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Abstract

Remote sensingnables constant monitoring of the state of odorests all over the worldit
has constantly increasing importance in forest state monitaridigice érest damage has
become more frequent itHungaryin the last few decades, remote sensirteos a powerful
rapid, and costeffectivetool for monitoringdisturbancesn forest health.

In this PhD thesjs novel approach was created to utilize higésolution Sentinel
satellite imageryof the European Space Agenand Google Earth Engin@EE)cloud
computing. The processing, analysing, and visualization of vegetation and water (index
Normalized Differece Vegetation Index (NDVI), NDVI change (NDVIch), standardized NDVI (Z
NDVI), Normalized Difference Water Index (NDWI), Enhanced Vegetation Indexnigp4))
and charts derived from satellite images took place online, in the cloud, to ensure the
detection of forest disturbances in théhree Hungarian study sio b I 38 SNR! 2F 5850
FarkasS NR! 2 F { } NIt Nibrthe péfod 206%20281 € . N1 1 0

My results indicated that the combined dataset of satellite imagery and grdnased
reports provided suitable input for forest damage monitoring conducted with GEE. The
applied method successfully identified different types of forest damage on Z NDVimthps
surveyed period with 78 %wotal Accuracy

Keywords: forest monitoring, satellite imagery, SentiBekloud computing, Google Earth
EngineMachinelLearning
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1. Introduction

1.1. Introduction to the Thesis

Modern technologies enable constant monitoringtbé state of our Earth. One of the most
important andrapidly developing technologigas satellitebased remote sensing.he brest
cover of the Earth is around 3®4, of Europe is 49% and of Hungary i2%due tothe large
size andhuge importance of forestsand their monitoring the remote sensingechnologies
became real complements of field measurements by providing data with high frequency,
accuracy and oftefree for vast areas

There are constantly new possibilities for forestry professionals due tqufek progress
of remote sensing technologies offering firesolution images of the World dailyargescale
forest monitoringrelieson these technologies since forest standa b& found often sparsely
and their dynamics can be studied onlyhe longer run. Satellite images can be used to detect
the changein forest expansion and health state angetremote sensingbasedforesthealth
monitoring systens are suitable for complementing the fieldased monitoring system
coordinated bygovernmentaland researchinstitutes, forestry directorates, and universities
in several countries, Hungary included

One of the main reasons for writing this Thesis is to exbathe previously made
Hungarian RemotesSSy & Ay 3 o6F &SR C2NBad | SFHfIK az2yAidz2N
Hungarian) which was developed in 2017 by Somogyi.€2@18) to monitor forest health
about environmental changes and climate change (described in detail in chapted.but.
in time modificationswere needed due to the endg lifespan ofTerra satellite carryingthe
MODISsensor, which providediata for TEMREThe final aim is tacreate a waklo-wall,
constantly updatedorest monitoring system for Hungary basenl satellite imagry and cloud
computing

In myPhDthesis I first reviewed the scientific methods (models and indices for vegetation
monitoring) applied in Hungargnd around the World Secondly, | surveyed the possible
methods to be usegdreplacedhe previous onesand applied them in casstudies then thirdly
create a wallto-wall forest health statemap of Hungary. Fourthlg detailed timeseries

analysis was made for the three sample areas to show changes in health state. The fifth final



stage wasa compari®n to existing mapsiming toimprove data quality and accuradgr

future monitoring

1.2. Researclygoals

In my Phlthesis | focus on novel forest monitoring methothy replacing the old datasets

with new ones angbroposinghealthmonitoring methods for different forest disturbances.

Replacing the formerly used MODIS d&ESA Sentiné (S2) seemed to be the most
promising solutionand testing this theory several studies were made by us for selected areas

of Hungary and the whole coungbserving abiotic and biotic foresamage

Abiotic forest damage was surveyed bydifferent methods based on Sentin@l in
a2dzy Gl Ay adedrbictuieof i xient of the ice brake awihdfallo a 2 £ yal.,NJ S i
2019a). Differentvegetationindices derived from MODIS ane28nages were compared to
damage data collected in the field meab Y Sy (1 &  dah, 20190} liIRéINSBnalized
Difference Vegetation Index (NDVI), NDVI change (NDVich), Z NDVI (standardized NDVI),
Normalized Difference Water Index (NDWI), Enhanced Vegetation Index fedtjjertype
of abiotic damage, drought stressvasanalysed by the authorA y {1 A3SG11 1 = t Na
" 2 T S Kagd\Delzrecen between 2018 and 2020 based on several vegetation and wetness

indices.

Biotic forest damage was detected in Sopronas Europeanspruce bark beetle (Ips
typographusL) outbreak bok placein 200l7-H nH M 6 a2 f yt NJ). Hopelulybhe f € = H .
method used in the study will beuitable to survey the newcomenvasiveoak lace bug

(Corythucha arcuatags well(Paulin etal.,2020)

Forest health monitoring proposals were made fol- 38 SNR! 2F 586 NS OSy
D223tS 9FNIK 9y 3AAYS alOf 2uaRT LI 2 fGyFI2NYs Bagkadlytt &NI S
SNR! 2t 2{tyNID NI &) disiNg all greéviouslyimentioned methodEhese areas
were later expanded té Sy (i NJ; the thirdstudly area of the Tisis, and eventually tthe

whole of Hungary.
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1.3. Research plan

My PhDthesis had sevemain objectives suchas

1. Review existingcientific methods for forest monitoring applied in Hungary, Europe, and

the World such as remote sensing techniques (especially optical satellite imagery) and

related vegetation and water indices describing forest state.

. Analyse the possible methods foorést disturbance monitoring and examine their
efficiency via case studies focusing on exact methods and forest damage types.

. Describethdl KNBS &aiddzReé I NBlFa 2F (KS ©BHRIARWE HH N
YR [/ SYGNIt . N Sudeewik/agétatisnGuhdtwatdt indevaluesd 06 S

oak, hornbeam, and beeettominated forests from Hungary's eastern, western, and

northern parts.

. Create a novel forest monitoring systefor Hungary based on ESA SentiRebptical
imagery, vegetation indices, and GEE cloud computing and test it on three study areas.
The monitoring method includes cloud filtering, forest masking, index creation, forest

health change detection, visualizatiomdadata export.

. Analyse the time series of the study areas in detail to identify changes in forest extent and
health state betweer2017 and2020. The Z NDVI maps for each year are to be compared

to field damage reports.

. Compare the new mapgroduced in GEto the existing ones taheckdata quality and

accuracy for future monitoring.

. Investigate the expansion of the application of the abaventioned methods to a wall

to-wall system.

1.4. Hypotheses

Connected tdhe main objectives, statedsevenhypotheses

1. Satellite images can be used to monitbe health state andorest expansionThe remote

sensingbased forest monitoring systems are suitalietectingchangesand supporting

11



field-based monitoring. Such systems exist in Eur@@eechiaNorway, Germanyand

worldwide, too (USA, Canada, Australia).

2. Forest health can be monitored in Hungary based on a 10x10 m spatial resolution Sentinel
2 L2A(Level2, surface reflectanceatellite image series in the 20% 72020 period using

specific indies.

3. Qoudless annual and monthly satellite image composites can be created for the entire
vegetation season (from April untilovembej with spatial, temporal and cloud filtering

methods.

4. Interannual forest health disturbances due to biotic aatulotic damage can be detected
by vegetation and water indice8IDVI,NDVIchZ NDVINDWI,EV) derived from annual
and monthly composites of Sentin@l L2A satellite image&nnual images are used for

comparing years and monthly ones for monitoring iatenual changes.

5. By developing a specific computer code system, a novel forest monitoring system can be
created for Hungary in the GEE cloud computing interface utilizing the abhewéoned

Sentinef2 dataset, cloud filtering, and vegetation and water o&$i.

6. The Copernicus forest maps can support the sysbgmproviding novel, satellitdased
forest masks for both the study areas and the whole Hungary. Thp$e-date masks

could improve monitoring accuracy with the designation of forested areas.

7. The grounébased dataset of the National Forest Damage Registration Systetne used
asvalidationof remotely sensed dathy comparingdamagedorestcompartmenshaving

both field reportsand satelliteimages

2. Literature review

In this chapte | described emote sensing basics, remote sensing satellites, indices, image
processing, forest damage types, forest monitoring systems, cloud computing and machine

learning.

2.1. Remotesensing

12



By emote sensingRS)he physical characteristics of Earth and otlastronomical objects
can be detectedindmonitoredfrom adistance basedn emitted and reflectedmainlysolar)

radiation. The rangeof radiation is describeth the electromagnetic spectrupnwhichwe can
divide into classes based othe frequency, wavelength, and energy of wavgsgure 1).

Frequency(f) is the ratio of speedm/s) and wavelengti{m)andisexpressed in Hertz (Hz)
Q- Q)

Wavelength is expressed by the ratio of speed (m/s) and frequency (f) and measured in

meters(m).
1 -

The ange of frequencisfrom 1 to 1G*Hz, whilen the oppositedirection, the wavelength
varies between 16° and 13 meters. Thevisiblepart, commonly called light fahe human

eye is the portionin this spectrum between 386 740 nm(3.8 ¢ 7.4 x 107 m).

< Increasing Frequency (v)

l(I)24 I(I)zz 102 10'8 l(l)m l(l)” 1912 I(I)IO ]|08 lloe |I04 ]|02 ]IOo v (Hz)
Y rays X rays uv IR Microwave (FM AM Long radio waves
Radio Wt'aves
|
I I I ol I I I I I
10" 10" 1002 10 10% ) 0® 107 1072 10° 10 10* 10° 108 A (m)

B sy Increasing Wavelength (A) —

! Visible spectrum

T B
400 500 600 700

Increasing Wavelength (A) in nm —

Figurel. The range of the electromagnetic spectrum with the highlight of visible light

We can divide theslectromagneic spectrum into regions, bandsr channels according to
frequency (Hz) and wavelength(nm=13° m) (Table 1). For remote sensingyvisible light,

infrared and radio wavesre the most often used.
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Tablel. Bands othe electromagneticspectrum

Band Wavelengths (nm) Frequency (Hz)
1 I rays <1 Ho Fmn
2 X rays 1¢10 o Pi#ago P#Mn
3 Ultraviolet 10¢ 400 T 2 n'PqosP & n
4 Visible light 400¢ 700 oZyPgraEnPwmn
5 Infrared 700¢ 1C° oPiMan o wmn
6 Microwave 10°¢ 1C8 o Pfigo P#Mn
7 Radio waves >10° foPwmn
SourceSiyavula

We can utilize different technologiégr gatheringinformationabout our planet and space
envronment. There are active and passive remote sensing systems based on the sensor types
that instrumerts are equipped withPassive ore detect reflectedand thermalradiation,

while actives first emitadiation, then measuringhe time of reflectionfrom the object

Active systemsemit electomagneticradiation and their sensors detect these signals
coming back from the surface. The most important types of active sensoRARYARRadio
Detection And Ranging) LDAR (Light Detectiodnd Ranging) Sonar $ound Navigation
Ranging), GP&lobal Positioning System), and GNSS (Global Navigation Satellite Systems).
They can be usedbove and belowgroundlevel in the water, in the airor the space.The
greatadvantageof using active emitterike Radais that waves can go through cloudsd

water and cangivea picture of the surfaceinderany weather conditions.

Whilepassivesensors measure reflectethd thermalradiation to the instrunent from the
surface in fixd frequency bands. These bands are based on physical propari designed
for measuring specifiteatures of theobjects like certain wavelengthgositioned innatural
colours(RGBred green blug or NIR NearInfrared,} =700 nm1000 nm) which aresuitable
for land monitoring, vegetation coveaerosol, cloudletection, ocean and soil
temperaturemeasurementsetc. Abroadbandmagecontainsacouple ofbroaderbands é.g.,
4 channelswith R, G, Band NIR like sensors ormboard b ! { | Q& t gafellfe’ &l
multispectral imagewith more bands (like 36 bandsof MODIS)while a hyperspectralhas

several hundredsf narrow channelsandanultraspedral has severathousand(Figure 2)
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Broadband

Band [Band Band Band Band Band Band
1 2 3 4 5 7 6

MUItISPECtral A45-.52 1.52-60 .63-.69 .79-.90 1.55-1.75 2.08-2.35 10.4-12.4

Hyperspectral 100s of Bands

Ultraspectral 1000s of Bands

Figure 2. Difference between broadband, multispectral, hyperspectraland ultraspectral

Imaging(Makki, 2017)
2.2. Satellite-basedremote sensing

Earthhas beerstudiedfrom spaceby satellites already for half a century. The first of them
was the SovieSputnikl, launchedin 1957, which was followed tixplorer 1lof the USA in
1958, and Ariel lof the United Kingdom in 1962in 2019 87 different countriesand
organizations launched altogeth&B57satellites(UCS2019)

Satellites can be classified into sevegabupsaccording to their use, function, orbit, size
and massetc. The usage of satellites éan becommercial, governmentailitary, mixe,

andcivillyas well.

The mainparameter of satellite is a function, that can be remotesensing or Earth
observation, astronomy, geodesy, meteorology, telecommunication, navigation, mibiaaly

biology as wellSome types carrguman like space shuttles and space stations.

Satellites are also classified bgbit types Orbit is their circular track around the Earth,

which satellites reach aftdseinglaunched by rockets.hEre are geocentriandheliocentric

15



classesccording to the object in theentreof the circle We findsatellites ingeocentric orbits
in the highest number, which obsertiee Earth.Moon is als@n this orbit type, while planets

and comets orbit the Sun in a heliocentric track.

We candividethe geocentric orbits according to their altitud®o classesthere arelow,
medium, geosynchronous and high Earth orflg8SA, 2017Dther classification categoriese
based on inclination, eccentricity, synchronous and pseordhit characteristics (Riebeek,
2009).Low Earth orbifLEO) haan orbital altitude of 180 2000km, Medium Earth orbit
(MEO)has a2000 ¢ 35786 km,and Geostationaryorbit (GEO) is 35786 km high, witine
same rotation periodasthe Earth during a day with the speed df(Z0 km/h at the Equator.
Finally the High EartrOrbit (HEO) is above 357&®én.

According to the inclination of orbitshere are Polar andjuaspolar sun synchronous
Obita @ ¢KS Ay Of Ayl (A zhyEqhadoialplkn§ anl NtbelpalaRéaseltig At S +
around 90 degres, crossing both pole#n the caseof quaspolar sunrsynchronous orbiit

passes above thEquatorand nearthe poles always at the same time (Riebeek, 2009).

Eccentricity classification is based on the shapéheforbit. Thecircular orbithas zero
eccentricity whilethe Elliptic orbithas between 0 and 1, where zero is the circle and 1 is the
ellipse (Swinburne Astronomy Onling)19). Geosynchronouggeostationary, Molniya, and
Tundra Orbits are all elliptic orbits (Xiong & Butler, 2018). Geosynchronous and Geostationary
orbits are similar in the respect tiie perigee(furthest point of orbit from Earth) of LEO but
different in the apogee (closest point of orbit from Earth) witdeosynchronous or
geostationary altitude.OrbitQa Ay Of A y I (i Joiwhl peviad of chalfdofitiee ddy,y R
spending the majority ofhe time over two areas, Russia and the United States Rumudra
orbithasad A YA £ I NJ Ay Of A afbrhital pefiod dffonecdayThesesatdlitziare

created for observing a single area.

The synchronouslassification contains several classes connected to the rotational period
of the Earth, the Sun, or Mars (GISGeography, 2018syiiaronouorbit (SO) has the same
orbital periodasthe9 I NI KQ& NRUOGF GA 2y L3Sriddrahdvis adbia (SEN & 0 I ¢
hasa lower orbit resulting shorter rotational period (half a day). Geosynchronous orbit (GSO)
is at 3578&m high, and when the inclination of zero the satellite it looks like stagbove

the same pint always, in this caseve talk aboutgeostationary orbit (GEOfpacegrograms
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2.2.1. NASA missions

The 69 nissions ofNational Aeronautics and Space AdministratiNASAare categorizeihto

13 topics atmosphere, climategcontinental drift and geodynamics, gravity, hurricanes, ice,
land and vegetation, oceans, ozone, Sun and its Influence on Baitir,cycle, weatheyand
wildfires (NASA, 2017)or forest monitoring purposes land and vegetation satellite missions
are the mostinteresting, they are the followingAqua,ICESaiCESa®, Landsat, LDCM, NPP,
Operation Ice Bridge, Orbiting Carbon ObservatyryRadiation Belt Storm Probes, Shuttle
Radar Topography Mission, Soil Moisture Active PasEDRS, and Terra.

2.2.2. ESA missions

European SpacAgency(ESAhas recentlyhad 18 missions and three cooperative missions
with NASA (ESA, 2080 Earth observatiormissionsare amoung others theAeolus,the
CryoSatthe Sentinell, 2,3, 5P, andthe Swarm.Sentinels are part ahe Copernicug€arth

observationprogram

In 2024 BiomasgESA, 2019ndin 2025 Flexmissions(ESA, 2020hyill be launched for

estimatingforest biomassnd vegetation fluorescence and photosynthetic activity.

2.2.3. Remote sensingatellites

Regarding the equipment carried bymote sensingatellites we can talk about passive.§.
optical), and activegg. SAR, IDAR) systems, based on sensing reflected radiation of the
electromagnetic spectrum or emitting and after sensing the time of returning waves. The
image created ira certain spectrum by sensois described by spatial (pixel size), spectral

(bandwidthin the electromagnetic spectrum), and temporgg\isiting timg resolution.

Respectindorest monitoring the most important satellites will be adeded below which
are widely used due to beeing free and having optimal parameters for thisTdiesatellite
Terra & Aqua were used in the Hungarian Forest Monitoring System (Somadgy2@18) and
several studies concerning forest monitoring all accross the World, providiyg&Olong
time series. While theatellites of theLandsatprogram havebeen on orbit for even longer
time, since 1972. Eventually the Senti2girovides higherspatialresulutionwhich gives new

perspective of forest research.
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2.2.4. The satellites of thd.andsatprogram

The history ofremote sensingsatellites starts in 1972 with the launch of the first Landsat
satellite operated bythe NASAof the USA.For almost fifty years the longest continuous
dataset of Earth observation was collected by Landsat satellites and nowlaaiagsat7 and

-8 are opeational and 9vaslaunched in 202 (USGS, 2019).

Regarding the technical parameters, the temporal resolution is 18 days for Lanrdsat
3 (in the followings indicated with land 16 for L4, while the spatial resolution is 480 m
in 411 bands (4 foL.1-3, 7 for L45, 8 for L7and 11 for L8). These features together create a
suitable base for forest monitoring as Banskotale{2014), Saarinen etl. (2018) Barka and

Bucha (201Q)Wulder et al(2022)presented.

According to Banskota al. (2014) current state and temporal dynamics are the most
significant attributes of forest monitoring. The structure and composition of forests describe
their state and the temporal dynamsthowsthe change in it. Changes occur due to sherm
(biotic or abiotig, and longterm events (climate chang@nthropogeneticactivities). The
combination of these two types of forest state changesults indifferences in biophysical
conditions and vegetation phenology as well.

To monitor these changes by satellite dét@ correction of raw images is needed for
improving quality. For this aim atmospheric, topographitd geometric corrections are used
to minimisingthe effect of temporal variation in atmospheric properties, brightness variations

of terrain (or terrain $rading) and inaccuracy by registration and correction of geometry.

The availabilitypf corrected images enabléise calculationof different kindsof indices
that are used to describe numerically the forest state and changes. Such indices are NDVI

NDWI, EV/ etc.

Based on thenBanskota etl.(2014) categorized forest ecosystems into three groups:
abrupt changes (clearcut, crown fire, defoliation), partial char{fjess insects, diseases), and
subtle changes occurring gradually through time (e.g., forest degradation, tree mortality, and

forest successional dynamics).

Different approaches can be used for the classificatsarch as Image Classification

based Analgis and TrajectorBased Change Detection. In the first cgsest-classifications
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appliedat end of investigated time interval by comparison of independently produced images,
then the comparison is made to detect changes. In the second glas¢éemporal patterns of
spectral variables are used by the following methods: thresialsied change detion,

single curve fitting, hypothesized curve fitting, or trajectory segmentation.

An application of these methods is fundamental in a forest monitoring system.
country-based monitoring system is needed to haataset covering the whole country for
a sufficiently longperiod. Landsat imagery is suitable for that goal since the launch of Landat
4 in 1982, 30x30 mesolutiondata isavailableand Landsa® was dunchedin 2021 to provide

data for additional 1@ 20 years.

2.2.5. Terra& Aqua

Thedata provided by the MODIS sensor onboard satelligeraand Aquacoverthe whole
world every 12 days in 36 narrow spectral bands at 250000 m spatial resolutiofNASA
2019a) Terra is equipped with five instruments: ASTER, CERES, MISR, MOBISPITT
while the sister ship Aqua has: AIRS, AMSU, CERES, MODIS, ait{/dWEBR2019b).

For forest monitoring MODIS is one of the most widely us®dces several studies were
made based on th data ofthis sensor, examining abiotic and biotic foreEtmage heat
stress, climate change, phenological phases, and land cover chavi@d3lS imags are
applied all over the Worldn the forest monitoring chapter (2.6.give exampleg/hich might

be similar to our methods due to similar climatical and ecological conditions.

2.2.6. Sentineb

European Space Ageniaunched the firstSentinel mission in 2014 in the frameworktbé
European Uniols Copernicustarth observatiorprogramwhich has been developed since
1998 and originallywas called Global Monitoring for Environment and Security (GMES), while
in 2012 the European Commissidmangedhe name to Coperniai Theprogramoffers freely
available satellite imagesf the Earth in medium and high spatial and temporal resolution. In
2022 Sentinell, -2, -3, and -5P provided data for researchSentinel2 and-3 are described

here as the most promising ones for forest monitoring.

Sentinel?2 satellites(Figure 3)were launched in 2015 and 2017 (A and B satelljtesp

they have the highest potential for monitoripmrposeswith al ¢ 5 days revisit time and free
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and open data poligyand high 10x1@ 60x60 m resolution (Tab®. On boardthe Sentinel

2 satellitestook place theMultispectral Instrument (MSI) (ESA, 202@d)ich measure the
radianceof Earthin 13 spectral bandDifferent S2 products are provided by ESA such as
LevelO (raw image), Levdl (L1C Top Of Atmosphere reflectances) and Lexdl2A Bottom

Of Atmospherg this latter isderived from LevelC products.

L \f i s

Figure 3TheSentinel2 satelliteisobserving the EartiSource: ESA.

Table2. Spectral bands for the Sentir@MSlIsensor

Sentinel2 Bands Central Wavelength Bandwith Spatial
OKYU (nm) resolution
(m)
Band 1- Coastal aerosol 0.443 20 60
Band 2- Blue 0.490 65 10
Band 3- Green 0.560 35 10
Band 4- Red 0.665 30 10
Band 5 Vegetation Red Edg( 0.705 15 20
Band 6- Vegetation Red Edg( 0.740 15 20
Band 7- Vegetation Red Edg{ 0.783 20 20
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Band & NIR 0.842 115 10
Band 8A- Vegetation Req 0.865 20 20
Edge

Band 9 Water vapour 0.945 20 60
Band 10 SWIR Cirrus 1375 30 60
Band 11- SWIR 1610 90 20
Band 12 SWIR 2190 180 20

2.3. Satellite-derived vegetation indices

SatellitederivedVegetation Indices (VIs) have been widely used for monitoring the extent and
state ofvegetationcoveredsurfacesoectral remote sensingrovides this type of data based

on the ratio of absorbed and reflectesblar radiationin different bandgStacher2019) The

high absorption of healthy vegetation in the red wavelen@the tothe secondaryabsorption

of green colour of chlorophyltA, chlorophyHB, and carotenoidsand high reflectance of
vegetation due to internal leaf structure ithe NearInfrared (NIR) band The higher
photosynthetic activity means higherabsorption and a denser, healthier state. While
unhealthy orless densevegetation reflectsmore visible and lesslIR lights thanhealthy
vegetation(NASA, 2000)n the following subchapters describethe Visused in the Thesis.
Besides the most commonlgedNDVI (Huete, 2012)nd its variations, | tested more complex
VIs like the EVI, which is optimized to minimize VI biases $mhbackground and aerosol
variations. Since the sensing of vegetation liquid water (Gao, 1996) has great importance

nowadays due to climate changbe NDWI was used to investigate this issue.

2.3.1. NDVI

NormalizedDifferenceVegetation IndexNDV) (3) is calculated fronatmospherically

corrected reflectancedetected in the(NIR) and visible red (RED) bands:

0 0wC—— (3)
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where values vary betweeil and +lindicate the photosynthetic activity of the forests. A
healthy forest usually haavalue between @B ¢ 0.9, while 0 stands fovegetatiorlessland

area, andhegative numbersnarkcloudy orwater surfacgRouse etl., 1974).

During the process of leaf lossdiscolouration(Caccamo et gl2011, Spruce et ak011,
Hlasny et a).2014) these values drop significantly. After serious forest danhigestate lasts
for a longer period (weeks, months, years) @3 ¢ 0.7 but there are changes even in the
healthy forest called inteannual variation. During the vegetation periddDVI rises from
about 0.4 to 0.9, reaching the maximum in the middle of sumrRtosyntheticactivity
decreases during the autunandin the winter it reaches theninimum (Figured) (Kern etal.,
2022)

8-day periods
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Figure4. Atypicalphenological curve of a broadleaf forésessile oak with hornbearbpsed

on multiannual mearNDVIvalues.SourceKern etal. (2022)

2.3.2. NDVI change

The NDVI change indéX)is calculatedrom two NDM imageshy subtraction ofagivenyeaNI2 &
value(second yeart NB Y
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NDWI andEVI changes were calculated similarly to this, the range is o +2.
However, these change indices only show the differeincd®rest state between two exact
dates and might nobe enough to detect brestdamagedue to interannual variation of index

values especially for the beginning and end of vegetation period.
2.3.3. ZNDVI

However NDVI shows the state tifie foreston an exact datewhichis not enough to point
out damagedue to variation of NDVITo reduce thenter-annual variation of NDVI value
standardize version(Z NDVI)5) is used instead athe simple version (Peters ai., 2002)

calculatedon pixel leveby this formula:

60w — 5)

whereZNDVIis the standardized ND\NDVI is the acial year (2017, 2018, 2019 or 2020),
0 'O anéaxis the multipleyear average of ND\fberiod between 201% 2020) and0 O 65
the standard deviation of NDVI valug¢srough (also the period between 20172020)
According to my experiencdbe Z NDVI could vary appreciably between the end values, in

Hungarymost oftenbetween-3 and 3
2.3.4. EVI

TheEnhanced/egetation IndeXEVIX6) is considered aenhancedvegetation index with
severalcorrelationfactorsaiming toachieveresults where NDVI is insufficieqlustice etl.,

1998)due to saturatiorof soil(Huete etal.,2006).It has the following formula

060" 6)

z z

where NIR Red, and Blue have atmospherically correctesurface reflectanes, L is the
soilbackground adjustment for differential NIR and red radiant through a canopy, arah@1,
C2 are theaerosolresistance coefficients, whichtilize a blue band to correct aerosol
influences in the red band. The coefficients adopted for MGQDESentineEVI are; L=1, C1
=6, C2 =7.5, and G (gain factor) = 2He valueof healthy vegetation ranges betwed ¢
0.8 depending on the vegetation typ&Viwas made for MODIS originally, but@n be used
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for Sentinel2 and-3 images as well where damaged forest (EVM ¢ 0.6) standgo diverge

FTNRY KSIFfOKe al220®p oaz2fyt NI Si
2.3.5. NDWI

Normalized Difference Water Ind€R) (also called Wetness or Moisture Indéx)sensitive to
changes in vegetation canopy water contevith similar formula(Gao, 1996put at different
wavelengths820for NIR andL600for SWIRIndex database, 2020b)

0 0w O0O—— (7)

NIR (neatinfrared) is band 8 and SWIBhortwave infrared) is bandll in the case of
Sentinef2. High NDWI values correspond to high vegetation water content and cover while
low index values to low vegetatiamater content and cover. During the period of water stress
or after logging NDWI decreases. The range of NDWI is similar to NDVI,-Wefersto the
driest and +1 to the wettest statémportant to mention that NDWI is suitable for conifereus
broadleafseparationand the SWIR band has 20x20 m resolution unlike the other bands used

in the abovementioned indices.
2.4. Image processing

Processing satellite image requires several interdependepiss The workflow starts with the
image acquisition (downloading or accessing), followed by-ppoeessing including
atmospheric, geometric, and radiometric correction, main processing, including filtering,
masking, calculation of VIs, classificationpinfation extraction, etc., and eventually pest
processing, analysis, visualization and data export (Jensen, 2016). The detailed algorithm |

used in GEE is similar to this workflow and described in detail in the methods (Chapter 3.3.).

2.5. Cloud computing

Google Earth Engine is a cleb@sed geospatial, interactive, and fagta processing platform

used for multipurpose scientific data analyses and visualization including forest monitoring,
land cover, and landse changes (Gorelick et al., 2017; Googld920The GEE is available
since 2010 for free and the mujtetabyte catalogue covers 40 years of series of satellite
imagery, having over eight petabytes size (eight million gigabytes). Datasets can be found in

the Earth Engine Data Catalog in either eagsatellite imagery, climate, weather, terrain) or
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vector format (country boundaries, land cover types, water bodies, etc.). Besides datasets,

JavaScript and Python Guides and tutorials are also available with sample codes included.
Ys3a tfdlrtityaa KAGDI G2
The GEE has four main components:

i datasetsof remotesensing imagery,

1 computational powetfor processing geospatial data,

1 Application Programming InterfacéAR) in JavaScript and Python languages for
creating requests to the Earth Engine servers,

1 and code editor or dashboardan online Integrated Development Environment (IDE)

for visualization of spatial analyses.
The application of GHEiased method is described in detail in chapter 3.3.

2.6. Machine Learning

Machine Learning (MLg an application of Artificial Intelligence (Al) (Figbiréhat is based on
the useage of data and algorithms to imitate the way of human learning and improving the
accuracy gradually. ML can be used in GEE (Bar et al., 2020) to expand the podsilfifiies
forest disturbances as well as to classify tree species, which can support the proper

interpretation of forest change maps.

Artificial Intelligence

Machine
Learning
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Figureb. Relationship between Al, ML, Deep Learning, and Convolutional Neural Network

(CNN). Source: Zhang et al. (222

ML is based on training data that is given by the user and the model predictor uses that to
make decisions and predictions. There is a supervised and unsupervised form of ML, in the

first case, the dataset includes inputs and outputs as well, whilearsécond only outputs.

Several ML algorithms such as Random Forest , Minimum Distance Estimation, Support
Vector Machine, fNearest Neighbour Regression, and Gradient Boost Regression Tree can be
utilized to achieve these goals (Zhang et al., 20l%) Random Forest algorithiran be used
for tree species classification, which has supervised, unsupervised and regression type as well,
which are based on decision trees to classify data (Ho, 19B8)supervised version builds
decision trees on the trainsample and creates classes. The classifed maps provide valuable
information about forests species or health differentiating healthy and damaged strands.
Hence, they can be used for predicting future state as well, which could further enhance

monitoring dficiency.

2.7. Forestdamage types

2.7.1. Abiotic forest damage types

Regarding abiotic damage types, | described here the most frequently occurring ones, which

are capable of massive destruction of forests on such a scale which is detectable by RS.

1 Snowbreak: breakage of branches and parts of crown mostly due to the pressure of
wet snow. In the worst case due to the accumulating weight of snow, the whole crown
or the stem could break or bend, this latter result in damage to the roots as well which
isiINSOSNBEAOGTE &.,2018)as 1 S

1 Winter ice and hoarfrost damage: rather rarely happens due to required specific
weather conditions. When after a strong, dry cold period, warmer and wetter air mass
flows to the supercooled surfaces the rain freeze to thees resulting in heavy
pressure on branches which leads to branch and crown breakage. Besides the thick ice,

hoarfrost can precipitate out too which results in less serious damage. However, the
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combination of these can occur at the same time as it toakg@in Northern Hungary,
I NI alyes YR tAfA&d az2dzylilAya Ay wamno®
1 Frost damage: Spring frost causes damage to fresh buds and sprouts making them
wizen and brown. In worse cases, the bark can break open resulting in tree mortality.
1 Windfall and break: stormvind could cause different damage. Windfall occurs in areas
with shallow, wet soil where trees have a horizontal root system, which falls to the
ground with the roots. On contrary, in drier and heavier soil the stem and crown break
is more frequent.
1 Drought: permanent high temperatures and dpgriods induce drought damage both
in young and mature stands. Leaweis andturn yellow and dry. Some species react

with defoliation to heat stress.
2.7.2. Biotic forest damage types

In this section | described three insect species whitdently hagyreat importance in forest

monitoring since there are all able to cause severe haatthes and eventually mortality.

91 European bark beetldfs typographusLinnaeus, 1758is a 4¢ 5 mm long bug feeding
mainly onPicea but sometimes orPints andLarixtoo. It has 2¢ 4 generations per
year resulting in massive, several millions Sfspruce mortality all over Europe.

1 Gypsy moth llymantria disparL) is one of the most serious pests in forests being
polyphagous and feeding on several hundreds of species. During gradation, the leaf
eating moth can cause total defoliation in vast aréasyears. Outbreaks take place in
Hungary periodically, everyd12 years. The last major one occurred in 2qQ@®06.

1 Oak lace bugQorythucha arcuatgSay 183phas 2; 4 generations per year and causes
damage mainly on oak species but can occuAcerand Castaneaas well. Known
impacts of the bug are early leaf abscission and the general weakening of infested
trees. Since 2019 in Hungary, we can talk about gradation since it occurred everywhere

in the country in high numbers.

2.8. Faest monitoring g/stems

This section was made toverview the characteristicsof different forest monitoring

techinques (Lasch etal.,2016) andsystemglistedin 2021 based orthe:
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1 development stage o$atellite-basedforest monitoring: methods, development
directions (machine learning), technigadssibilities obstaclesand solutions

1 technical parameters andpplicabilityof MODIS Landsat 8, Sentin@, and -3
images for forest monitoring purposes

1 different vegetdion indices (NDWIDWI, EVI, etcareused forshort andlong-term

measurements

The European forest monitoring syste(isble 3are listed in chapters 2.8.1 and 2.8.2.

which utiize satellite imagarey and groufhsed datasets.

Table 3European satellitdbased forest monitoring systems.

Material Hungarian| Polish| Czech| Slovak| German| Slovenian| Norwegian | Finnish
MODIS X 4 X 5 X X 3 3
Landsat 8 3 3 X X 8 X 3 X
Sentinei2 X X X X 5 X X d
Sentinei3 X 5 5 5 5 3 3 ]
Planet 3 5 X 3 3 5 3 3

2.8.1. Hungarian forest monitoring systems

In this chapter | wrote about monitoring systems used in Hungary, both the grbaseld and

the RShased ones.

2.8.1.1. ForestProtection Measuring and Observation System

In Hungary the Forest Protection Measuring and Observation System (in Hungarian

INR! JSRSEBX¥Aasd9mMRA ISt ! wSymmsdinGehNdB7ardsodrildated
by the Forestry Research Institutef University of Soprorand Forestry Bpartment of
Hungarian National Land Cenfjie HungariarNFK EIJNFK 2018).The groundbasedForest
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DamageRegistraton®® a 4 SY O0AY | dzy 3l NR Iy h NRehdszar2skort® NR! | }
OENyRor NFDRS in Englists an integrated part of EMMREsince2012 Aggregated drest

damagecan be also viewed on dedicated magNFDR®&om 2013andupdated every year.

The forest protection damage reports dIFDRS contain data alamagedate, type,
frequency, intensitycode, tree species and damaged ageaen for eacliorestcompartment
of Hungary, which is systematically collected and reported at least four times peatytar
end of each quarter, except for quarantine pests that have to be reported at once (Hirka 2018).
The damage data registered in forest protection damage repamgsavailable on theNFDRS
website (Hirka, 2019nd in annual reportgFigure6). In every year around 2800-150000
ha damage takes place according to Koltay (2006¢. forest protection damage reports of
NFDR®as data on damage frequency and intensity given for each fa@sipartmentof

Hungary.

The damage frequency (11) is thember of damaged given trees compared to all trees
in the same species in thmmpartmentexpressed in the percentage-{00%), i.e. if 30 oak

is damaged in theompartmentof 100 trees then the frequency is 30 %.

0Mha O AR 'Qé—é—e’aﬁnzip T (11)

While the damage intensity shows the severity of damage and health deterioration

compared to the healthy state, given in percentagel(@%). Intensity shows if i.e. half of the

canopy is missing due defoliation in thecompartmentthen the intensity is 50%.

Damage area and total forestompartment area are given in hectares. As a novel
parameter,damage ratio (12) was introduced according to the following fornmkenchance

spatial agreement beteen the datasetsmeasured on 8-100% scale:

Owad OIQQA0 Q&—————2Zp T (12)

“i Q@
Trends were calculated from the annual reports and according to Hirkia(@019 2023,
the frequency of droughts showed ancreasing trend in Hungary in the last 50 years. The
yearly values of the forest drought damage showed a significant response for the yearly values
2T (62 RNRdAzZAKG AYRAOSA&:Z yI ®dadd0156).Dbughts alsy’ R C 2
have major indirect effects on forest health by causing damage chains, which could result in

forest insects outbreaks as well.
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Biotic and abiotic forest damage between 1962-2022
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Figure6. Biotic and abiotic forest damage between 1962022 (Hirka, 2@3).

Jectral forest monitoring system

2.8.1.2.

sRoB @&lerg kafeRtebas&ldorest Rnonitoring at the

University of Sopron and successfully testeem in the area ofthe SopronMountains. The
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indices using SPOT B { |

showed remarkable results, thus the usage of themmuld be useful inHungarianforest

monitoring.

Climatechange monitoring

2.8.1.3.

Climate change created a growing interest among scientistsaamed to investigate the

g Ddzft OA&A OHAMYD

1%

z

effects on forestsY 2 @t Oa

Mid-DanubeTisza Plain in Hungaryn connection of this enviornmental issudhe area

suffereda 1.2 ¢ 1.5 cC temperature increase (Lakatos et 2014), andhen vegetation period

phaseqstart and endshifted (1.9 ¢ 4.4 days) (Varga et aR012).The forestcover map was
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taken fromthe Gorine Land Cover database, and MODIS images were collected from summer
periods (81¢ 273 DOY) between 2000 and 2017. Different vegetation indexes, such as NDVI,
EV| and standardized EVI were calculated for the study area. Coniferous, decicuals
mixed forests were examined separately, and results were compared to each other and
represented ona time-series graph. According to the results EVI was proven to be more
sensitive to external impacts, but standardization is needed to examine ditfesebetween
years. By thisnethod, drought periodswere shownin 2003, 2009, and 2012, and a wet year
also in 2010. Validation happened usihg PADdataset ofthe CARPATCLIM database, and
high correlation (R=0.72¢0.86) values were observed with NDVIdagVI. However, 4/5 of
forests are affected by drought, trends were not identified here either, only descending

amountsof biomass.
2.8.1.4. TEMRE

In 2017 Somogyi etl. (20183) createdthe Remote sensingased Forest Health Monitoring

System i Hungarian ¢ + @SNJ S1 St SaSy {1l LdzZs O9ONR!t € L2
TEMRE) to monitor forest heali@tbout environmental changes and climate change. The

system utilizes filtered anfibrest-maskedTerra MODISIDVimagecompositesvith 250x250

m spatial and 16 days temporal resolution. The forest state is described by standardized NDVI

Z, which is based ahe actual,longterm (2000¢ 2020) averageandthe standard deviation

of forest pixel value¢Figure7). These maps are regularly publishechép://www.temre.hu
supported by tree species map layers and site factors (Somogjietn my 6 = aaR2 f yt NJ !
2018)(Figures).
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According to the experienceSEMRE detected theuropean gipsy mottlamage in 2003
2006 in the Northern Medium Mountains anBouthern Hungarydrought in Keszthely
Y2dzy GFAya Ay wHnmuX aftsSSie NIAYy Ay tAftAa FyR
AY N1l Y2dzydlFAya Ay unamt & didchdbhtdrnho@biNg (§ KS R
year of the damage large areas but in the flowing yearsthey started to disappear due to
regeneration and reforestation.

Experience hashown that the system can monitor most of the forest area of Hungary and
detect forest health issues across space and over {fRgure9). Forexample, TEMRE could
detect the effects of the largecalewindfallandsnow breakh y . N{ 1 A y9aHhemTt & CA
aft SSdie NIXAy o3fl1 S0 GKIG f2FRSR GGNBSa 6AGK ¢
Hungary 13 December 2014Figure9b) ¢ %2 fetiial.,021) Other examples of abiotic
damage are fron2017 when spring frost, snqwnd wind damaged some mountainous areas
above about 400 m YR FNRBY HAMH $KSYy F2NBada 2F +£Sail L
suffered larger scal@rought o a 5 NJaD, 20185 Biotic agents can be also observed with
TEMRE such a@suropeangipsy moth (Figure9c) 6 b + R 2aNJ2087) and oak lace bug

outbreaksfrom 2012to 2013 and 2019 onward§&igure9dd) (Kern etal.,2021).
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Figure9. Abiotic and biotic forestiamageobserved in TEMR&indfall and snow break iMay
2017 (a), ice break i#uly2015 (b) gipsymoth inJune2004 €), and oak lace bug iBeptember
2019 (d)

TEMRE mducts were used in a case study whBarka etal. (2019) demonstrateda
multipurpose application of the normalized difference vegetation index (NDVI) derived from
MODIS products for forest monitoring across the Cer@lopean macraoegion (the
Western Cgpathians and Pannonian basimjhereNDVI values could identify the location and
extent of forest damagecaused bysnow break andwvindbreak The article is based on
Hungarian and Slovak RS forest monitoring methods, sekatfe® in detail in chapter 28.2

Enhancement of TEMREsmade in two stepsin which| participated The first onevas
the replacement of MODIS products wilentinet3 and 2 andtook placein 202Q which was
the theoreticalend of life ofthe Terrasatellite, but it stilloperated in 2022vhen constellation
exit maneuver was madélaving similar attributes (300x300spatial and 12 days temporal
resolutionin the case of Sentind) made possible the creation of 12 days NDVI composites
for the vegetation period at higher frequency Sentinel3 was used tccover the entire
country and Sentinewas usedn(i g2 &l dzReé | NBF a4 OMBYINELT AYyN] BF
the original resaltion was reduced to 20x20 and published for the period 2013021.

2.8.1.5. HungarianEarth Observation Information System

The Hungarian Earth Observation Information Systém Hungarian:C| f RYS3FA 3& S¢
Ly F2NX¥t OA IFR)isadeiRystens Which is availablelie beta stagefor the public

in 2022at this website: https://efold.gov.hu/lt is under development by theonsortiumof
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the Hungarian Governmentalgency for IT Development, Lechner Knowledgentre
National Infocommunications Services Compaagd the Ministry of Foreign Trade and
Foreign AffairsA widerange of ESA satelligroductsare available on the geoportal such as
RGB, NDVI, EVI, NDWI, gterived from Sentinel, 2,and3, 5Pfor viewing and downloading.

2.8.2. Forest monitoring systems in Europe

International Ceoperative Programme on Assessment and Monitoring of Air Polluffects
on ForestsICP Forestshttp://icp-forests.net)) is one of the Worl@ largest biomonitoring
networks with the collaboration of 42 countries, whicprovides information on forest
condition, air pollution, climate changend biodiversity(ICP, 2011)The program was
launched in 1985 bthe Convention on Longange Transboundary Air Pollution of the United

Nations Economic Commission for Europe (UNECE).

Thisgroundbased monitoring provides useful dada two levelsLevel | is based on 6000
observation plots on a systematic 16 x 16 km grid of Europe and Level Il with 500 intensive
monitoring plotsrepresentsselected forest ecosystems to clarify cawedtect relationships.

Data from both levels are useful ftire validation of satellitebased forest monitoring systems

ICP Forest plots are included in the Hungarian greheskdforest monitoring systems
(EMMRE, OENyR) and fields measurements are megldarl, but nowadays the lack of
human resources and availabilityr@imote sensinglata drives us to develop this system with
satellite data to make the nationwide monitoring rapidly, automatically and with low cost.

However ompletely satellitebased systems can be found yetifew numbers

2.8.2.1. Slovak forest monitoring system

The forest monitoring system tdie{ t 2 @l 1 bl GA2y I f C2NBad / SyidaNB
RSGSOGA2Y o0& al dStf Al &, 20Bbaihg to visudlize lactual arnd G S Y
historical Landsat and Sentir2lsatellite compositions to monitor forest state and to identify

changes by using ArcGlgtp://www.nlcsk.sk/stales/m_aplikacia_en.htm({Figurel0). It has

four applications: visalization of satellite scenes and forest health state, comparison of
satellite scenes from differengeriods dynamic visualization of actual and historical satellite

scenes,and dynamic visualization of forest health state classifications. The dynamic
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visualization of forest state classifications based on satellite scenes contains maps from 1990
to 2019, where health status can be observed over time with damage classificafiours

within forest boundaries.

Figure 10. Slovak forest monitoring systeshowingdynamicvisualization of forest state

classification based on satellite scerfesthe period 19962017.

The nationwide forest health assessment was made in an automatized way, which is fast,
accurate and based oriree Sentinelk imagesand twophase regression used for detecting
forest damage especially windstorms and biotic agenks.this method, the first phaseof
forest health estimation happesfrom satellite images (mosaiced Landsat and Senfirfedbm
the last 40 years) and in the second phageound defoliation is described based on 112
ground dataplots, where defoliation was the main indicator of tree health. Different spectral
reflectivity in forest stands connected to their foliage and linear regression shastrethg
correlation. Significant forest health changes were fouand described by foliage loss and
health state decremenfThe 1%t phase (correlation of satellite and defoliationtre previous
year) was R=0.4 ¢ 0.7 and betweerthe 1stand 29 phase€.85¢ 0.97. Eventuallythis method
showed 15% of damaged forests and the promising results can be further optimized using
Sentinell images, athe authors suggested.

Barka and Buch&010)also presenteda synergy of satellite data from Terraaridsat,
SPOT. The focus was on the evaluatiothekcological and productive state of forests based

on the identification of damaged areas and biophysical and structural properti&s.
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combinationof SPOT and ASTER (compared to Landsat showed the best results in damage
detection, while Terra MODIS was a#d most successfully in biophysical and structural
properties identifying. The biophysical and structural identification is based on vegetation
indices(NDVI, EVI, LAandphotosynthetic active radiation absorbed by vegetation calculated
from satelliteimage bands. Both methods of subsystems were successfully applied to different
tree species such as Europebeech Fagussylvatica, Norway spruceRice abieg, and
Turkey oakQuercus cerris.L

. dzOKI g Y2NBz 0 wphemalogical®atigl, avhidkmedic&Rendlogical
events by NDVI during the whole yedhe periodbetween 2000 and 2015 was used in the
study, and 803 MODIS tiles were collected for model input. Midellingwas made ora
sigmoidal logisticurve, where v(t) stands for the day of the year, and it is calculated using the
minimum and maximum NDVI&M, Vinay, and spring and autumn amplitude controlsin
After the average and standard deviation of NDMere calculated firstthen the second
derivate was created to model these curves, especially the phenophases onset. By this method
minimum, maximum and extreme points were given and marked on the curve through the
vegetation season. Finally, time series analysis was made by regression, but significant trends
were not observed in any phases, only a very slight shi&1® days). Despite the lack of
trends, the phases were successfully identified proving the effigie@¢he model and it is

used in the forest monitoring system tife Slovak National Forest Centre.
2.8.2.2. Czech forest monitoring systesn

In Czecla, severalforest monitoringapproaches can be found in different institutes. The
CzechlC2NB &G al ylF3SYSyd LyadadgadGdziS oAy /1 SOKY
nadLabemor shortly® | “Q[developed a method using Sentirietiataand NDVI,LAI(Leaf
Area IndexYor forest health evaluaion. The LAl was calculated on 189 I@iBts, which are
based on field LAl measuremermtsd supported byremote sensings wellfor the years 2015

and 2017. Onlyhe bestquality pixels were chosen with decision tree based otine lowest
cloud cover and highest biomass values. Then vegetatidiceswere calculated like NDVI,
Red Edge Inflection Point (REIP), Normalized Difference Infrared IndexDifetgnce Index

(D)), wetness component of Tassel€ahp and LAI. Finally, categories were classified/ (.

significant increase¢ decrease in forest healthAs a result, groundbased LAI correlated
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mostly to NDII, Dland Wetness component of Tasseled Cap with0R7¢0.63 and the
method showed 15% of damaged foreét§ dz| &.2018)ii

This method was developed and extended into a monitosggtemhavingfour main
components: the most important one is PlanetScope satellite image collection (with 3x3 m
spatialand1-daytemporal resolution) used for calculatiMls andthe second one is Sentinel
2 data for tree species classification and ICP Forest mamgtgolots for its validation.
Orthophotos and maps aflearcutsY F RS o6& “ | " [ | foliBh canfp&hentsdf A NR |y
the system used to exclude misclassification of damageelsts due to forest operations.

Based on these componengdus LIDAR anbase mapdatasets,20 different layersare

available on the geoportal fttp:/geoportal.uhul.cz/mapy/MapyDpz.htmi(Figurell).
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Figurell. Forest state nea®lomouc in 2018 fromhie Czecltforest monitoring system

The forest state and development maps are categorized into groups. The forest health
state is described by annual LAl composite maps from 2018leamedcby four classeéstate
increment, steadystate, sight decreasesignificant decline) showing differees between
years. There are dedicated mapsttee European spruce bark beetlép$ typographus L.),
which endangers 80% of Czech fordsgsattacking Norwayspruce(Picea Abigs Scotgine
(Pinus gvestrig, silver fir(Abies albg dougladfir (Pseudotsuga menziesand European larch

(Larix decidupaswell: 1 " [ ONBIF 0SR (62 &SLI NI Infps@6én2 LI2 NI I f
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at.  http://www.kurovcovamapa.cy and bark betle info (available at:

http://www.kurovcoveinfo.cz), where remotely sensed and ground collected datésible.

The Global Change Research Instit@&zechGlobeof the Czech Republic has a service
called Mapserver where hyperspectralDAR, orthophoto, thermahnd dher thematic data
is published (CzechGlobe, 2019)36areasof the countryon certain dates, where ecosystem
types are categorized intthe forest, urban, agreecosystem and water classes. Datasets
bevisualized by selecting them, in the forest ecosysteemu,carotenoids, chlorophyll, water
content and LAl values are published on the webpage:

http://mapserver.czechglobe.cz/en/map.

| £+ & yleoR)iexamined the heat and drought stress in oak and beech forests by
MODISbhasedNDVIfor the yearsbetween2000 and 2010 and explored differences in stress
response connected to climate change. 21 experimental plots were established with data
about the site: altitude, slope, aspect, age, densiyd altitudinal and horizontal distances
from meteorological stabns. 121 MODIS pixels covered the same area. Dry periods were
examined carefully by comparing meteorological (daily temperatures and rainless days) and
satellite data by regression fitting and correlation coefficients showed strong connections.
NDVI curve also declined significantly during the dry periods, thus the method is suitable for

indicating variations in NDVI, but not for verifying climate change, according to the authors.
2.8.2.3. Polishforest monitoring system

ThePolish Forest Research Institétel. y 3 G @ Gdzi . F RF 6Ol & [ Sithadh Ol 6 0
offers a wide range of products divided into ten categories (IBLES, 2019), wbithirs

several map layers. Categories are the followingegional boundaries by IBL, regional
boundaries by Warsawniversity of Life Sciences, ForBioSensing project results with Digital
Terrain Models, monitoring of Polish forests by defoliation and monitoring points on two
levels, monitoring of mountains forests, forest protection prognosis and others. These

datasetsare both from grounebased measurements and satellites.

Hawry®o et al. (2018) in Poland made a study focusimg Scots pine Rinus sylvestr)s
defoliation with the method of machine learning. 50 field plots wehesenbased on Landsat

EVI values, whereefioliation was observed and given in % values. The remote sensing data
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contains Sentine? tiles from 2015 and 2016, and three methods were chosen for creating
regression and classification modelsN&arestNeighbours(kNN),Random Forest (RF)and
Qupport Vector Machine (SVM). These methods were tested with 23 different vegetation
indices, which gave 38 predictor variables after runnivegoest predictor selecting algorithm.
MERIS Terrestrial Chlorophyll Index (MTCI), and Green Normalized Diff&fegetation
Index (GNDVI) proved to be the most important ones (witti@9%) in all three methods. But
moderate accuracy was shown by all stand defoliation regression model3580.57). The
study showed that other indices than NDVI are more robustsarsitive to forest changes.
Bartold (2012) showed the effect of largeale abiotic damagdn a hurricane in a Polish
forest where large areas were severely damaged. The large time scale (11 years) allowed him
to use the Corine Land Cover database faaligtation, which showed where the forest
disappeared. Firstly, MODIS NDVI values were compared before and after the disaster, then
calculated Moisture Stress Index was calculated and finally Tasseled Cup transformation was
applied to gain information in for channels: brightness, greenness, wetnessl vegetation
condition. All three methods were tested for all pixels and after converted the rasters to
vectors to be comparable with control data. The results with very high accuracy (96%) showed

the utility of the methods.
2.8.2.4. Slovenian forest monitoring system

The Slovenian Ministry of Agriculture, Forestry and Hueka Public Graphical Data Viewer
system(http://rkg.gov.si/GERK/WebViewgmwhich contains several map layers connected to
forests (MKGP, 2019), like orthophotos, actual land use of agricultural and forestry maps

(RABA), digital terrain models (DDM), hydrologimaps, pedological maps and so on.

The forestdata viewerof the Slovenian Forest Service (ZGS, 2019) offers eight large
map categories with mapsf forest regions, units, characteristics, ecological functions, social
functions, production functions, areadfectedby damage and cartographic bas®amageas

displayed by time and cause.
2.8.2.5. Finnish forest monitoring system

Saarinen et al (2018) examineaet opportunitiesin Finlandby creating a dataset of 30 076

images in 185x185 km tiles and 30x30 m resolution from 45 years and all Landsat satellites (1

40


http://rkg.gov.si/GERK/WebViewer

7) were used in this research. Filtering was applied to have pictures that are suitable for forest
Y2YAU2NAYy3IDd LY (GKS GSYLERNIXf ao0lFrftS>s Ad YSIya
in the northern hemisphere summer) and in the spatial scaleuelxed) cloudy pixels. The
dataset acquired by this method contains gaps but Saarinen.elsd pointed out that

Landsat and Sentin® satellite image combinations are possible since robust compositing
algorithms exist, and there is spatial and specthplementarity between these satellites.

With all theseremote sensinglata field monitoring plots can be complemented with new

information for forest monitoring.
2.8.2.6. German forest monitoring system

The German Forest Condition Monitor(in German: Waldzustandsmitor,
https://waldzustandsmonitor.de/en/forestondition-monitor/) was made to visualize the
condition of forests in Germany and Europe. MODIS 8 days NDVI composites are used to
determine the greenness of the vegetation and compared to {@mmm observaions
(Waldzustandsmonitor, 2019). The greenness is described by relative and absolute values as
well. The quantiles represent the positive and negative extreme values, which can indicate
favourable or unfavourable (forest damage) environmental conditiartsle they represent

the absolute deviation of the greenness from the ldegn mean value in percent. These
maps are available for the whole of Europe in the selected years of 2003, 2015, and 2018,

when extreme drought damage happened (Buraale2020,2021).
2.8.2.7. Norwegian forest monitoring system

The Kilden system of the Norwegian Institute of Bioeconomy Research consists of online maps
formult-LddzN1J2 8 Sa s> 2y S 2F (G KSY A & htipk/Rildeh.aididha)ii  LI2 NI |
where dedicated maps cabe made for bark beetl@he Kilden system of the Norwegian

Institute of Bioeconomy Research consists of online maps for qmuigoses, one of them is

0KS FT2NBad LR2NIFE o0a{{123LRNIIFfSy¢0s aeksSNB

0«
(@p))

in SouthernNorway. Two thematic layers show the probability of damage in percentage for
each 10x10 m Sentinél pixel and the 1x1 km squares with aggregated damage. Both are
coloured according to the severity on a scale from white to dark red, where dark red stands
for the highest probability of damage. These probabilities are calculated in a program written
in Python language using the Extreme Gradient Boost machine learning method to classify
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each pixel into the clearcut, healthy forest, and damaged forest categjbased on ground
based and aerial datasets. The maps are automatically updated whenever new satellite images

are available (Figure2L
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Figure 2. Kilden system shows damaged forest stands based on Seatinedges around

Hvittingfoss, Southeriorway in August 2021.

2.8.3. Forest monitoring systemsvorldwide

The Global Forest WatclBFW https://www.globalforestwatch.org, 2019)of the USAis an
online platform providing the largest datasetthe world for monitoring forestsn reaktime
giving information about where and how forests are changing aroundibdd. Theglobal

and local datasets are shown on mapsalysesand dashboards iseveral classes like forest
change (gain, loss cover, deforestatiamd fire alerts), land cover change (tree cover, land
cover, plantations)land-use changes (logging, mining, mills, gas concessions, dams, roads,
population density), climate change (&$nissions, biomass density, soil C density, C storage),
biodiversity (hotspots, extinction sites, conservation landscapmsd areas). On the
interactive mapscountries or counties can be selected for detailed analysis with graphs and

they can be downladed inExcelkables.
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The ForWarnll wasmade byUnited States Department of Agricultur€$DA Forest
Service(2020) and used as aregetation change recognition and tracking systarnich
provides near realime change maps for the United StateE Americaupdated every eight
daysmade of MODISIDVIdata. Biotic, abioticdamage antropogentetic ananeteorological
disturbances are visible on these maps and with titaeking systemthe recoveryplusthe
cumulative effects of multiple disturbances over tiare also detectabld=rom 2000 till today
46 NDVI maps are published every year usimeg24-day window rule Forest health decline
was monitored systematically in the last few years by Nor&a@hristie(2020) and evidence
of forest stress was proved as well. The monitoring will continudénniew versiorof the
system the ForWarn lll based on SentiAgkince2022.

Other monitoring systems aneot opento the public in 2021 such as the oneAuwistralia
called the Continental Forest Monitoring Framewof(kVood et al., 2006) in Canada the
National Deforestation Monitoring System (CNDMS, 20483 in Russia theKkEDRWWF
2017) The KEDRutilizes GEEalgorithms to automatically companeulti-temporal satellite
imagesn a pixelby-pixel way and tie imaginary database is exlad with statistical values,
thusthe system can deteateviations from the median values feachpixel. This information

issentin reaktime to rangersto identify and respond to violations of forestry legislatio

In Africa and SoutAmerica,the GEEvasalsoutilized forforest monitoring, for example
in Ghana(Osei etal., 2019) Mozambique,Peru,and Bolivia(Hamunyela etl., 2020). The

Global Forest Watch also utilizes GEE, which is available for alldkiementionedcountries.
2.9. Forest damage types

Forest damage can be divided into three groups according to its origin. Abiotic damage is
caused by notiving, natural factors such as wind, snow or fire. They are often triggered by
certain meteorological and climatological events, like forest fire cbeld¢aused by drought
(Tobak et al., 2017) or flood is by extra amount or intensity of precipitation. While biotic
damage is caused by living creatures such as insects, fungi, viruses, or bacteria. Under
unfavourable abiotic conditions trees are more vulage to biotic agents as well, thus these
damage types are connected in certain cases (Teshome et al, 2020). Eventually there are
anthropogenic damage as well caused by humans, which can be done by inexpert forestry

operations, infrastructure constructioor illegal logging.
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3. Material and methods

This section contains the description of study sites, the general application of Séhtinel
images for Hungary, and the specific method developed in this Thesis based on GEE.-The time
series analysis also contaimsethods for evaluating maps, graphs, and tables. Machine
learning is also briefly described in this section which is applied for tree species classification
and the validation sets are also presented. These grenased datasets contain abiotic and
bioticdamage types, and a damage threshold was created to identify them. Eventually, in the

confusion matrix, the RS and grouhdsed datasets were compared.
3.1. Study sites

In this thesis forest health was studied with remote sensing methods in thetsted study
FNBFay bl 38 SNR! -SNR!5 26FNF O W NEigiapBRaabled)y ( NI
These areas differ in size (108865and49152ha), terrain (plain and mountainous), location

(eastern, western, and northern parts of Hungagnd typical forest communities (oak with

Lily of the valleyConvallarieQuercetum robor)s oakhornbeam Querco roboriCarpinetun,
submontane beechMelittio-Fagetun) as well.The study areas were selected to represent

typical forest ecosystems of Humgaand also due toaccessibility anddata availability

(forestry database, site descriptions, field repor§)K S bl 38 SNR! Aa Sl aaiaf e
city of Debrecen, relatively small, flat and dominated by oak, which made it ideal for
monitoring. Whié the FarkaS NR! 2y GKS 2G0KSNJ aARS 2F GKS O
forest communities, the locatiomlso playsrole since the headquarters of the Hungarian
C2NBaid wSaSINOK LyadAiddziS FNBE Ay {t NIt NE Of 2
largest contagious forest in the country and several forest studies took place there in the past,

also serious farst damage happened the past few years which made it an interesting place

to be monitored.
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Figurel3. Study areas of the thesis: Fark@NR! ¢ & & NDoEy 2. NMi{Kl0 F YR bl 3@

Debrecen (east).

Table4: Characteristics of study sites.
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oak

Name bl 38 SNR! FarkasS NR ! YI T LR2YNUGR
Area(ha) 1092 5665 49152
Forestmicroregion| b I A& | f F1 f|Nyugats dzy't yig; al-I QIASLIKS A& 3
Forestmesoregion| | I 2R@Mest)a |YSYSy SaKkt & . N1
b & N NeEas)3
Forest microregion | 2 R@GMed)a |YSYSY Sa Kt G/YI T LE2MT R
b e N N&Eas)3
ForestryAuthority | b @NNI C 2 NJ SzombathelyForestry [; &1 I 1 S|93SNBN
PLC PLC ForestryPLC | Forestry
(Easy) PLC(West)
Forest Debrecen {t NIt NJ IAf € I, FN Eger,
management unit 5SfgNl|CSfa! i
YStSGo|{T At &t
Protected Yes Yes Yes
Climate Sessilenak¢ Hornbeam sessile oak Beech andiornbeam
Turkey oak type type sessile oak type
Topography Plain Mostly dain, partly Mountainous
hilly
Forest Oak with Lily of the | Oakhornbeam Submontane beech
communities valley Turkey oak Sessile | Oakhornbeam

Turkey oak Sessile oak
Limeash
Ravine forests

Rocky forests

Since the study areas differ not just in the geographical conditions but in the tree species
composition as well, a query was mafilem Hungarian National Forestry Databdseleterminethe
five dominant ones in each forest giving information about treecégs name, code, area and the

number ofcompartmens (Tableb).

Table5: Dominant tree species of th&tudy sitesexpressed in area and percentages
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bl 3&SNR FarkasS NR ! /| Sy G NI €
Tree species| Code area area area area area area
(ha) (%) (ha) (%) (ha) (%)
Black locust A 66.85 6.12 505.68 8.93
European B 16634.75 | 33.84
beech
Hornbeam GY 2295.32 4.67
Norway LF 1112.03 2.26
spruce
Pedunculate KST 653.81 59.87 1531.71 | 27.04
oak
Red oak VT 150.33 13.77
Scots pine EF 66.49 6.09 734.48 | 12.97
Sessile oak KTT 705.97 | 12.46 | 20201.75 | 41.10
Turkey oak CS 989.01 | 17.46 | 3475.67 7.7
Other 154.52 14.15 1197.77 | 21.14 | 8835.22 11.05
Total 1092 100 5664.62 | 100 49152.11 100

Dominant tree species were filtered from the Hungarian Forest Database based on the
AYRSE owesStiT!1&ailtYQ Ay 1dzy3IFENAFYS W{¥% &K2NIeé
Hungarian, ELM shorty) attributes referring to forest stand levels where tleetsel number
M adlyRa FT2NJ aFANRG 2N 2yfe FT2NBE&OASBdlI VYRR &Y
ALISOAS&ae oC! Cbo OO2NRAY3 (2 GKS fArad 27 F2
15R2S83e1 S1S8SQ0d C2NJ (i KS1 shfiwhré \Babldisgdhad thé fv8 mast2 LI2 - a
frequent species were selected (Taldde In this example Scotgsine (EF code) was filtered

from the databasavith the following code lindCode 1)
[efafs.JSZ] = "1" & [efafs.ELM] = "1" & [efafs.FAFN] = "EF"

Codel. Tree species selection from the Forestry Database by index, mixture and name.

where efafs is the Forestry Database with species code, JSZ is index and ELM is mixture and

FAFN is the tree species name.
3.1.1. b 3 & S NJRdrece? T

Theb | 3& SNFDINF YR C2NBadé¢v Aa aAiddz GdSbebrédcghda A RS
northwards from thecentre, ona 1092 halarge aregd HNP, 2020)Geographically liesat the
meeting of tree microregions| I 2 Ry K% § € R gl b I & N NBnSh2 doess and
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sandy soilsthere werefavourablewater supplyconditionsand large coherent forests, which
only remaired nowadaysn smaller patcheafter the second world warjver regulationsand
forest cutting Typical forest communiés werewillow ({ I £ A OS { dz), willowoplay R NI S
gallery forest (Salicetum albadragilis), oakashelm gallery forest(Fraxino pannonicae
Ulmetum), oak-hornbeam (Querco roborCarpinetun), open oak forest on san@restuco
rupicolaeQuercetum robor)s and oak withLily of the valleyConvallarieQuercetum roboris
(Gencsi, 2021)
Pedunculateoak withLily of the valleyConvallaria majaligs the most important and
typical community, invhich the indicator speciesnarks habitats withpartial shadewarm
summersandmoderately alkalinailty or sandysoilswith a plentiful amountof humus While
gallery forestgdlisappearedafter the water regulations andater leveldecreased %21 f R Y| NE
2019)
¢KS bl3&8SNR! KIFI& 0SSy dzaSR FT2NJ 1 nfth 8 S| N&
century demanded renewal of forest management. In 1939 a 31 ha large part of the forest
was nominated for nature protection area which weagpandedn the next decades, resitig
in that 1992 the whole forests under protection with 1092 hainder the supervisionof
| 2NI 20t 38 ik INJ BRI T at bNJE&SNR! ¢¢ OHNPKEC EK PH O
The local forestmanagement dzi K2 NA & Aa (KS 5So0NBUESY C2N
which handlesa 9457 ha area, from which 7498 ha is inside thenicpalityborders.The
regulatory authorityof the b I 38 SINIR! 1 KS D2 @S NJY Y SyBihar @ctriyA OS T ;
Forestry Directorate based in Debrecerfo @ N NJR0ORB)! The currently existing forest
management plan from 2017 consistsforest compartmens of Debrecen from 343, with
protection asa primary function, and park-like forest asa secondaryfunction under the
protection ofthe Natura2000 area dEUwith cutting and transitoryfree utilization modes
The forest treecompositionincludes several specidsut the most important, largest
(20-30 m high) andeldest (100300 yearspedunculate oaks Quercugobur) can be found in
the old forest(Figurel4). Domestic compound species asiéver poplar(Populus alba)wild
cherry (Prunus aviurj) Tatar maplg(Acer tataricum)field maple(Acer campestrefjeld elm
(Ulmus minor)wych elm(Ulmus glabra)European crab appléMalus sylvestris)zuropean
wild pear (Pyrus pyraster))argeleaved lime (Tilia platyphyllos)and silver lime (Tilia
tormentosa) Theforeign species arblack locust(Robinia pseudoacaciagcots pingPinus

sylvestris) and northern red oak(Quercus rubra)Under the treesspecial flowers can be
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found such ashe Lily of the valleyTurk's cap lil§Lilium martagon)a lesser butterflyorchid
(Platanthera bifolia)white helleborine(Cephalanthera damasoniupsteppe iris(Iris aphylla

subsp. hungarica).

o
y

ANENE

oL i o

/I
/L
e 1’”;

\
Dominant species
. Black locust
N . Scots pine
’ _ | Other
VA s d y 2 Y | Il Pedunculate oak
0 500 1000 m| - Loy 0 [ 4 ¥ o] '
B [ e T ~ /Il Red oak

Figurel4. 52 YAY l yi GNBS a4LISOASaAa 2F bl 3&8SNR! o

3.1.2. FarkasSNR! 2 F {t NIt NJ

A A, &2 A

TheFarkasS NI WG 2 2f T liea 8Ba88y (KS asSdatSySyoua 2% {t
large areain Western Hungarybeingthe largest forest in Vas countyhe 5500 ha large
O2y GA3d2dza LI NI 27F (KS ¥ aneBiel oadbednhdtnbeari { + NIJ!
forest belongs tothe { + N3t NJ C2 NBa i NE | yA (PLCIFzompdthalyy o | G K S
INRSAlI SO HAnuno

The most typical forest communities apak-dominatedones:Quercetum petreaeerris
and Querco roborCarpinetum while the most importanttree speciesare pedunculateoak,

and sessileoak, Tukey oak, Europearbeech, Europeamornbeam,black locustand Scots
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pine (Figurelb). The forest was famous for the 300 ysatd large, pedunculate oaks called
KF3GNBSa o0Wwol yand thered ddendeniusigjaghbsidbny.y 0

B Pedunculate oak
M Scots pine
’ B Turkey oak
0 1 2km| “| [ Sessile oak
e [Nk B Black locust

Figure15. Dominant tree species of Fark&NXR !
3.1.3. Central. N

¢KS . N1 1 asefdagdniNaryiein Hungary on a 100.000 ha area which is the irge
contiguougforest body in Hungary arid entirelyLIN2 § SOG SR o6& . N11 bl A2y
TheCS y i NJ &tudiedNij this Thesisovers around half ofhis area (5000 ha) ands
YFEYyF3aSR o0& (g2 T2 NB PUICKE thedn@stdide)yyArS & >a FIGIGINERNLR !
the east).Both havethree-i KNBES F2NBAGNE dzyAG&a adzOK | & 93
belongngi 2 9 3ISNBNR! X YR [AffFFNNBRY 5SftoN]l1ZX YS
Due to the various types of elevatigg00-900 m) slope and aspect conditions almost
every type of Hungarian forestommunityOlF' y ©6S F2dzy R K S Ndsd tie9 3 S NB N
dominant tree speciesaare Europeanbeech (which the mountain was named after in
Hungarian) and Pemhculagol { O2 dSNAY 3 Hko 2F GKS (FiQueSaidSR
16).

50



The zonaldistribution of forest communitiesis visible in form of beltsn 6§ KS . N1 |
Mountains(+ 2 2 (i { 3. At the hefght o250¢ 400 m Turkey oak Sessile oakQuercetum
petraeaecerrig forest can be found which has the largest extentaa® 2 Y Y dzy A ié Ay
Mountains.The main species are mixed with several spddieschequergSorbus torminalis
andfield maple(Acer campestrewild pear(Pyrus pyrastgrand wild applgMalus sylvestris
This belt is followed by the hornbeaoak standsCarici pilosa€Carpinetum between 40Q
600 m. Even highesubmontanebeech forests Nlelittio-Fagetun) can be found mixed with
sessile oak (Quercus petraga hornbeam (Carpinus betulys sycamore maple (Acer
pseudoplatanus Norway maple(Acer platanoide$, silver birch (Betula pendula and
European asl(Fraxinus excelsipr

On specialterrain conditions we canfind different communitieslike in steep ravines
ravine forests RhyllitidiAceretun), on the mountain tops limash (Tilio-Fraxinetum
excelsioriy or rockybeechforests(Seslerio hungaricaBagetun) with ice-age relictsBedrock
also affects the distribution of forestsreatingbroomsoak (Genisto pilosa®Quercetunm or
acidofrequentoak stands(LuzuleQuercetuny.

Water availability has alsoof great importance, thisare xerophile (drought tolerant)
communitiesdominated by downy oakQuercus pubescens stands with mahaleb cherry
(CeraseQuercetum pubescenjisanother type of oaks(CorneQuercetun), or falsebrom
(Cirsio pannonieQuercetumn). With more water supplywillows (Salicetum albadragilis) and
alders(AegopodieAlnetum) grow mixed withEuropean ashRraxinus excelsipor European

white elm(Ulmus laevip
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B Hornbeam
B Sessile oak
B Turkey oak
M Beech

[l Norway spruce

Figurel6® 52 YAY Il yi GNBS aLISOASa 2F /SyaNrf . Nyl
3.2. Sentinel2 satellite imagey

The number of @ailable Sentinel2 images forHungary isa crucial part of the monitoring

system. According to the map oBarton etal. (2017b) about the number ofloudfree

Sentinel2 imagesit seemscleaz G KI G0 06230 K . N1 1 -S&NRdzy RIafey{d NI R
covered with a few (@6) cloudf NES A Yl 3Sa 0S0i6SSy wnmp YR H7J
is better with 2228 imagesThis has great importance $etting the thresholds for cloud cover

masking andhe creation oftime series| used £ L2A imagery (with botBentinef2 ! Sa

satellites) which iswailable for Hungary since 20itv GEEwhere tile 33 TXN covers Farkas

SNR!®&9®@nR2Sa bl 3I&8SNR! I yRFigure?), 5! R2Sa / SydaNI
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Figurel?. Sentinef2 tiling grid in Hungary

3.3.

Google Earth Engine

3.3.1. Generaldescription

The reason behind choosing GEE for this Thesis waglitieand flexible processing capability

which is ideal for research purposes. Huggsetis the online storing, computing and

visualizing capacity of the system which helped to awoliaick of storage capacity on hard

disksandbuying expensivhardwareandsoftwareto perform gespatialanalysisGoogle also

provides wide range of online datasetsdatutorial material which helped a lot in the coding

and fastened the whole monitoring proce€3n the other hand,everal questions emergead

connection withGEE which had to be testedpracticesuch as

T
T
T
T

platform: if it is suitablefor runninga wall-to-wall forest monitoringsystem,
computing capacity limitsachievingmonitoring goals withouexceedng limitations,
data policy: uploading and downloadingn-publicdata,

data security: public version without sharing the code.
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3.3.2. Algorithm

As anovel approachto Hungarian forest mownoring, | created aGEEbasedmethod in the
code editor (lashtpard) to make mapsand charts This algorithm is written in JavaScript
language and consists data query, filtering, masking, reduction, visualization and export as

well. The steps of processing can be seahénflowchart Eigure B).

Sentinel-2 collection
query (2017-2020)

Spatial
filtering (forest
masking)

Temporal
fittering
(vegetation
season)

Cloud
masking
(bitmask +
loud prob.

Calculation of spectal
indices:
NDWVI, NDWI, EVI

!

Image reduction
(mean, median, std)

!

Calcuation of change
indices:
MDVI ch, Z NDVI

!

Visualization

!

Exporting composites
and charts

|

Validation of Z NDVI
maps with field reporis

Figure B. GEE system flow chart felungarian forest monitoring.
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The flowchart contains these elements of the monitoring:

1 Data collection query: Sentin@ surface reflectanceollection (10x10 myn which
filtering and maskingvere applied
o bound filtering: seRegion of Interest (ROy shapefiles
o time filtering: set start and end dat®4.01-10.30.)
o cloudfiltering: bitmask withband QAG60 (cloud mask, 60x60m)
o forest masking: byHungarian forest boundaries alt5A forestovermask
(10x10 m)by shp
1 Reducingcollectionn minimum, mean, median, marmum, and standard deviation
(std)with image reducers
1 Galculatingvegetationindices NDVINDVI chZ NDVINDWI, EVI
0 Reducingvegetationindices NDVimean, NDVinedian, NDVstd.
o Gomparing years:
A by subractiomy ch NDVI
A by standardization Z NDVI
1 Visualization parameters: palettes, borders, baicslour, width, centre, etc.)
1 Display
o Displayin GEE platform: RGB and VI maps and charts
o Public displayoy App Engine
1 Image export
0 maps to Google Drive in TIFF format

o chartsin CS\andPNG for further analysis
3.3.3. Spatial fltering

Proper filteringof the Sentinel2 L2 SRiataset (Googlg2020a)by boundary isieeded at the
initial stage to set Region of Interest (R&Ming to work with datdhat is interesting for us.
For this we can use builin datasets like international boundary polygons
(USDOS/LSIB_SIMPLE/2017 collectiog)obal administrative unit layers (Googk®2M). In
the case ofthe Hungarian statdorder, OpenStreetMaps were used (OSM, 2023patial

filtering also means forest masking in this case, deedri the next chapter.
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3.3.4. Forest masking

Forest masking is a crucial part of the monitoring system. Both vector and -tzested
solutions can beitilized depending on the goal. The belomentioned datasets are not yet
available directly in GEE, but by downloading from the website and uploading to the GEE it is

possible to utilize them even in combined form.

One solution is the usage of vector paing. To get the most accurate forested area the
forest compartmentpolygons created by Forestry Companies were filtered by type not to
contain the ones which do not cover actual forests like raads,topeninggNY), clearings
(TI) buildingso ; t feeding ground(VF) water bodies(VI) barren earth(TN) shrubs(CE)
other forestry establishmentgEY) Thesecompartmens belong to areas serving forestry
activities and areas that belong to forestry establishments but are not covered by forest. In
the Hurgarian Forestry Management Guide (NFK, 2004) these codes refer to the filtered areas:

"¢X b,¥ ¢LI ;t3X +CS *LS ¢bs /93 YR 9,

Rasterbased forest masks could be also used such asrbggiution forest layers of
Copernicus (2021), which consist of threpdyg of status products and two types of change
products atl0x10and20x20 m resolution. These are available for 2012, 2015, and 2018 and
2012-2015, 20152018 respectively. There are Tree cover density (I3l of tree cover
density, 0100%), Dominanieaf type (DLT(broadleaved or coniferous majority), afdrest
type product (FTY), which is a combinationih&f dominant leaf type, the size of at least 0.5
ha, 10% tree cover density, plus trees under agricultural use from Corine Land Cover (CLC).
Besdes the status maps change layers are also available such as Tree Cover Change Mask
(TCCM) and Dominant Leaf Type Change (DLTC).

| have used both methods for different reasons. The polygons are more accurate and more
frequently updated but also have bigggres, which could cause problems after a certain limit
in GEE, yet suitable for sample areas. While rasters are smaller and could be loaded faster,
thus they might be more suitable for countrgr continentwide monitoring, on the other
hand for certainfunctions they must be converted to vectoisried different methods, see

the method of country wide maps in chapter 3.9.
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3.3.5. Temporalfiltering

In the case ofime seriesthe size of data is alwagensideredor filtering. Setting the proper
start and end datef the image collection is advised to process only useful data. In the case
of forest monitoring the vegetation period (or growing season) is the windown spring to

late autumnto exclude the months whemphotosynthesiss low ordoes notoccurat all

The growing season length (GSL) vadependingon geographical location anah
Hungaryis supposed to be between midpril andthe end of September as we applied in
TEMRE. However sevesalidies were made to prove that GSL could be longecording to
Garonna etal. (2015) theGSL increased significantly bycdd®4 days/decadever 18¢ 30% of
the area of Europe, depending on methodology, but observed both by satellitegyenohd
based observations. | observed on my GEE graphs made of ND¥¢Etie® of study areas (in
chapter 3.5)that GS ends around mi@ctober instead of the previously used end of

September, thus at least two weeks longer.

Thestart ofthe growing season (SOS) is also shifted ednyaveeks asHamunyela eal.
(2013) stated in their research amige satellite SOS estimates derived from NDVI time series
of MODIS data and ground observations showed the same re3hkschange of SOS is not
visible on my graphs thugkpanded the time window frort5.4¢ 1.10as it was in TEMRE to
01.04 ¢ 31.10 to have moreloudfree data.

3.3.6. Cloud masking

A perfectSentinel2 cloud masking solution does nexistyet, butthe QA60 band is suitable
for filtering suggested by Google (2090developersBits 10 and 1bf QA60refer to clouds

and cirrus, where flags should be set to zero indicating ateaditions.Prefiltering is also
advised by Google settinrgLOUDY_PIXEL_PERCENp&@E&rty with ee.Filter.le function.
Thepercentagevas settolessorequadp 2 Ay SOSNE OF asS SEOSLI
it had to be increased to 20% to haseailableimages,otherwise,a data gap occurredThe
combination ofa bitmaskand acloudy pixepercentageproved to be a suitable method even

in thisabovementionedcase.
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Another solution is setting cloud probabilitywith which clouds can bemostly
removed(Google 202€). An advanced solution, th&mask(Function of masKor cloud
filtering) 4.0 has been implemented for Senti¥#{Qu et al.,2020)andin GEEoo, however
it was not created originally for thsatellite, andthere isaneed to make it available for this

type of dataset as well.
3.3.7. Qollection reducing

Reduction othe collected dataset (i.einage collectiohis necessary due to the computing
limitations of GEE. This methaosl called ee.reducer(creates a single image from several
images based ominimum, maximum, minMaxmean, medianor standard deviationFor

forest monitoring all of them are useful whilecakulation of spectral indicedakes place
especially indices where current valuae compared to aggregatetbngterm values.This
image reduction has high importance and often solves capacity problems, which are listed in

chapter 5.8. about GEE limitation.
3.3.8. Calculating vegetationndices

Using the reduced images one could calculd® e NDVI,NDVI changeZ NDVIEV] and
NDWI in my cas&some are available as separate bands or with a shortcut function like NDVI
with ee.imagenormalized differengg (Code 2) other indices(Z NDVI, EMlaveto be created
with combinations of mathematical opermats (like add(),subtract() or divide() or with
ee.image.expressignwhere the formula is describeith a variable Image.expressidhwas

used for more complicated formulas such as EVI (Gude
.normalizedDifference(['B8', 'B41)

Code 2. Computation formula of NDVI witbrmalizedDifference()function.

var evi = image.expression(
'2.5 * (NIR RED) / (NIR + 6 * RED5 *BLUE + 1)), {
'NIR'": image.select('B8’),
'RED': image.select('B4’),
'‘BLUE'": image.select('B);
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Code3. Computation formula of EVI winimage.expressiofunction.

3.3.9. Visualization parameters

Proper visualization of maps helps the developer and the users to easily evilemmontent

of them. For the Vilastermaps it is typical to useolourpalette. In the case of my maiom

red to greenpalette was used whereed marks the lowesNDVIvalues, orange the logr,
yellowis the middle ones, while light greestandsfor higher and dark green for the highest
values.These can be set in a variable for maps aeférencedby name: palette: [red’,
g2 NJ y 3 S U3 NBSSTs2 @aralittliinagd haiiS cArth@ delected to be visualized
sucha true colour(red, green, blue ¢ RGB image too like B4, Band B2 in the case of
Sentinel2 referring toreal red, green and blueolours(Figure20). The vector maps also can

be coloured likethe border of ROI by attributes of line width, figjcolour, andtransparency

Google EarthEngine @ searen piaces and data @ M (A cetommskenobi @)

09 v | Lénérddaroc Térép  Mahoid

HI
o
BuKkmogyorésd

TEriuvAR
Miskolc

Figurel9. TruecolourY' I L) 2F / SYGNI £ . N11 AY HAHMOD

Setting thecentreof the map is important as well to show and zoom to the ROI, otheywise
by default it will be the USA. This setting can be dome two ways: by setting
longitude,latitude, and zoom level iMap.setCenter(junction or by zooming tthe centreof
a given polygon: Map.centerObject()l used the latter solution with the forest masks and

country borders.
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3.3.10.Display

Maps can be displayed in the APl below the code editor which malessy to check the
results for the developers: thRGBthe VI mapsand chartsare available imeaktime with the
commandMap.addLayer()While the public version of these maps could meet security issues
sinceby GoogleApp EnginéGoogle, 2021t is eay to share and publish a map, on the other
hand, it is not possiblgéo do sowithout sharing the code, which is not desirable from the
developers and data ownerssde Another disadvantage of App Engine is heingfree after

the trial.

3.3.11.Image export

Tothe previously mentioned problepone solution is exporting the data from GEE. fidster
mapscan be transferredo Google Driver cloud storagen TIFF formatthe chartsin CSV,
SVGand PNG the polygonsin KML andsShbut tables and videos as wédr further analysis

in any GIS prograrnihe coordinateeference system is WGS84 (EPSG:4326) at default but the
Hungarian EOV projection (EPSG: 23700) was used ith#ss.Limitations also occur here
since the large file cannot be exportedFor exporting files Export.image.toDrive(pr

Export.imageo cloud storagé commands can be used.

3.4. Time-series analysis of sample areas

The detailed timeseries analysis of three Sentirfekatellite imagecovered study areas gave
information about the health state of forests in the years between 2017 and ZO2ENDVI
values were smoothed with 10 days time windoevith. flatten() function, which converts
feature collections into a feature collection based on date. B CLOUD PROBABILITY

collection was merged with the S2_SR collection in this section.

The serie®f andysesaimed to point out forest disturbances (damage, deforestatiand
reforestation as well. Each dominant tree species (n total) got a dedicated chart, where

NDVI data was visualized, with which | managed to discover changes in forest state.

3.5.  Machine learning
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Machine learning is suitable for tree species classification providing maps which show the
spatial distribution of species with high resolution. The Random Forest classifier was tested

on a median Sentinél compo#e of the vegetation season of 2021 to distinguish the main
ALISOASE 2F bl 38 SNR! biadiOdst, ISéots pirfe,Radeyd@akfplusi S 2 | |

clearcuts.

Theee.Classifier.smileRandomForesiction used every-8 band in the classification and
combhed it into a single median raster as an input. The sampling approach was based on the
manually selected training points on the WorldView RGB image provided by Google and these
points were used as training input for tree species classification. Five €lasse defined by
the 123 points (with geometry imports function) which were based on the tree species dataset
of the Hungarian Forestry Database, and tla@@m Forestlassification was completed with
the training samples (15 black locust, 22 red oak,S2dts pine, 40 pedunculate oak, 19
clearcut) and 100 decision trees. The different tree species layers were also merged into one.

The classified map was exported with tineage.toDrivefunction to Google Drive and PC.
3.6. Establishinghe new monitoring systen

The abovanentioned studies pointed out that the 10x10 m resolution is suitable as afbase

a new monitoring system since both biotic and abiataamagewas shown on the satellite

images Howeverthe method hasa rather large needor computing capaty which could

result in exceeding available memory when thgea of Interestis too vast, the image

collection is toadense,or the resolution is too fineéTheonline image analysis with algthims

on cloud platformssproblematicA y @ KS  Owhiclbis raughly seNgn times larger than
FarkasSNR! GgKAOK Aa |fta2 asS@oSy GAYSa I NASNI (cFk
YSGK2RA gl &@a & (ahdhBEnSransférkeditiothbristdly SteéR | =

3.7. Analysing maps and charts

NDVI charts werereated for the period 2012020 using different masks based on tree
species classegive classes were made afdataset ofthe Hungarian Forest Database for
b I 3 & &dé¢ddingto the dominant tree speciepedunculateoak, black locust, Scots pine,

northern red oak, and other species In the FarkaS NR! (G KS Y2ad GeLmAOl

61



LISRdzy Odzf F S 211> aSaaArftsS 2112 ¢dzNJ Se 21 1=

Europearbeech, sessile oak, Turkey oak, hornbeam and Norway spruce were present.

The dfferent coniferous and deciduouspecies haveypicallydifferent NDVI vales they
may also differ depending on the site conditioiisus they wereanalysed separatelyjeach
dominant species got a dedicated curve on the graph. The NDVI valuesalseexported
into a table and further filtered in the form of monthly mean composites. These monthly
values were compared to each other witfubtraction showing different types of forest
damage.When forest damage took placaccordingto the groundbased reportsanother
column wasadded to the NDVI values with the specific damage type. These tree species and
damagespecificvalues were calculated for all foyearsand all study areas. laddition, a
mean value was added to describe the impact of each damage typehow severely

impacted the NDVI of the forest.

The NDVI values were tested for normalibytliers, and linear trendsNormality was
tested withthe ShapireWilks test(1965)(8) on 100 randomly selected points from all four Z
NDVI rasters of all study areas. Tinisthod was described in the original paper of the Z NDVI
formula (Peters et al2002). The sample points were created with random points in the layer
bounds and sample raster values functions of QGIS and analysed in Past 4.11 statistics

software (Hammer €al., 2001).
w —— (8

wherea; is coefficient (Shapiro & Wilks, 1965) ik sample.

¢CKS 2dz0f ASNJ 6Sad ¢ a(YbaR)baseadl briithie laDyesbabsoldte) Y S
deviation from the sample mean imits of the sample standard deviation, according to this

formula:
G=Yl EpEbL dz9) k &

where x stands forthe actual NDVI valuand u ands for sample mean and standard
deviation, respectivelyThe Grubbdest wasperformedin Pastsoftware which indicatedif
there were significant outliersfom normal distributionThe outliers were removed from the

samples.
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Linear trend(10)wasestimated by this formula:
y=mx+Db (20)

where X is the independent angis the dependent variable, while marksthe slope of

the lineandeventually b does the-intercept.
3.8. Validation with forest damage reports
3.8.1. National Forest Damage Registration System

The grounébased dataset is from the Hungarian NatioRalestry databaseand the forest
protection damage reports of the National Forest Damage Registration Sysitestich

description can be found in chapter 2.8.1.1.

3.8.2. Damage thresholds

Thresholds were selected to focus on more severe forest damage; thus, thbedamage
frequency, ratio and intensitwere above 30%it was classified as damaged, marked with 0,
otherwise it got 1. The 30% was based on the distribution of registered damage in the reports,
where the majority of damage events could be categorisgd two larger groups: the first

with slight (£30%) and the second with severe damage46@6). Since remote sensing is not

suitable to detect slight damage in every cabe focuswason the more severe ones.

Similarly, when the Z NDVI was belels, it was claimed as damaged, otherwise not.
According to these rules, every pixel was reclassified and was given a value of 0 in the case of
damage and 1 in the case of no damage. The selection eDtb& NDVHamage threshold
was based on empirical tests, the original scalé¢ {gr damage and-2 for serious damage)
used in TEMRE was not suitable for most of the maps made for my (8eswgyi etal.,

2018) The reason behind this was the significantly shaitee series (4 years v&3%ears) for
calculatngmean and stdrom NDVland the differentresolutionsas well (10x10 nas 250x250
m, S2 vs MODIBS
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3.8.3. Accuracy assessment

Accuracy parameters were calculated based on classifiedhdR&1) andeference (groune
based) dataseté a confusion matrixln this matrixeverypixelis classified as true positive
(where the model correctly predicts the positive class), true negative (wheremodel
correctly predicts the negative class), false posifgnodel incorrectly predicts the positive
class) and false negative (model incorrectly predicts the negative clasap#lton 2019
2021).

In the confusion matrix, True Positive (TP) signifies damage by both methods, False
Positive FP) signifiedamageshown bythe RS method but not grounbdased reports, while
True Negative (TN) stands for damaged by grebasked reportout no RS, and False Negative
(FN) is for undamaged by both methods. In the confusion matrix, the true positive pixels show
when the nodel correctly predicted the positive class (TP), while the true negatives show
where the model correctly predicted the negative class (TN). False positive (FP) indicates the
cases when the model incorrectly predicts the positive class. The pixel ise adajstive (FN)
when the model incorrectly predicted the negative class. The elements of the matrix are

calculated as:

P = TP+ FN;

N = FP + TN;
Pc =TP+ FP;
Nc =FN +TN;

= =2 =2 =

SUM =P + N =Pc +Nc
The matrix elements are derived as:

Sensitivity = Probability of true positive P(TP) = TP/P
Specificity = Probability of true negative P(TN) = TN/N
Precision = Positive predictive value P(TP) = TP/Pc

Negative predictive value P(TN) = TN/Nc

= =_ =4 =4 -

TotalAccuracy = Probability of accurate classificat®fcc) = (TP + TN)/SUM.

Producer's Accuracy (PA) (or sensitivity) shows how often features on the gewend

correctly shown on the classified map, while the User's Accuracy (UA) (or reliability) gives

64



information about that, how often a class on the map is present on the grobwentually
Total Accuracy (TA) is the sum of the true positives plus true negatives divided by the total

number of individuals testedlénsen, 1996

The accuracy assessment chapter (4.2.) contains the confusion matrices based on these

calculations, where all study areas and years are described.

3.9. Countrywide maps

Copernicus tree cover density, dominant leaf type, forest type, and expert product maps
are published on the PaBuropean level for 2018, based on Sentidalmagery and RF
classifier. The tree cover density maps provide information on crown coveragexa®mO
resolution pixel level and-000% range (Copernicus, 2022). Filtering was applied on the
rasters to keep pixels with at least 75% of forest cover, which was converted to vectors and

compared to the forest map made by the Hungarian Forest Databasefeaence.

Forest masks had to be simplified due to the limitation of vertexes and distaased
DouglasPeucker simplifying function of QGIS was used for that with 20 m threshold. The
simplified polygons were corrected by fix geometries function, &ftey were dissolved into
a single piece. The unnecessary attributes were deleted, and the shape was converted to WGS

84 which the GEE can handle.

4. Results

In this section, | summarize the results of my PhD based on the analysis of study areas,

accuracy assessment, statistics, tiseries analysigomparisonand expansiomf methods
4.1. Analysis of study areas

According to the forest protection damage repodsthe NFDRS maps were made for each
year and study sites to show groubdsed damage. The results are showncompartment

level in chapters 4.1:3.

State and change index maps were derived freBhcBmposites for each year: 2012020
and each studyraain chapters 4.5-7. The actual condition of forests in the given year was

described by state index maps, while the change index showed the difference between the
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sequential years (2012018, 2018019, 20192020). To show deviation from four years
mean Z NDVI values were calculated utilizing the entire time series, showing greater inter

annual and spatial changes, thus they were analysed in detail.

Analysis of Z NDVI maps showed forest disturbance in sesemgbartmens of every
study area and yeaNegative changes appeared partly due to foreatnage but the most
severe disturbances were clearcuts since tf@lpwed the borders offorest compartmens.
On the otherhand, positive anomalyvas detected as well after thartificial plantingson the

area ofclearcuts, and the regeneratiomas visible in the index values.

Natural differences have been observed between the studied ysa#so meteorological
conditions Severalforest compartmens were damagedby droughtand detected by both
methods resulting in generally lower Z NDVI values all over the farékiwever, these
differences are less evident given yearseven if that yeawas drier tharnthe previous and
the whole forest appeared to be in worse conditiorcaaling to the Z NDVI valu€ghis can

be due tothe longlasting effect of drought which is not always visible right after the damage.
4.1.2. Groundbaseddamage ¥ bl 3& SNR!

According to the forest protection damage reports of the Hungarian National Forest Damage
Registration System in 2017, frost damage occurred in young stands, while in 2018 and 2019,
FYR HAaHn OIAN]F HAMBPE HAHAO GKS gdredain&dgbR! & dzF

Both geographical and temporal overlapping of different damage types is visible in the
br3&@8SNR! Ay GKS OFasS 2F 3IYSE RNRAAKIZI yR ¥
in the Northwest and Northeast quarters, but also in the ottveo quarters in lower numbers
(Figure B). One hundredthirty-one damagedcompartmens were reported from the 394

total compartmens, which means 33% damage.
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from 2017 to 2020. Mostly the northern half of the forest shows considerably serious damage,

w

0dzi 2@0SNIff3 ooz 2F GKS I NBF 2F bl 3I&8SNR! gl a&
4.1.3. Groundbased damagef FarkasS NR !

According to the field data of four studied years (22020), in 2017 frost and game damage
occurred, while in 2018 and 2020 drought and game, damage was detected in several forest

compartmens. In total 277 were damaged of 1068mpartmens, thus ~26% {Gure 21).
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Figure 4. Aggregated damage frequency map of Fa@a8R! ol AaSR 2y TFASE R
2017 to 2020. Mostly the central part showed more severe damage, but the northern half also

suffered from various disturbances.
4.1.4. Groundbased damage®f/ Sy 4 NI £ . N |

According to the NFPDR reports, in 2017 228mpartmens were damaged, while in
2018 it was 573, in 2019 472 and in 2020 646 of the total 7758. The severe windfall and snow
break (also some game damage and frost) in 2017 affected 29% oNtBelta 2 ¥ / Sy (i NI €
Even though the 29% seems to be large enough to be easily detected by RS and matched with
field reports, the study area is also large (~50000 ha) and managed by two forest companies
thus the damage reports came from different sourcesl ahe registered damage frequency
and intensity varies from-100 % all around the mountain. It has to be noted as well that, for
AyaidlyoSs {1 At @t a@tN*R YR bl3egrayes Aa YAA

to be filled by asking data frothe local forestry compangFigure 2).
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2017 to 2020.

4.1.5. Satellite-based damage of | 3 & S NR!

From theVI composites state and change indices were derived for each year: 2017, 2018,
2019, 2020and2021. The state index means the actual state of the forests in the given year
and the change index shows the difference between the sequential years-@miB; 208-

2019, 20192020, 202€r021), in additionstandardized values were calculated

Analysis of Z NDVI maps (Fig@B showed that the composite dhe base year 2017
indicatedhigh Z NDVI values but areas with clearcuts and other sparsely vegdtaesd
compartmens. In 2018 general Z NDVI decrement is detected (oraobpeir) in most of the
forest with new red areas, standing for clearcuts following the bordersfarést
compartments. While in 2019 and 2020 generally positareomaliesis experienced on the
maps asaresult of artificial plantings after clearcuts and regeneration of less forested areas.
Despite the general positive changeggativeones were also noticed. Newlearcuts were
made everyyear, marked with redand in 2020 thenortheastpart of the forest started to

become orangeolouredon the map, thus it changed negativeRhe differencebetween VI
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values is also due to different dominant tree species whretvisible in 2017 and 2018 in the

NW part of the forest.

However, there is no perfect match of groubdsed on R8amage which could be due
to natural differences between years in 2017 mdoyest compartmens were damaged
whichis shown by both methods but 2018 was a dryer year generally where differences are
not so evident since the whole forest seemed to béhmworse state according to the Z NDVI
values. While 2019 was a better year with more positive values and revedr damage
reports, however2020 seemed to be worse again with more reports and lower VI values and
a visible phenomenon in quart®&E which is mostlypedunculateoak-dominatedand known
for being under heat and drought stress for decades alreAdguracy asssment for damage

detection is described in Table 5, in chapter 4.2.
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Figure23® ! yydzcr f % b5+xL O2YLIRaArAdSa 2F bl 3&SNR!
and 2020 (d)Clearcutgwith dark red) drought and frost damage (orange or yellareyvisible

on every map markin@ significant photosynthetic activity drop in the given years compared
to the longterm mean.The differencebetween VI values is also due to different dominant

tree species. Regeneration was detected as well with geeéours

Graphs were made from the time series as well, showlmgmedian NDVI values of
bFr3@8SNR! 0S0G6SSYy 4. TDeviaors frenn thenidea State olzkiB
vegetationperiod can bedetected when the actual values acemparedto the ideal NDVI
curve. If forest damage takes platiee shape of the NDVI curve will be changed according to
the severity of the damage. Droughtfectedthe NDVI curve in 2018, 201#&nd 2020, which

is visible on the graph in the form afdecline.

A comparison of years was made with charts showing the differences in NDVI curves
for each yearDeviationsfrom the normal state are visible every year. Iprihand May 2017
frost damaged the younglings and in August drought was experienced. Similarly in 2018 and
2019 in June and Augysirought was registered. In April, May and June of 2020 frost damag

took placeagain.
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Monthly NDVI media

Figure24. NDVI median chart afominanti N3 S a4 LJSOA Sa 2-202bThadé SNR! F3
verticalred lines stand for drought events and the blue onesaftate frost.Legend: KST

(pedunculate oak), EF (Scots pine), A (black locust), VT (red oak).

Differenttree speciswere detected both on th&/| (Figure 3) and the RndomForest
based classifiedFigure 3) maps Road Pallagi divides the forest into western and eastern
halves, while an unnamed road does the same in northwaest directions, resultingn four
guarters. The presence bfacklocustsis outstanding in quarteNW, red oak and Scots pine,
and blacklocust in quarteMNEcompared to more homogenoysedunculateoak-dominated
guartersSWand SE(Figure23). Scots pine angedunculateoak show significantly higher Z
NDVI values (with dark green) compared to the abomentioned others, however at certain
forestcompartmens, especially in quarte8W, larger orange areas appeared in 2020 probably
due to drought stresgFigure23). Visual comparison of maps of main tree species 8ad
showed that there isa connection between them, and different species react differently to
biotic or abioticdamageresultingin different VI valuesl not herethat this method aimed to
classify the most important and dominant tree species, there are segemapartmens with

secondary, tertiaryor even quaternary mixed species.
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Sentinel2 image from July 2020.

Forestcompartmens differ in tree specieghus, the different VI values do not mark
necessary damage but heterogeneity in species, which was detected both on thes&f
Of FaaAFASR YR (UKS +L VYl LBA® ¢ NBdsedmdh@i Sa Of
showed the dominant presence of pedunculatakan the western part of the forest while
coherent patches of black locust, red oak, and Scots pine were detected in the eastern

quarters of the forest (corresponding to foresdbmpartmentborders).

The majoritybased tree species comparison on forestmpartmentlevel indicated 76.1%
accuracy in the case of five classes: four dominant tree species and clearcut. In 258
compartmens we found agreement on the species from the 339 total. It is worth mentioning
that we aimed to classify only the dominant tregpecies while there are several

compartmens with secondary, tertiary, quaternary, or even more mixed species, which made

73



the result less accurate. It is also important to note that there is ongoing tree species change
in severalcompartmens due to natureconservation when black locust and Scots pine are
exchanged with pedunculate oak. This process resultembmpartmentsized clearcuts and
lower classification accuracy. removing the clearcut class and only focusing orclovestd

compartmens. Removig clearcuts resulted in 81.79% accuracy instead of 76.1 %.
4.1.6. Satellite-based damage ofarkasS N.R !

Composites created for the period 202020 showed interesting results its ownand in
comparisonAnalysinghe medianZ NDVI map@-igure26) of vegetation periodsit could be
stated that in 2017 (Figure B) AYAARS (GKS FTRYAYAAGNI GAQDS
. S203eSNIiety2asx 93ISNUI f @entkal ahdzsaudherg pagssvsrall (SIS
forest compartmens were spottedreferring tolower photosynthetic activity, marked with
orangishreddish colours, but generally, the majority of the FarBaBlR! ¢ a KSI f (1 K&
Z NDVI values. The damagiedest compartmens showed signs of improvement in 2018
(Figure B) and 2019Figure Z) with higher index value@reener coloury however, in 2018
and 2019 the general state worsened which was markggellowishorangish colours. In
HaMmdgp 9 3ISNIDI £ Jsdutheny partfibréshdaihageNddR place again which resulted
in a ceclinein index values. In 2020 it was still visible but wibkver intensity, also new
RIFE'YlII3S 41 & 20aSNYBigre®y . S203eSNIetyza

The severe damage and the logging showed on the map with red colour on every map,
which is isolable clearly. However, damage with lower intensity or frequency is harder to
detect. In 2018 and 2019 less damage can be shown on satellite images and evematgen
gl a GAAA0ES AndCsipkerekDI & SNIiet y2a

74



Figure 26. Z NDVImaps of FarkallR! 2 F { I NIt NJ AY HAMT I HAMYy A
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