frequency and polarization of the SAR signal are the most important sensor

parameters that affect the backscatter from the canopy of a plant (Patel et al., 2006).

One of the major parameters that affect radar backscatter is frequency. The frequency

of the incident radiation determines the penetration depth of the waves for the target

imaged.®

Frequency band

Frequency range (GHz)

Wavelength range (cm)

P 0.255-0.390 133 -76.9
L 0.390 — 1.550 76.9-19.3
S 1.550 - 4.20 193-7.1
C 4.20-5.75 7.1-5.2
X 5.75-10.90 52-27
K 10.90 - 36.0 2.7-0.83
Ky 10.90 - 22.0 2.7-1.36
Ka 22.0-36.0 1.36 - 0.83
36.0 - 46.0 0.83-0.65
\ 46.0 — 56.0 0.65-0.53
w 56.0 —100.0 0.53-0.30

7 https://earth.esa.int/web/guest/missions/esa-operational-eo-
missions/ers/instruments/sar/applications/radar-courses/content-2/-
/asset_publisher/qIBc6NYRXfnG/content/radar-course-2-parameters-affecting-radar-backscatter
8 https://earth.esa.int/web/guest/missions/esa-operational -eo-
missions/ers/instruments/sar/applications/radar-courses/content-2/-
fasset_publisher/qIBc6NYRXfnG/content/radar-course-2-parameters-affecting-radar-backscatter
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Figure 2. Radar wavelengths and frequencies. Source: ESA.

Dobson et al. (1992) observed that the depth of penetration of a signal into a forest
canopy is governed by the degree of interaction that the field has with the canopy; C
and X band microwave frequencies (5 and 3cm wavelengths) interact more strongly
with the leaves and branches of the upper canopy while P and L band signals (68 and
24cm wavelength) penetrate through the upper canopy of the forest (Patel et al.,
2006).

Another parameter that has to be taken into account is microwave polarization.
The microwave polarization refers to the orientation of the electric field vector of the
transmitted beam with respect to the horizontal direction; if the electric field vector
oscillates along a direction parallel to the horizontal direction, the beam is said to be
"H" polarized, while on the other hand, if the electric field vector oscillates along a
direction perpendicular to the horizontal direction, the beam is "V" polarized.” A
polarimetric radar can be designed to operate as a single-pol system, where the there
is a single polarization transmitted and a single polarization received. A typical

single-pol system would transmit horizontally or vertically polarized waveforms and

® https://crisp.nus.edu.sg/~research/tutorial/freqpol.htm
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receive the same (giving HH or VV imagery), while a dual-pol system might transmit
a horizontally or vertically polarized waveform and measure signals in both
polarizations in receive (resulting in HH and HV imagery). A quad-pol or full-pol
system would alternate between transmitting H-and V-polarized waveforms and
receive both H and V (giving HH, HV, VH, VV imagery).*°
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Figure 3. Source: interaction of SAR backscatter of different bands with surfaces. Source: ESA

10 https://nisar.jpl.nasa.gov/technology/polsar/#
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3.2.2. Sentinel -1

A new family of space missions for Earth Observation, called Sentinels, is
being developed by ESA, for the operational needs of the Copernicus programme.
Each Sentinel mission is based on a constellation of two satellites to fulfil revisit and

coverage requirements, providing robust datasets for Copernicus Services. **

Copernicus is a European Union Programme aimed at developing European
information services based on satellite Earth Observation and in situ (non-space) data.
This initiative is headed by the European Commission (EC) in partnership with the

European Space Agency (ESA) and the European Environment Agency (EEA).

Sentinel-1 is a polar-orbiting, all-weather, day-and-night radar imaging
mission for land and ocean services. Sentinel-1A was launched on 3 April 2014 and
Sentinel-1B on 25 April 2016. Both were taken into orbit on a Soyuz rocket from
Europe's Spaceport in French Guiana.*? The identical satellites orbit Earth 180° apart
and at an altitude of almost 700 km. This configuration optimizes coverage, offering a
global revisit time of just six days. At the equator, however, the repeat frequency is
just three days and less than one day over the Arctic. Europe, Canada and main

shipping routes are covered in less than three days.*®

The radar operates in two main modes: Interferometric Wide swath (IW) and
Wave. There’s also the potential for operating it in two additional modes: Stripmap
and Extra Wide Swath. For the purposes of the current study, the IW mode has been
used. Interferometric Wide swath mode, the default mode over land, has a swath
width of 250 km and a ground resolution of 5 x 20 m. This mode images in three sub-
swaths, using the Terrain Observation with Progressive Scans SAR — or TOPSAR.
With this technique, the radar beam scans back and forth three times within a single
swath (called sub-swaths), resulting in a higher quality and homogeneous image

throughout the swath.** All modes can be operated in several polarization schemes.

Y http://www.esa.int/Our_Activities/Observing_the Earth/Copernicus/Overview4

12 http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Overview4
Bhttp://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-1/Satellite_constellation
Y http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-1/Instrument

28



IW mode features both single (HH or VV) and dual polarization (VV+VH or
HH+HV). °

* http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-1/Data_products
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4. The forests as carbon sinks and biogeochemical cycles of carbon

The term “biogeochemical cycles” is generally used to describe the circulation
of chemical elements within the global ecosystem, through different kinds of fluxes.
To put it more precisely, according to Hedges (1992), biogeochemical cycles are the
biological, geological and chemical processes by which materials and energy are
exchanged and reused at the land — atmosphere — ocean system. These intermeshed
processes operate on time- scales of microseconds to eons and occur within domains
that range in size from a living cell to the entire global ecosystem (atmosphere-ocean
system) (Hedges, 1992).
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Figure 4. Main components of the carbon cycle. The thick arrows represent gross primary production
and respiration by the biosphere and physical sea{air exchange. The thin arrows denote natural fluxes
which are important over longer time-scales. Dashed lines represent fluxes of carbon as calcium
carbonate. The units for all fluxes are PgC yr; the units for all compartments are PgC. Source: Malhi
et al. (2002)

The global carbon cycle can be viewed as a series of reservoirs of carbon in
the Earth System, which are connected by exchange fluxes of carbon (Ciais et al,
2013). The storage of carbon on land is partitioned between soil and vegetation;

globally, soils contain more than 75% of all terrestrial carbon stocks, although their
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contribution to the total varies with latitude and land use (Swingland, 2013). Forests
and wooded grasslands/savannahs are by far the biggest carbon storehouses,
respectively accounting for 47% and 25% of the global total, while other ecosystems
tend to maintain comparatively little aboveground carbon, with the stock in soil
varying between 100 and 225 PgC (Malhi et al. 2013).

Between 30% and 50% of the total amount of carbon absorbed by vegetation
(gross primary production (GPP)) is used to support plant metabolic processes and is
released back to the atmosphere as a by-product of respiration (Amthor & Baldocchi
2001). The remaining carbon is fixed as organic matter above or below the ground
and is termed net primary production (NPP), which varies depending on the
vegetation type, according to climate, soil type and species composition. (Malhi et al.,
2002).
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5. Carbon monitoring

5.1. The importance of monitoring forest carbon stocks

Implementing effective GHG management strategies in order to safeguard
climate, requires full knowledge of the natural carbon cycle; today, only about half of
the CO, emitted from fossil fuels remains in the atmosphere, but little we know about
whether or to what extent this fraction is changing, nor do we understand the forces
driving global and regional changes to land and ocean carbon uptake and release
(Ciais et al.,, 2010). Individual nations may implement emission controls, but a
comprehensive strategy of emission offset and natural sink conservation must be
designed to effectively curve down the increase of CO, concentrations in the future
and verify that in an independent transparent manner (Ciais et al., 2010). Carbon
monitoring during time is an essential practice in order for the scientific community to
be aware of both the status and the dynamics of the carbon equilibrium on regional
and global scales. Furthermore, the development of a global time series of data
regarding the status of the terrestrial carbon stocks is essential in order for the
scientific community and the future generations to be able to shape an integrated and
in — depth knowledge on the subject and to model and predict the future responses of
the ecosystems regarding the carbon equilibrium, based on specific climatic scenarios
and scenarios regarding carbon emissions. In the same rationale, carbon monitoring
can also play the role of a regulating mechanism; international organizations such as
the IPCC and the UNFCCC need this knowledge in order to force governmental
bodies to adapt to the requirements regarding environmental sustainability, by
adopting environmentally friendly policies and practices, controlling/ reversing land

degradation, reducing carbon emissions and increase or maintain forest carbon stocks.

Satellite derived data and remote sensing techniques constitute a great tool for
carbon monitoring. However, carbon estimation methods and data are always based
on in-situ measurements, as terrestrial carbon cannot be directly estimated by the use
of electromagnetic radiation. As carbon monitoring depends on biomass estimation
and given the fact that biomass values varies a lot, depending on the species and on a
plethora of characteristics of the land, carbon estimation models need to be calibrated

with region — specific in situ measurements. Despite the fact that carbon estimations
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by means of remote sensing are based on ground truth data, direct measurements of
biomass in the field, could never be considered sufficient for carbon monitoring on a
global scale, without the combined use of satellite remote sensing, as they are costly
and time consuming and as such they lack the spatial and temporal continuity that is
needed for the integrated approach of the subject. In defense of the abovementioned
statement, it is important to emphasize that the recommendation of the IPCC, with
respect to the UNFCCC’s REDD+ mechanism, is the combined use of Earth
Observation (EO) data and field-based inventory, for the estimation of forest area,
carbon stocks and changes (Mitchell et al., 2017).

5.2.  Insitu measurements and allometrcic equations

Carbon monitoring with the use of satellite sensors is generally based on in
situ measurements, for the most part. At regional and national scales, forest inventory
data — based biomass models are widely used as a tool for biomass assessment (Cheng
et al., 2014). Long-term forest inventories are extremely useful in order to evaluate
the magnitude of carbon fluxes between aboveground forest ecosystems and the
atmosphere (Chave et al., 2005). In situ forest data constitute the foundation for each
and every biomass estimation method available. Even the use of the most accurate
technological tools for biomass estimation, requires at least ground truth data for
validation and calibrations purposes.

As forest biomass differs significantly between different types of ecosystems,
the development of big collections of allometric equations, for different types of
ecosystems is of great importance. The term “allometry”, in its broadest sense, designates
the differences in proportions correlated with changes in absolute magnitude of the total
organism or of the specific parts under consideration (Gould et al., 1966). If we consider trees
on a population scale, we can see that the different dimensions of an individual are
statistically related with one another; this relation stems from the ontogenic development of
individuals which is the same for all, within life history related variability (Picard et al.,
2012). For instance, the proportions between height and diameter, between crown height and
diameter or between biomass and diameter follow rules that are the same for all trees, big or

small, as long as they are growing under the same conditions; this is the basic principle of
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allometry and it can be used to predict a tree variable (typically its biomass) from another
dimension (e.g. its diameter) (Picard et al., 2012). An allometric equation is a formula that
guantitatively formalizes this relationship. The allometric equations used to predict the
biomass of a tree from “easier-to-measure” dendrometric characteristics, such as tree diameter
or height, are key factors in estimating the contribution made by forest ecosystems to the

carbon cycle (Picard et al., 2012).

5.3.  Satellite vegetation applications and modern perspectives

As referred by the Global Observation of Forest and Land Cover Dynamics
(GOFS — GOLD) panel of the Global Terrestrial Observing System (GTOS), the
sustainable development of forests has emerged as one of the most difficult, serious,
and pressing environmental issues of our time, as human-induced changes in Earth's
forests have affected natural resource availability, biodiversity, atmospheric
composition, and climate'® . Knowledge on both the state and the dynamics of land
vegetation is a key parameter, in order for the governmental bodies and the
international/ intergovernmental organizations (e.g. IPCC), the scientific community
and the humanity to protect the Earth’s natural resources, to obtain and maintain
balance and to mitigate the human induced factors associated with climate change,

land degradation and environmental insecurity.

In situ measurements have been always serving the needs of the scientific
community in data, constituting one major source of knowledge, regarding
environmental issues. Their advantages lie in their accuracy and precision, however,
they lack the spatial and temporal extent, as they are costly and can even have, in
some cases, destructive effects for the ecosystem. What is more, a big part of the
planet constitutes of areas rather inaccessible. Those gaps and discontinuities in data
can be overcome with the use of satellite sensors, that provide information globally
and in a fairly good temporal extent. Therefore, it becomes clear, that the monitoring
of land vegetation, by means of remote sensing is a fundamental tool for the

integrated approach of the subject.

'® http://www.fao.org/gtos/gofc-gold/overview.html
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During the last decades, a great amount of methods have been developed,
regarding remote sensing vegetation applications, with the use of optical, radar and
lidar data. Several methodologies have already been presented through published
studies, as referred in the literature review. It is important to this point to make a
reference on the future mission of the European Space Agency, the “Biomass”
mission, which aims to provide global maps of the amount of carbon stored in the
world's forests and how this changes over time, mainly through absorbing carbon
dioxide, which is released from burning fossil fuels. As stated by the ESA, although
forest type and forest cover worldwide can be detected by today's satellites, Biomass
mission will take the information to the next level; due for launch in 2021, the satellite
will carry the first P-band synthetic aperture radar, able to deliver accurate maps of

tropical, temperate and boreal forest biomass®’.

17 https://earth.esa.int/web/guest/missions/esa-future-missions/biomass
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6. Materials and methods

6.1. Data

6.1.1. Insitu

For the purposes of this study, AGB was estimated with the use of in situ data.
In particular, DBH and tree height were measured directly in the field, with the use of
analogical forestry tools. These data refer to three sample plots, in the study area of
Mount. Parnitha. More details on the methods used for the field measurements can be
found in the methodology chapter. Furthermore, in situ biomass data for 5 sample
plots, that correspond to 3 additional study sites (namely, Mount. Vardousia, Mount.
Parnassos and Mount. Dirfi) were provided by courtesy of the Assistant Researcher of
the Forest Research Institute (FRI), of the Hellenic Agricultural Organisation, Dr.
Nikolaos M. Fyllas.

6.1.2. Satellite

Satellite data derived from the Sentinel — 1 satellite system were used for the
purposes of the current study. Sentinel — 1 operates within the context of the Sentinel

Missions, under the EU Copernicus programme for Earth Observation.
Products
Level-1 Ground Range Detected (Sentinel — 1 SAR)

Level — 1 Ground Range Detected (GRD) products consist of focused SAR
data that has been detected, multi-looked and projected to ground range using an
Earth ellipsoid model. Phase information is lost. The resulting product has
approximately square resolution pixels and square pixel spacing with reduced speckle

at the cost of reduced geometric resolution.*®

18 https://sentinel.esa.int/web/sentinel/missions/sentinel-1/data-products
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For the purposes of this study, the High Resolution GRD product was used, in
Interferometric Wide Swath (IW) mode. The Interferometric Wide swath mode is the
main acquisition mode over land and satisfies the majority of service requirements. It
acquires data with a 250 km swath at 5 m by 20 m spatial resolution (single look). IW
mode captures three sub-swaths using Terrain Observation with Progressive Scans
SAR (TOPSAR). With the TOPSAR technique, in addition to steering the beam in
range as in ScanSAR, the beam is also electronically steered from backward to
forward in the azimuth direction for each burst, avoiding scalloping and resulting in

homogeneous image quality throughout the swath.

Azimuth resolution is reduced compared to SM due to the shorter target
illumination time of the burst. Using the sweeping azimuth pattern, each target is seen
under the same antenna pattern, independently from its azimuth position in the burst
image. By shrinking the azimuth antenna pattern, as seen by a target on the ground,
scalloping effects on the image can be reduced. Bursts are synchronised from pass to

pass to ensure the alignment of interferometric pairs.

TOPSAR mode is intended to replace the conventional ScanSAR mode, achieving
the same coverage and resolution as ScanSAR, but with a nearly uniform SNR
(Signal-to-Noise Ratio) and DTAR (Distributed Target Ambiguity Ratio).*

As soil moisture has an impact on the backscatter signal of SAR sensors, it should
be noted here that no precipitation events had occurred during the last 20 days before
the sensing date of the 2 GRD products that were used. However, the sensor is a C-

band, which means that information is largely derived from the canopy.

6.2.  Study sites

Mount. Parnitha

Mt. Parnitha National Park is one of the ten sites that have been characterized
as national parks in Greece, and is located in Attica, very close to the metropolitan
city of Athens (35 km northbound) (Ganatsas et al, 2012). In 1961 the entire mountain

Bhttps://sentinel.esa.int/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interferometric-
wide-swath
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(~25,000 hectares) was declared a National Park and it is of great importance for the
wider Athens metropolitan area (Efthimiou et al., 2014). The geological substrates of
Mt. Parnitha are schists (which appear in the valleys) and limestone (which appear
on the tops), and some flysch, while the climate of the mountain is substantially
different from the climate of the rest of the Attica area, especially with regard to
air temperature and precipitation (Efthimiou et al., 2014). Tectonically, the mountain
range lies between two Quaternary rift systems in central Greece: the Gulf of Corinth
Rift and the Gulf of Evia rift (Ganas et al., 2004). Parnitha’s wild vascular flora
comprises 1096 taxa, belonging to 90 families (Aplada et al., 2007). The study area
concerns the region of the conifer species Abies Cephalonica Loudon, 1838 (Greek

fir), which is described in the next sub-chapter.
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Latitude Longitude Plot dimensions

Plot 1. 38°10'37.34"N 23°43'50.09"E Approx. 25m x 25m
Plot 2. 38°10'17.00"N 23°43'30.79"E Approx. 25m x25m
Plot 3. 38°10'3.47"N 23°44'0.96"E Approx. 33m x 33m

Table 2. Sample plots: center coordinates, elevation and dimensions.
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Figure 5. Indicative locations of the 4 study sites. Source: Google Earth.

In summer 2007, a catastrophic fire burned down 18,957 ha (Fig. 2) of the A.
cephalonica forest, 10,562 ha of Pinus halepensis, and 3,976 ha of evergreen broad-
leaved shrublands (Ganatsas et al, 2012). Since then continuous efforts take place in
order to reestablish and restore the forest in the burned area. (Efthimiou et al., 2014).
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Mount. Parnassos

The National Park of Parnassos was established in 1938 and is the second
Greek National Park -the first being Mount Olympos®. Parnassos is a complex
ecosystem that consists of a wide variety of landscapes and habitats, resulting to rich
and rare biodiversity. The geological substrate consists mainly of hard limestone that
forms karst landforms. The protected part of the mountain is characterized by a large
number of special scientific importance and significance plant taxa. In particular, 854
taxa have been reported, 6 of which are endemic, while, a large number are
stenoendemic (endemic to Central Greece, Greece etc). Several species in the area are
assigned to different risk categories according to WCMC, P.D.67/1981, UNEP, RDB

and the Berne Convention.?! The area consists of the following vegetation zones:
- the non — forested zone of high mountains

- the beech - fir zone, including not only A. cephalonica forests, but Pinus nigra

clusters as well

- the deciduous broadleaf zone, including deciduous forests as well as kermes oak

brushlands

- the coastal, hill & sub-mountain zone is fragmented, limited to small spots,

including broadleaved evergreen thickets of Oak and Pistacia lentiscus trees.
- the riparian ecosystems, appearing mostly along the river margins and banks. %
Mount. Dirfi (Steni forest)

The Steni forest is located at Evia island, the second largest Greek island, at
a distance of 31 km from the prefecture capital Chalkida, and 120 Km from Athens,
the capital of Greece and it includes a significant number of protected areas: one
Aesthetic forest, 14 Wild Life Refugees, 3 Monuments of Nature, 6 areas in the
NATURA 2000 network and more than 28 large and small Wetlands (Efthimiou and
Karageorgos, 2010). It is part of the Dirfi forest complex, covering a total area of
417 hectares (Fig. 1) and it extends from an altitude of 900m to 1147m

20 Natura 2000 data form standard data form for special protection areas (SPA) for sites eligible for
identification as sites of community importance (SCI) and for special areas of conservation (SAC).
*! http://en.parnassosnp.gr/general-info.aspx

22 http://en.parnassosnp.gr/vegetation-zones.aspx
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(Efthimiou and Karageorgos, 2010). The site gains special ecological and aesthetic
interest from the combination of its floristic diversity with the geomorphological and
hydrological features. In this area, there exist many representative habitat types,
which support numerous local endemic or greek endemic plant species. %
Geologically, the area consists of slates and phyllites that are evolving to
crystallic limestones, while the climate is temperate Mediterranean, with warm
summers and mild to heavy winters, with large dry period from April to October

(Efthimiou and Karageorgos, 2010).
Mount. Vardousia

Mount. Vardousia constitutes the southernmost part of Pindus mountain range.
It is one of the few mountains in Greece having Alpine characteristics, while more
than ten peaks exceed 2000 meters altitude and its expanse is 30 kilometers from
north to south and 15 kilometers from west to east (Karamihalaki et al., 2015). Part of
the area is included in the Natura 2000 network of protected areas, with the location
name “Ori Vardousia” and under the code GR2450001. The occurrence of a great
number of endemic and rare plants, especially in the extraforestial plant associations,
renders the area as an important one from an ecological point of view, according to
Natura 2000.

6.2.1. Studied Species

The genus Abies consists of about 40 evergreen species, found in the Northern
Hemisphere (Raftoyannis et al., 2008). The Mediterranean Basin hosts eight Abies
taxa and constitutes one of the genus distribution centers; among those, the
endemic to Greece A. cephalonica is the only Mediterranean taxon with island
populations, in Euboea and Cephalonia, in the Aegean and the lonian Sea,
respectively (Politi et al., 2011). A. cephalonica is endemic to the mountains of
central and southern Greece and indigenous to islands of Cephalonia (lonian
Sea), Euboea in the Aegean Sea, Sterea Hellas, and in the far south of

Peloponnesos (Jagodzinski et al., 2011). The species can be found on a variety of

2 https://filotis.itia.ntua.gr/biotopes/c/GR2420002/
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bedrocks, including gneiss, serpentine, flysch, schist, limestone and dolomite, without
showing any preference on a specific soil type (Samaras, 2012). Greek firs reach 30-
35 m of height and 1.5-2 m of diameter at breast height (Jagodzinski et al,
2011). The natural altitudinal distribution of Greek fir ranges from 400 m to 2300 m
a.s.| (Samaras, 2012).

6.3. Methodology

6.3.1. In situ Above Ground Biomass estimation

For the purposes of the current study, AGB was estimated via in situ measurements
that took place in three different sites of the A. cephalonica zone of the forest ecosystem of
Mount. Parntitha. The three plots were of about 750 — 1000 m? each (table) and every single
live tree, with trunk diameter >4cm, which fall within each of the demarcated areas, was
sampled. The measurements were conducted on three different days, during July 2017. Tree
structural features (dbh and tree height) were measured directly in the field, with the use of
analogical forestry tools; for the measurement of the dbh, a tree caliper (image 7) was used,

while tree height was estimated with the use of a clinometer (image8).
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Figure 6. Using a tree caliper for the measurement of DBH.
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Figure 7. Using a clinometer for tree height estimation.

Subsequently, AGB was estimated in two ways, with the use of two different
allometric equations. Since no allometric equations for biomass estimation were found
through the literature for the species A. cephalonica, Abies alba biomass allometric equations
were used, as this species was considered the most similar to the studied species, in terms of

biomass estimation.
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Figure 8. Picture taken inside one of the sample plots of the Parnitha study site, during field work.

Figure 9. Field work equipment, including measuring tape, tree caliper, clinometer, compass and

notepad.
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Allometric equation 1:

In the first instance, AGB was estimated with the use of the biomass allometric equation,
developed by Gasparini et al. (2006), for the species Abies alba. According to this study,

AGB can be estimated as follows:
Wi = 3.3424 + 1.6487 * 10”%0°h + 8.1355 * 10%d? (1)
where,
W, = total aboveground dry weight (total AGB) (kg)
d: diameter at breast height (cm)
h: tree height (m)
Allometric equation 2 (set of allometric equations):

Subsequently, AGB was cumulatively estimated, with the use of a set of allometric equations
developed by Ruiz-Peinado et al. (2011). In their study, they suggest 3 individual allometric
equations, for the estimation of (i) stem biomass, (ii) biomass of thick and medium branches
and (iii) biomass of thin branches and needles. The sum of the abovementioned parameters

was used for the estimation of the total AGB. The equations are provided below:

i) Stem:

W= 0.0189 * d**h (2)
ii) Thick + Medium branches:

W7 + Wiy = 0.0584 * d? (3)
iii) Thin branches + needles:

Wizsn = 0.0371 * d? + 0.968 * h 4)

where,

W;: Biomass weight of the stem fraction (kg). Wy;: Biomass weight of the thick branch
fraction (diameter larger than 7 cm) (kg). Wy,.7: Biomass weight of medium branch fraction

(diameter between 2 and 7 cm) (kg). Wy.., Biomass weight of thin branch fraction (diameter
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smaller than 2 cm) with needles (kg). W,: Biomass weight of the belowground fraction (kg);
d: dbh (cm). h: tree height (m).
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Over and above the 3 plots that were sampled for the estimation of AGB in the
forest ecosystem of Mount. Parnitha, AGB values for 5 additional sample plots,
corresponding to 3 study sites (namely, Mount. Vardousia, Mount. Parnassos and
Mount. Dirfi), were kindly provided by courtesy of the Assistant Researcher of the
Forest Research Institute (FRI), of the Hellenic Agricultural Organisation, Dr.
Nikolaos M. Fyllas.

In the interest of clarity, it has to be emphasized that field measurements
conducted by different research teams may imply irregularities due to use of different
measurement tools and different approaches to the same subject. What is more, AGB
estimation results may differ on account of different allometric equations usage. As
the data that were kindly provided by our colleagues from the FRI have not been
published at the moment, further details on the exact methodology followed, the size
of the plots and the allometric equations that were used, are about to become known
through their upcoming publications. The provided AGB values were measured in
Mg/ ha.

In order for all the plots to refer to the same spatial extent and be comparable among
each other, AGB values were converted to Mg/ ha, for all the sample plots used in this

study.
Conversion to carbon

According to the FC Woodland Carbon Code: Carbon Assessment Protocol,
published by the Forestry Commission of Edinburgh (Jenkins et al., 2011), the

conversion from biomass to carbon, is given by multiplying AGB by the factor 0.5.

The AGB values and the corresponding carbon amounts of the 3 sample plots, for the

study area of Mount. Parnitha, are provided in table below.

Blots AGB(1) Carbon(1) AGB(2) Carbon(2)
(Mg/ha) (Mg/ha) (Mg/ha) (Mg/ha)
Parnitha 1 102.960 51.480 121.130 60.565
Parnitha 2 94.810 47.405 103.380 51.69
Parnitha 3 107.580 53.790 127.110 63.555

Table 3. AGB and carbon per sample plot.
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6.3.2. C-band SAR backscatter coefficient (sigmay)

In this study, in order for the relationship between AGB and satellite derived
SAR backscatter coefficient (sigmap) to be explored, SAR backscatter sigmay values
were extracted from Sentinel — 1 satellite data. For the retrieval of this information,

the high resolution GRD product, in IW mode was used.

For the processing of the GRD products, the open source software SNAP was
used. SNAP is a common architecture application platform, designed to host the ESA

toolboxes for the processing and implementation of Earth Observation data.

Figure 10. Initial satellite image. Level - 1 GRD high resolution product in IW mode. Pass: Ascending.
Sensing date: 16/07/2017.
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Figure 11. Initial satellite image. Level - 1 GRD high resolution product in IW mode. Pass:
Descending. Sensing date: 16/07/2017.

For the processing of the satellite data and the retrieval of the SAR backscatter

coefficient (sigmap) values, the following steps were applied:
1. Orbitfile

The orbit state vectors provided in the metadata of a SAR product are
generally not accurate and can be refined with the precise orbit files which are
available days-to-weeks after the generation of the product. The orbit file provides
accurate satellite position and velocity information. Based on this information, the
orbit state vectors in the abstract metadata of the product are updated.

2.  Calibration to sigmag

The objective of SAR calibration is to provide imagery in which the pixel
values can be directly related to the radar backscatter of the scene. Though
uncalibrated SAR imagery is sufficient for qualitative use, calibrated SAR images are

essential to quantitative use of SAR data.

Typical SAR data processing, which produces level 1 images, does not include

radiometric corrections and significant radiometric bias remains. Therefore, it is
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necessary to apply the radiometric correction to SAR images so that the pixel values
of the SAR images truly represent the radar backscatter of the reflecting surface. The
radiometric correction is also necessary for the comparison of SAR images acquired
with different sensors, or acquired from the same sensor but at different times, in

different modes, or processed by different processors.

For converting digital pixel values to radiometrically calibrated backscatter, all
the required information can be found in the product. A calibration vector is included
as an annotation in the product allowing simple conversion of image intensity values

into sigma or gamma nought values.

In order for the pixel values to be directly related to the radar backscatter of
the scene, the application output scaling applied by the processor must be undone and
the desired scaling must be applied. For the Sentinel — 1, level-1 products, four
calibration Look Up Tables (LUTS) are provided, for the production of BY%, 6% and v;
or the return to the Digital Number (DN). The LUTs apply a range-dependent gain
including the absolute calibration constant. For GRD products, a constant offset is

also applied.

The following equation is used in order for the radiometric calibration to be applied to
the S — 1 products:

DN |’
4

value(i) =

where, depending on the selected LUT,
value(i) = one of g%, 6%, or y; or original DN;.
A; = one of betaNought (i), sigmaNought t(i),

Bi-linear interpolation is used for any pixels that fall between points in the Look up
Table (LUT).

Finally, sigmag values were converted to decibel (db).

3. Speckle filtering
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SAR images have inherent salt and pepper like texturing called speckles,
which degrade the quality of the image and make interpretation of features more
difficult. Speckles are caused by random constructive and destructive interference of
the de-phased, but coherent return waves scattered by the elementary scatters within

each resolution cell.

The usage of filters for reduction of the speckle was attempted, in order to examine
whether the backscatter coefficient values are affected and if so, in what manner. It

appears that although the filters create smoother with reduced “salt and pepper”, no

difference is noticed in the (converted into db) backscatter sigmag values.

Figure 12. GRD product subset scene in IW mode (high resolution). Pass: ascending. No speckle filter
applied.
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Figure 13. GRD product subset scene in IW mode (high resolution). Pass: ascending. “Lee sigma"
speckle filter applied.

Ewédva 2. GRD product subset scene in IW mode (high resolution). Pass: ascending. "Refined Lee"

speckle filter applied

As the despeckled images showed no significant differentiations regarding the backscatter
coefficient values, the despeckled products’ sigma, values were not finally used in the
correlation models and the unfiltered products were used instead.
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Lee Sigma speckle filter

The Lee Sigma filter proposed by Lee et al. (1983), assumes Gaussian noise
distribution and filters the center pixel in a sliding window with the average of pixels
within the two-sigma range. One major drawback of the algorithm is that the mean of
pixels within the two-sigma range is always underestimated due to the fact that the
noise distributions are not symmetric and the symmetric thresholds are used in the

pixel selection.
Refined Lee speckle filter

The refined Lee filter is a minimum mean square error (MMSE) filter and was
developed based on the multiplicative noise model. One major deficiency with the
MMSE filter is that speckle noise near strong edges is not adequately filtered. To
compensate this problem, the refined Lee filter uses a nonsquare window to match
the direction of edges. The filter operated in a 7x7 sliding window. One of eight edge-
aligned windows is selected to filter the center pixel. Only the pixels in the non-edge

area in the edge-aligned window are used in the filtering computation.
The filter follows three major processing steps as given below:

Edge-aligned window selection: For each pixel, span image is used in selecting

the edge-aligned window.

Filtering weight computation: The local statistical filter is applied to the span image to

compute the weight b.

Filter the covariance matrix: The same weight b (a scalar) and the same selected
window are used to filter each element of matrix, Z, independently and equally. The

filtered matrix is then given by

Z=Z4blz-Z)
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is the local mean of matrices computed with pixels in the same edge-directed window.
4.  Terrain correction

Due to topographical variations of a scene and the tilt of the satellite sensor,
distances can be distorted in the SAR images. Image data not direct at the sensor’s
Nadir location usually have some distortion. Terrain corrections are intended to
compensate for these distortions so that the geometric representation of the image will
be as close as possible to the real world. Terrain Correction also allows geometric
overlays of data from different sensors and/or geometries. For the geometric
correction of the 2 GRD products, the Range Doppler Terrain Correction Operator

was applied.

The geometry of topographical distortions in SAR imagery is shown below.
Point B with elevation h above the ellipsoid is imaged at position B’ in SAR image,
though its real position is B". The offset Ar between B' and B" exhibits the effect of

topographic distortions.

Ewova 3. Geometry of topographical distortions in SAR imagery. Source: SNAP Help.

Orthorectification Algorithm

The Range Doppler Terrain Correction Operator implements the Range
Doppler orthorectification method [Small et al., 2008] for geocoding SAR images

from single 2D raster radar geometry. It uses available orbit state vector information

55



in the metadata, the radar timing annotations, the slant to ground range conversion

parameters together with the reference DEM data to derive the precise geolocation

information. The DEMs used for the geometric correction of both the GRD products

were 3 sec SRTMs which were auto downloaded.

5.

Spatial subset

Spatial subsets of both the ascending and the descending passes were created,

focused on the 4 study sites. The resulted products are shown in the maps below.

Mount. Dirfi study site. Sentinel-1 GRD product (ascending pass). Sensing date: 07/16/17

23°50'0"E 24°0'0"E 24°10'0"E

Legend

|:| study area

Maria Karamihalaki

23°50'0"E 24°0'0"E 24100
Athens, 09/17/17

0 5 10 20 30 40
[ Kilometers

Harokopio University

Map 1. Mount. Dirfi study site. Sentinel-1 GRD product (ascending pass). Sensing date: 07/16/17.
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Mount. Parntitha study site. Sentinel-1 GRD product (ascending pass). Sensing date: 07/16/17
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Map 2. Mount. Parntitha study site. Sentinel-1 GRD product (ascending pass). Sensing date: 07/16/17.
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Mount. Vardousia and Mount. Parnassos study sites.
Sentinel-1 GRD product (ascending pass). Sensing date: 07/16/17
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Map 3. Mount. Vardousia and Mount. Parnassos study sites. Sentinel-1 GRD product (ascending pass).
Sensing date: 07/16/17.

6. Values extraction

Subsequently, the spatial subsets were exported in Geotiff format and the
commercial remote sensing software ENVI was used for the extraction of the SAR
backscatter coefficient values. In particular, pixel information was collected for 3x3
pixel windows that correspond to the study areas. The average value of each pixel
window was then estimated; these values were finally taken into account for the

correlation between SAR backscatter coefficient and AGB.

For the study site located in Parnitha, the coordinates of all four points that
define each plot were taken, using a GPS device. That allowed the detection of the
exact position of the sample plots, on the satellite images (with respect to the GPS
error of about 3 meters). Thus, pixel information referring to the 3 sample plots in the
study area of Parnitha corresponds to the exact positions where the field

measurements were taken.
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On the contrary, pixel windows corresponding to the sample plots of the study
sites in Vardoysia, Parnassos and Dirfi, were chosen approximately, based on the
point coordinates that were provided along with the biomass data from our colleagues
for the FRI.

6.3.3. Empirical models

The establishment of a relationship between two variables requires an at least
sufficient sample, in order for the resulted relationship to be considered reliable. As
the sample data collected in the field could not be considered sufficient, two empirical
models, found through the literature, were used in order to study the relationship
between in-situ estimated AGB of mountainous Mediterranean conifer forests and C —
band SAR backscatter coefficient. As these models have been developed for different
types of vegetated ecosystems, they were calibrated with the in situ data that refer to

the Mediterranean conifer forests of A. cephalonica.

In the first instance, the regression model developed by Suzuki et al. (2013) was used.
For the purposes of their study, they examined the relationship between in situ forest
AGB for 45 vegetated areas in Alaska (both forest and non-forest) and L — band o°.
The resulted strong correlation between HV ¢° and in situ forest AGB, allowed the robust
estimation of forest AGB of the relatively sparse Alaskan boreal forest and the mapping of its

geographic distribution. According to the proposed model, AGB can be estimated as shown

below:
AGB = exp[(c*+b)/ a] 1)

This is the inverse of the regression function of ¢° to the in situ forest AGB (equation 2). This
regression function was used in order to examine the relationship between the A. cephalonica

AGB and the SAR backscatter coefficient. The equation is provided below:

o’=alogx—b 2)

where,
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o is the SAR backscatter coefficient, x is the in situ biomass and a and b are the parameters

estimated by the regression model.
In particular, the following relationships were examined, with the use of equation 4:

Linear relationship between: (a) ascending pass VH ¢°, (b) descending pass VH o°,
(c) ascending pass VV o°, (d) descending pass VV ¢° and the log transformed values
of the (a) AGB(1), (b) AGB(2).
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Subsequently, a second empirical model, developed by Chang and Shoshany (2016),
was applied. In their study, they suggest a fusion model which combines optical and
SAR data, for the development of a regression model for biomass estimation of
Mediterranean shrublands. In particular, the proposed model combines two equations
of the same form; in the first equation they use NDVI values (derived by Sentinel — 2
data) and in the second one, they use the SAR backscatter coefficient (derived by
Sentinel — 1 data).

The model is of the same form with the model developed by Suzuki et al. (2013),
except, they use the untransformed values of AGB.

For the purposes of the current study, the linear regression model proposed by Chang
and Shoshany (2016), was applied, using the SAR backscatter coefficient values and

the in situ biomass data.
The equation is provided below:

X = a+ ba’ 3)
where,

o” is the SAR backscatter coefficient, x is the in situ biomass and a and b are the

parameters estimated by the regression model.
In particular, the following relationships were examined, with the use of equation 3:

Linear relationship between: (a) ascending pass VH o’ (b) descending pass VH o’
(c) ascending pass VV o, (d) descending pass VV ¢° and the and (a) AGB(1), (b)
AGB(2).

The data values used in the regression models are shown in the table below:

Ascending VH Ascending VV Descending VH DescendingVV AGB(1) (Mg/ha) AGB(2) (Mg/ha)

Parnithal = -16,65537278 -11,15753689 -15,0481338 -10,2949776 102,96 121,13
Parnitha2 -13,592081 -7,811281667 -13,1369115  -8,179623167 94,81 103,38
Parnitha3 = -16,32693489 -5,979175556  -12,93704414  -6,219308857 107,58 127,11
Dirfil -12,00480578 -9,352699222  -13,42679789  -10,35435722 =
Dirfi2 -10,10904244 -4,703080333 -17,8015  -12,85661467 -
Parnassosl -15,42265956 -10,55310333  -12,96832588 -7,41451075 =
Parnassos2 -10,21885 -7,223914778  -14,45900771  -9,253102429 -

Vardousia  -12,73585189 -7,629959333  -12,18725967 -6,803995444 -
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Table 4. Values used in the regression models.
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7. Results

This study discusses a first, preliminary approach on the relationship between
C - band SAR backscatter coefficient (sigmap) and AGB of mountainous
Mediterranean conifer forests of A. cephalonica. Firsts results demonstrate the
existence of a moderate relationship between the VH polarized SAR backscatter
coefficient, of the ascending pass of the satellite, and the AGB, while no significant
relationship is found between either the VV polarized SAR backscatter coefficient of
both passes, or the VV polarized SAR backscatter of the descending pass and the
AGB. More specifically, the stronger relationship indicated in this study is the
logarithmic relationship that appears between the VH polarized SAR backscatter
coefficient of the ascending pass and AGB(1) (R? = 0.2751). The simple linear
relationship found between the VH polarized SAR backscatter coefficient of the
ascending pass and the AGB(1), presents a correlation of moderate strength as well
(R? = 0.204). Furthermore, another correlation of about the same magnitude is found
between the VH polarized SAR backscatter coefficient of the ascending pass and the
logarithm of the AGB(2) (R2 = 0.228), while a slightly weaker relationship results
from the simple linear regression between the VH polarized SAR backscatter
coefficient of the ascending pass and the AGB(2), using the abovementioned
regression model (R? = 0.1756).

The results of all the weak correlations between SAR backscatter coefficient

of different passes and polarizations and the AGB are provided in the appendix.

The scatterplots for the moderately strong relationships found in this study, are

provided below.
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Relationship between
the VH polarized ¢°
(ascending pass) and
the AGB(1).
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—— logarithmic
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y = 2,3418In(x) - 20,329
R* =0,2751

Figure 14. Relationship between the VH polarized ¢° (ascending pass) and the AGB(1).
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Figure 15. Relationship between the VH polarized o° (ascending pass) and the AGB(2).
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8. Discussion

Scientific methodology encompasses errors; recognizing the existence of those errors
however and taking under consideration the limitations put by them is a key parameter in
order to read between the lines, when interpreting the results of the adopted approach, in a
study. In this direction, it is important to showcase the sources of error and the limitations that

arise from the methods and the materials used in this study.

As mentioned before, this study constitutes a preliminary approach on the
relationship between radar backscatter coefficient and AGB. As quoted by Rodriguez-Veiga
et al. (2017), these approaches face several challenges, such as lack of sufficient ground data
for calibration/validation purposes, signal saturation in high AGB, coverage of the sensor and
complex signal retrieval due to topography. Challenges and limitations however, go beyond
the satellite data. In this chapter, all sources of errors driven by the current study are being

discussed.

In order to make an indirect estimation of an amount or the intensity of a phenomenon, a
number of assumptions have to be made. To begin with, some first assumptions and
limitations in this study, concern the field measurements. A first source of errors, regarding
those measurements, is the GPS accuracy. The o° values for the sample plots in the study area
of Mount. Parnitha were extracted by pixels that were detected on the satellite images,
according to the GPS positions. The position of the sample plot for the study sites in
Vardousia, Parnassos and Dirfi was even vaguer. Another assumption made concern the
biomass allometric equations used. Allometric equations allow an indirect estimation of the
AGB. What is more, the allometric equations have been developed for the relative species
Abies alba. Finally, the biggest source of uncertainty in this study is the limited sample of in

situ measurements.

According to the results showcased in this study, it is concluded that both the polarization
and the acquisition geometry affect the interaction of C — band SAR sensors with forest
biomass (for the studied species). It has to be mentioned, that as the effect of the acquisition
geometry, is related to the topography of the study site, sites with different topographical

characteristics may present different behavior, regarding the acquisition geometry.
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9. Conclusion

The initial question that triggered this study is whether it is possible to estimate and
monitor the CO, that is accumulated in the biomass of mountainous Mediterranean conifer
forests from space, by means of remote sensing. Monitoring carbon stocks of terrestrial
ecosystems from space is already being practiced by the research community, over the last
years, for a plethora of different vegetated ecosystems and species, mainly concerning boreal
and tropical forests, as these two categories of forest ecosystems constitutes the main carbon
stocks of terrestrial biomass. However, Mediterranean forests and other types of terrestrial
vegetated ecosystems have less extensively been studied in terms of their carbon uptake
capacity. There is of course a significant amount of studies regarding shrublands, agricultural
ecosystems, Mediterranean conifers, etc. (e.g. Galidaki et al., 2016) found in the literature; it
is important however, to start building knowledge on species — specific and ecosystem —
specific methods and practices that can be used for the monitoring of terrestrial carbon stocks
and the assessment of different types of vegetated ecosystems, regarding their carbon uptake
capacity. Species — specific approaches on this subject are essential, as the carbon uptake
differs between different species/ ecosystems. This differentiation has two aspects; firstly,
there is a need for development of biomass allometric equations for every single species that
has a relative importance in terms of its carbon uptake capacity. Hopefully, there is a great
amount of biomass allometric equations, available to the scientific community; online

24 consist an important contribution, along with the

databases, such as the “GlobAllomeTree”
amount of published studies concerning this issue and the published reviews that provide a
summary of the allometric equations available (e.g. Forrester et al., 2017). However, these
collections are far from complete and further research is needed on this subject. Secondly,
there is the aspect of the remote sensing approach, with regard to the different structural
characteristics of different types of species and ecosystems, in terms of SAR data — based
monitoring techniques. As SAR — based biomass monitoring techniques are highly dependent
on the determination of the patterns of the interaction between the backscatter of the SAR
signal and the structural characteristics of the canopy, the orientation and the surface of the
leaves, the vegetation density, the characteristics of the background and the topographic
characteristics of the study area, it becomes clear that ecosystem/ species — specific models
have to be developed in order for the research community to obtain the capacity to monitor

the CO, of the terrestrial vegetated ecosystems over the globe.

 http://www.globallometree.org/
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As mentioned earlier, in order to procced to the modeling and mapping of the carbon
uptake of a vegetated ecosystem, with the use of satellite derived parameters, the relationship
between those parameters and the AGB needs to be established, for certain types of
ecosystems. In this study, a preliminary approach was attempted on the relationship between
C-band SAR backscatter coefficient and the AGB. The results suggest that the a moderately
strong relationship is found between the VH polarized o, of the ascending pass, an outcome
that agrees with the general trends shown through the literature. However, our understanding
of the relationship between the C-band SAR backscatter coefficient and the AGB of A. alba
ecosystems is far from complete, due to the limitations that were previously described.
Among all the limitations discussed here, the one with the greatest impact on the outcome, in
terms of lack of reliability, is the sample size. Nevertheless, it is suggested that the
methodology proposed in this study could provide a reliable outcome, that would set the
foundation for carbon modeling of Mediterranean A. alba ecosystems, when a sufficient
sample of in situ data would be available. The proposed methodology could be furtherly
improved, by taking into account the limitations that were previously discussed, and by

suggesting and applying improvements on them.

10. Future work

This is an ongoing study; further research on the subject and improvements
regarding the limitations discussed above will be taken into consideration, in order to
form more comprehensive conclusions on the relationship between SAR backscatter
coefficient and ABG of mountainous Mediterranean forests. More importantly, a
number of sample plots from different study sites are about to be added, which are
expected to enhance the results of the current study. Furthermore, the study of the
relationship between the AGB and parameters derived by different types of satellite
data consists a promising approach on the subject and is about to be explored through

future studies.
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Appendix: additional charts

Relationship between
the VV polarized o0
(ascending pass) and
the AGB(1).

—— linear
—— logarithmic

y=-0,0014x-8,0196
R* = 6E-05

y = 0,1083In(x) - 8,3667
R* =0,0008

Relationship between the VV polarized o° (ascending pass) and the AGB(1).
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Relationship between
the VV polarized c°
(ascending pass) and
the AGB(2).

—— linear
—— logarithmic

y = 0.0596In(x) - 8,2311
R? =0,0002

y=-0,0032x - 7,9772
R*=0,0003

Relationship between the VV polarized ¢° (ascending pass) and the AGB(2).

Relationship between the
VH  polarized o°
(descending pass) and
the AGB(1).

—— linear
— logarithmic

y =0,0268x - 14,583
R* =0,0307

y = 0,2405In(x) - 14,709
R* = 0,0061

Relationship between the VH polarized ¢° (descending pass) and the AGB(1).
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Relationship between
the VH polarized o?
(descending  pass)
and the AGB(2).

—— linear
—— logarithmic

y = 0,3468In(x) - 15,042
R*=0.01

y=0,0312x - 14,709
R? =0,037

Relationship between the VH polarized ¢° (descending pass) and the AGB(2).

Relationship between the
VV  polarized o°
(descending pass) and
the AGB(1).

— linear
—— logarithmic

y =0,0287x - 89,5606
R* =0,0229

y = 0,1264In(x) - 9,2969
R® = 0,0011

Relationship between the VV polarized o° (descending pass) and the AGB(1).

74




Relationship between
the VV polarized c°
(descending pass) and
the AGB(2).

— linear
—— logarithmic

y=0.3173In(x) - 9.8796
R* =0.0055

y=0,0363x - 9.7508
R? =0,0326

Relationship between the V'V polarized ¢° (descending pass) and the AGB(2).
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