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Abstrakt

PredloZena disertacni prace se vénuje aplikaci metod obrazové spektroskopie
jako moderniho nastroje pro environmentalni monitoring, pficemz se zaméruje
na modelovani vybranych geochemickych a biochemickych parametrd
Disertacni prace je ¢lenéna do dvou tematickych celkd. Prvni z nich (kapitoly 2 a
3) je vénovan aplikaci minerdlni a obrazové spektroskopie pro vymezeni
plodného vyskytu povrchové acidifikace (anglicky termin: AMD — Acid Mine
Drainage) a modelovani povrchového pH. Druha tematicka cast (kapitoly 4, 5 a
6) se vénuje zhodnoceni fyziologického stavu smrkovych porostd.

V kapitole 2 jsou s vyuzitim satelitnich dat ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer satellite data) plosné vymezeny
kyselé zvétralinové povrchy (pH<4), jez charakterizuje vyskyt jarositu a lignitu
(hnédé uhli). Kapitola 3 se vénuje vytvoreni modelu pro odhad povrchového pH
odkrytych substratl s vyuZitim leteckych hyperspektralnich dat HyMap
(07/2009). Tato studie je jednou z prvnich, jez aplikuje metody obrazové
spektroskopie pro kvantitativni modelovani pH v prostiedi povrchovych doli
vyznacujici se vysokou heterogenitou.

V druhé tematické casti je obrazova spektroskopie aplikovdna do oblasti
monitoringu zdravotniho stavu lesnich smrkovych porost(, které se vyskytuji v
bezprostfednim okoli Sokolovské panve, avSak nejsou pfimo zasaieny vlastni
tézbou. Vysledné je vytvoren statisticky model integrujici obsah chlorofylu (Cab)
s vegetacnimi indexy REP a SIPI, jeZz umozZriuje vyhodnotit fyziologicky stav
smrkovych porostu a identifikovat pfipadny stress i u takovych porost(, jez jesté
nevykazuji viditelné symptomy poskozeni (kapitola 4). V kapitole 5 je vyse
popsana metoda aplikovdna na dalsi sadu hyperspektralnich dat HyMap, jez byly
pofizeny v nasledujicim roce (08/2010). Vysledky klasifikace jsou déle validovany
s biochemickymi parametry smrkového jehli¢i a asociovany s geochemickymi
podminkami pldniho prostredi. Klasifikaci obou hyperspektralnich datovych sad
(HyMap 07/2009 a 08/2010), stejné jako statistickym vyhodnocenim
biochemickych a geochemickych parametrl, bylo identifikovdno zatiZeni a
vegetacni stres u stejnych lokalit). Vysledky této ¢asti prokazuji validitu modelu
navreného v kapitole 4 a dale demonstruji pfidanou hodnotu
hyperspektrdlnich dat, jeZ jsou pofizovana ve vice Casovych horizontech. V
posledni kapitole 6 je pomoci faktorové analyzy statisticky vyhodnocena Siroka
skala biochemickych parametr( za ucelem vytipovani jejich potencialniho vyuZiti
jako nespecifickych indikatord vegetacniho stresu. Tyto vysledky demonstruji, Ze
vedle poméru Car/Cab je i obsah fenolickych latek vyznamnym indikatorem
vegetacniho stresu.



Uvod

Povrchova tézba uhli je spojena s celou fadou environmentalnich problému,
pricemZ nejcastéjsim z nich je vznik kyselého prostiedi (AMD: Acid Mine
Drainage). Tento negativni jev je zpUsoben zvétravanim substratt bohatych
na siru, kdy dochazi k chemickym reakcim a pfeménam za pristupu kysliku
a meteorické vody. Toto kyselé prostiedi je hlavnim faktorem zpUsobujici
mobilizaci tézkych kovd (Kabata-Pendias, 2004), jez se pak stavaji mobilni,
migruji v padnim i vodnim prostfedi a stavaji se dostupnymi pro kofenovy
systém vegetace. AMD charakterizuje vyskyt sekundarnich minerald, jez
jsou typické svoji prostorou i ¢asovou sekvenci (Fe sulfatl, oxy-hydroxidd a
oxidli,, Montero et al., 2005; Swayze et al., 2000 and 2006). Tyto jednotlivé
sekundarni mineraly jsou stabilni v urcitém rozsahu pH, a jsou proto
vyuzivany jako pH indikatory.

Nizké pH a tézké kovy pfitomné v mobilni formé jsou vyznamnym faktorem
zpusobujici vegetacéni stres, na ktery rostliny reaguji zménou celé fady
biochemickych parametrd listovi (fotosyntetické pigmenty, fenolické latky,
lignin). Praveé tyto latky/parametry pak mohou byt vyuZity jako nespecifické
indikdtory  vegetaCniho stresu. Zvlasté pak zmény v mnoZstvi
fotosyntetickych pigmentl, jeZ jsou pfimo spojeny s fotosyntetickymi
procesy, mohou slouZit jako indikatory detekujici stres v jeho Uplném
pocatku (e.g. lvanov et al., 2011; Lepedus et al., 2005; Maestri et al., 2010).

Z tohoto pohledu povrchova tézba spojena s vySe zminénymi
environmentalnimi  problémy, predstavuje extrémné heterogenni a
komplexni systém vyZadujici multidisciplinarni pfistup. Moderni metody
dalkového prizkumu Zemé pfinasi nové moznosti pro modelovani celé rady
chemickych ¢i fyzikalnich parametrll (Gao et al., 2008; Heiskanen et al.,
2008; Kokaly et al., 2003; Sirikulchayanon et al., 2008), pficemZ obrazova
data s vysokym spektralnim rozliSenim (hyperspektralni data) umoznuji
kvantitativni druh analyzy (Clark et al., 1990; Ustin et al., 2009; Vane &
Goetz, 1993; Van der Meer, 2004; Van der Meer et al. 2012).

Tento specificky druh distancnich dat nabizi Siroky potencidl pro celou fadu
environmentalnich aplikaci (Li et al., 2005, Kemper and Sommer, 2002,
Hamzeh et al., 2013), avSak pouze omezeny pocet studii vyuzivd metody
obrazové spektroskopie pro analyzu plosné rozséahlejsich oblasti (region(),
¢i pro studium dynamiky prostfedi s vyuZitim ¢asové rady. Toto lze pfiist
pomeérné vysokym financnim nakladlim, které je nutno vynalozZit na pofizeni
téchto dat, ktera jsou vétSinou pofizovana letecky). Dalsim faktorem jsou



pak vysoké naroky kladené na znalosti a zkusSenosti experta, ktery tato data
zpracovava a analyzuje. Proto i v soucasné dobé chybi obecné uchopitelné
metody pro rychlé a spolehlivé ziskavani informaci na podkladé
hyperspektalnich dat pokryvajicich rozsahlejsi Gzemi/regiony, ¢i analyzujici
dynamické zmény v ramci definovaného ¢asového obdobi.

Nadefinované cile prace

(i) Vytvofit nové metodické pristupy vychazejici z principl
mineralni a obrazové spektroskopie, které umozni pfimo
detekovat a plo$né vymezit mista vznikajici acidifikace (AMD)
v prostfedi zasaZzeném intenzivni povrchovou tézbou, dale
pak i vytvofit kvantitativni model povrchového pH odkrytych
povrcha.

(ii) Vytvofit nové metodické pristupy vyuZivajici obrazovou
spektroskopii pro detekci vegetaéniho stresu v jeho rané fazi,
dfive neZ se projevi vizualni symptomy poskozeni. Model
bude mit aplikacni potencial v regionalnim méritku.

(iii) Verifikovat jednu zvysSe vytvorenych metodik s vyuZitim
nové datové sady obrazovych hyperspektralnich dat snimané
v dalsi ¢asové obdobi.

(iv) Statisticky vyhodnotit rozdilné biochemickych parametry za
ucelem wvytipovani jejich potencialniho wvyuZiti v oblasti
obrazové spektroskopie jako nespecifickych indikatort
vegetacniho stresu.

Disertacni prace je souhrnnou formu 5 publikaci (viz. Publikace) a je ¢lenéna
do dvou tematickych celkd. Prvni z nich (kapitoly 2 a 3) je vénovan aplikaci
mineralni a obrazové spektroskopie pro vymezeni plosného vyskytu AMD a
modelovani povrchového pH. Druha tematickd ¢ast (kapitoly 4, 5 a 6) se
vénuje zhodnoceni fyziologického stavu smrkovych porost(.

Metody

V kapitole 2 jsou vyuZita satelitnich dat ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer satellite data) a pomoci
metody LSU (Linear Spectral Unmixing; algoritmus zohlednujici
viceslozkovy/smésny obsah pixelu v linearnim poméru) plosné vymezeny
kyselé zvétralinové povrchy (pH<4), jez charakterizuje vyskyt jarositu a
lignitu (hnédé uhli).



V kapitole 3 je nejdrive nadefinovan konceptudlni model fesici vztah mezi
pH a vyskytem tzv. indikativnich minerald, které jsou stabilni v uréitém
rozsahu pH. U téchto indikativnich minerald jsou analyzovény jejich optické
vlastnosti a nalezeny takové parametry absorpénich pfiznak(, jeZ jsou
spolecné jak pro ,Cisté” mineraly, tak i pro jejich smési. Je zjisténo, Ze posun
absorpéniho maxima v rozmezi 0.9-1.0 um smérem do delSich vinovych
délek umoznuje vzajemné rozlisit zkoumané sekundarni Fe** mineraly
(jarosit a goethit). Tohoto trendu je dale vyuZito i pro jejich prostorové
mapovani a relativni kvantifikaci. S vyuZitim metody ,Multi Range Spectral
Feature Fitting” (MRSFF), jeZ pomoci vypoctu nejmensich ¢tverc urcuje
miru podobnosti sledovanych absorpénich ptiznakl mezi typologickym
spektrem (anglicky termin: end-member) a obrazovym spektrem (v tomto
pfipadé HyMap 07/2009), byly identifikovany nadefinované indikativni
minerdly, které se v prostfedi hnédouhelné pdanve vyskytuji prevainé
ve formé mineralnich smési. Dale byl pomoci vicendsobné regrese sestrojen
validni model pro kvantitativni odhad povrchového pH.

Za UcCelem zhodnoceni zdravotniho stavu téchto porostld je sestrojena
kvantitativni mapa obsahu celkového chlorofylu (Cab), jeZ je konstruovéna
na zakladé vegetacniho indexu odvozeného z derivovaného spektra
(Dy19/D70g) obrazovych dat HyMap (07/2009). Déle jsou z obrazovych dat
derivovany a analyzovany dalsi indexy indikujici vegetacni stres (REP: Red
Edge Position, SIPI: Structure Insensitive Pigment Index, PRI: Photosynthetic
Reflectance Index). Vysledné je vytvoren statisticky model integrujici obsah
chlorofylu (Cab) s vegetacnimi indexy REP a SIPI, jeZ umoziiuje vyhodnotit
fyziologicky stav smrkovych porostll a identifikovat pfipadny stress i u

(kapitola 4).

V kapitole 5 je vySe popsand metoda aplikovdna na dalsi sadu
hyperspektralnich dat HyMap, jez byly pofizeny v nasledujicim roce
(08/2010). Vysledky klasifikace jsou déle validovany s biochemickymi
parametry smrkového jehli¢i a asociovdny s geochemickymi podminkami
pldniho prostredi.

V posledni kapitole 6 je statisticky vyhodnocena Siroka skala biochemickych
parametrd za uUcelem vytipovani jejich potencidlniho vyuZiti jako
nespecifickych indikatorl vegetaéniho stresu. Faktorova analyza je
aplikovana pro statistické testovani vztahu mezi biochemickymi parametry
jehli¢i a wvertikdIni distribuci ptdnich makro-nutri¢nich parametri a
potencialné toxickych prvka.



Vysledky a diskuze

V této Casti jsou konfrontovany dosazené vysledky s nadefinovanymi cili
této disertacni prace.

Vytvorit nové metodické pFistupy vychdzejici z principi minerdlni a
obrazové spektroskopie, které umozni pfimo detekovat a plosné vymezit
mista vznikajici acidifikace (AMD) v prostiedi zasaZeném intenzivni
povrchovou téZbou, ddle pak i vytvorit kvantitativni model povrchového
pH odkrytych povrchii.

Vzhledem k prostorovému rozliSeni pouzitych satelitnich dat ASTER (VNIR:
15 m, SWIR=30 m), které byly vyuZity pro vymezeni ploSného vyskytu
povrchové acidifikace, bylo klicové identifikovat tzv. ,Cisté” pixely, jejichz
spektralni charakteristiky se staly vstupem do modelu zohlednujici
viceslozkovy/smésny obsah pixelu (LSU: Linear Spectral Unmixing).
Vysledkem je validovand mapa plosné vymezujici kyselé zvétralinové
povrchy (pH<4) (Kopackova et al. 2012). Tento druh aplikace ukazuje, Ze i
satelitni data, ktera jsou v porovnani s leteckymi hyperspektralnimi daty
velmi levna a rychle dostupna, mohou pfinést dobré vysledky pro detekci
kyselych povrch( (kapitola 2).

V kapitole 3 je fesen problém vytvoreni modelu umoZiujici kvantitativni
odhad povrchového pH a to v prostfedi charakteristické extrémni
heterogenitou. Zde bylo klicové prvotné vytvofrit konceptudlni model fesici
vztah mezi pH a vyskytem tzv. indikativnich minerdlQ, které jsou stabilni v
urcitém rozsahu pH a mohou byt proto vyuZity jako jeho indikdtory. Pro
modelovani byla vyuZita letecka hyperspektralni data HyMap (07/2009)
s vysokym prostorovym rozliSenim (5 m), avSak i v tomto pfipadé bylo
potfeba zohlednit smésny charakter pixelu a nalézt postup, umoziujici
identifikaci tzv. indikativnich minerdlQ, jez se vyskytuji prevazné ve formé
smési. Tuto podminku splnila metoda Multiple Spectral feature Fitting
(MRSFF), ktera umoznila vyuZzit spektralni knihovny typologickych mineral{
(pfevdiné bodovda mérfeni s nizkou Urovni heterogenity méreného
materidlu) pro pfimo identifikaci v hyperspektralnim obraze (plosSny
charakter, mira heterogenity pfimo narusta s prostorovou velikosti pixelu) a
tim splnila podminku pro jednodussi a univerzalnéjsi aplikovatelnosti.
Vysledny kvantitativni model (R% 0.61, Rv*: 0.76) byl konstruovan
vicenasobnou regresi (Kopackovd, submitted). Tato studie je jednou
z prvnich, jez aplikuje metody obrazové spektroskopie pro kvantitativni



modelovani pH v prostfedi povrchovych dold vyznadujici se vysokou
heterogenitou.

Vytvorit nové metodické pristupy vyuZivajici obrazovou spektroskopii pro
detekci vegetacniho stresu v jeho rané fdzi, dfive neZ se projevi vizudlni
symptomy poskozeni. Model bude mit aplikacni potencidl v regiondlnim
méritku.

Na podkladé leteckych dat HyMap (07/2009) je sestrojena kvantitativni
mapa obsahu celkového chlorofylu (Cab), jez vykazala relativné vysokou
piesnost (RMSE: 0.21 mg/g, R’=0.91, Rv’: 0.94). Dale je vytvofen novy
statisticky model integrujici vedle vlastniho obsahu chlorofylu (Cab)
dalsi vegetacni indexy REP a SIPI korelujici s fyziologickym vegetace
(kapitola 4). Tento model ma jedinou podminkou pfi své aplikovatelnosti,
vstupni data musi vykazovat normalni rozdéleni (model definuje hrani¢ni
hodnoty oddélujici jednotlivé tfidy na podkladé tzv. normalizovanych z-
skérll). Vysledkem je mapa sokolovské panve klasifikujici zdravi smrkovych
porostll v rdmci péti zdravotnich tfid (tfida 1 nejlepsi zdravotni stav, tfida 5
nejhorsi zdravotni stav) (Misurec, Kopackova et al., 2012). Smrkové porosty
byly vybrany vzhledem k faktu, Ze tvofi dominujici druh rostouci v této
oblasti vhodny pro studium vegetacniho stresu.

Verifikovat jednu z vyse vytvorenych metodik s vyuZitim nové datové sady
obrazovych hyperspektrdlnich dat snimané v dalsi casové obdobi.

Na vyse zminénou studii navazuje nasledujici kapitola (kapitola 5), jeZ se
vénuje dalsi validaci této metody. VySe popsand metoda byla aplikovéna na
dalsi sadu hyperspektralnich dat HyMap, jeZ byly pofizeny v nasledujicim
roce (08/2010). Vysledky klasifikaci obou hyperspektrélnich datovych sad
(HyMap 07/2009 a 08/2010), jsou ve shodé se statistickym vyhodnocenim
biochemickych a geochemickych parametr(, a shodné identifikuji zatizené
lokality (Kopackova et al., submitted). Vysledky potvrzuji, Ze se jedna o
validni metodu, ktera ma dal$i potencidl pro monitoring zdravi lesnich
porost(.

Statisticky vyhodnotit rozdilné biochemickych parametry za ucelem
vytipovdni jejich potencidlniho vyuZiti v oblasti obrazové spektroskopie
jako nespecifickych indikdtori vegetacniho stresu.

V posledni kapitole je statisticky vyhodnocena Siroka skdla biochemickych
parametrd za uUcelem vytipovani jejich potencidlniho vyuZiti jako



nespecifickych indikatord vegetacniho stresu. Je nalezen vztah mezi
koncentracemi arzenu (As) a hliniku (Al) v jehli¢i a v padnim profilu. Kromé
toho byl nalezen také vztah mezi koncentracemi As a Al, obsahem
fenolickych latek v jehlicich a pomérem fotosyntetickych pigmentd Car/Cab
(karotenoidy/chlorofyl: Car/Cab). Tyto vysledky demonstruji, Ze vedle
poméru Car/Cab je i obsah fenolickych latek vyznamnym indikdtorem
vegetacniho stresu (Kopackova et al., under review). Oba tyto parametry je
proto vhodné vyuzit pro detekci vegetacniho stresu. Vyvoj novych
modell/postupll  pro jejich presnéjsi stanoveni pomoci obrazové
spektroskopie tak prinese nové moznosti pro monitoring fyziologického
stavu lesnich porostd.

Zavér

PredloZzend priace demonstruje mozZnosti pfimé aplikovatelnosti metod
obrazové spektroskopie do oblasti monitoringu Zivotniho prostredi.
Dosazené vysledky jsou shrnuty v rdmci nasledujicich zavérd a doporudeni:

e Uspésnad atmosférickd korekce je elementarni podminkou
predchazejici Uspésnou analyzu obrazovych hyperspektralnich
dat. Tato podminka je jesté zesilena v pfipadé, Ze je analyzovéan
vétsi pocet letovych linii Ci v pfipadé, Ze jsou vyuZita HS data
potizovana v ramci vicero Casovych urovni. V téchto pripadech je
vysoce pravdépodobné, Ze data budou vedle atmosférické
korekce vyZadovat i korekci na tzv. BRDF efekt (Bi-directional
Reflectance Distribution Function). Tato prace se pfimo nezabyva
touto problematikou, avsak pouzZita leteckd HS data byla
korigovana vici vlivu atmosféry i BRDF.

e  Prostifedi povrchové tézby predstavuji komplexni systém, jenz se
navic vyznacuje extrémni drovni heterogenity. Proto modely
zabyvajici se problematikou kyselého prostiedi ve vztahu k
mineralogii musi reflektovat specifika studované lokality a je
potfeba v prvni Urovni vytvofit konceptudlni model poplatny
mistnim podminkam.

e Vtomto heterogennim prostredi i data s vysokym prostorovym
rozlisenim (HyMap: 5m) vykazuji problém viceslozkového miseni
v ramci pixelu. TudiZ nejlepSich vysledk(l Ize dosdhnout s vyuzitim
takovych metod, jez berou v potaz viceslozkovy charakter pixelu
popt. metod, které umoznuji univerzalné pouzit bodova spektralni
méreni (charakteristickd Zadnou ¢i nizkou uUrovni heterogenity
méreného materialu) pro analyzu obrazovych HS dat (plosny
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charakter, mira heterogenity pfimo narlsta s prostorovou
velikosti pixelu).

Bylo zjisténo, ze posun absorpéniho maxima v rozmezi 0.9-1.0 um
smérem do delSich vinovych délek umoznuje vzajemné rozlisit
zkoumané sekundarni Fe** mineraly (jarosit a goethit) a navzajem
je rozlisit i v pfipadé minerdlnich smési. Tohoto trendu je dale
vyuZito a i pro jejich prostorové mapovani a relativni kvantifikaci.
Alternativné Ize testovat jiné techniky, kterymi lze modelovat
pozici absorpéniho maxima/vinovou délku (derivacni analyza,
kvadraticka funkce), vysledky by bylo vtomto pfipadé vhodné
srovnat.

Metoda ,Multi Range Spectral Feature Fitting” (MRSFF) byla
shleddna dostate¢né citlivou metodou schopnou detekovat i
jemné rozdily mezi sledovanymi parametry (viz. pozice
absorpéniho maxima) typologickych absorpcnich priznak(, navic
tato metoda prokazala svoji dostate¢nou univerzalnost.

Vegetacni stres lze detekovat pomoci metod obrazové
spektroskopie na lesnich porostech, u kterych se jesté tento
negativni jev neprojevuje vizualné. Metoda navrZzena v ramci této
prace byla verifikovana s biochemickymi parametry smrkového
jehli¢i a geochemickymi podminkami pldniho prostredi. Vysledky
potvrzuji, Ze se jedna o validni metodu, ktera ma dalsi potencial
pro monitoring zdravi lesnich porostl obzvlasté v pripadé, Ze je
jsou pouzita HS obrazova dat pofizovana v ramci vicero ¢asovych
obdobi.

Pouze velmi omezeny pocet studii se vénuje vyuZiti obrazové
spektroskopie pro modelovani obsahu fenolickych latek v listovi.
Vyvoj novych modeld/postupt pro jejich presnéjsi stanoveni
pomoci obrazové spektroskopie tak pfinese nové moznosti pro
monitoring fyziologického stavu lesnich porosta.



Abstract

The main purpose of this thesis is to use Image Spectroscopy as a tool to
monitor the environmental conditions in a region affected by anthropogenic
activities via estimating both geochemical and biochemical parameters on a
regional scale. The research has been carried on the Sokolov lignite mine, NW
Bohemia, a region affected by long-term extensive mining. The thesis is divided
into two thematic parts. First part is devoted to applications of Image
Spectroscopy into Acid Mine Drainage mapping and its related issues (chapters
2 and 3).

In chapter 2 the equivalent mineral end-members were successfully derived
from the ASTER image data (Advanced Space-borne Thermal Emission and
Reflection Radiometer satellite data). In the chapter 3 the pH was estimated on
the basis of mineral and image spectroscopy. The Multi Range Spectral Feature
Fitting (MRSFF) technique was utilized for mineral mapping and the multiple
regression model using the fit images, the results of MRSFF, as inputs was
constructed to estimate the surface pH and statistical significant accuracy was
attained.

In the second thematic part (chapters 4-6) Image Spectroscopy is applied into
monitoring of vegetation stress. A new statistical method was developed to
assess the physiological status of macroscopically undamaged foliage of Norway
spruce (chapter 4). As the chlorophyll content alone may not correspond
sufficiently well to the physiological/health status, the suggested method
utilized three indicators (Cab, REP, expSIPI). In the following study (chapter 5)
the same method is employed and validated while using additional temporal HS
image data set (08/2010). Both biochemical analysis of the sampled foliage and
classification of 2009 and 2010 hyperspectral images identified the same sites
affected by vegetation stress.

Lastly, the potential of diverse foliar biochemical parameters used as stress
indicators is assessed to suggest the most sensitive once having the biggest
potential for future HS Remote Sensing forest monitoring. The correlations
between two toxic element contents in needles (aluminum (Al) and arsenic (As))
and the contents of soluble phenolic compounds and total carotenoid to
chlorophyll (Car/Cab) ratio suggest that these latter two biochemical
parameters can serve as suitable non-specific stress markers, thus should be
further considered for vegetation stress monitoring while employing the
methods of Image Spectroscopy (chapter 6).



Introduction

Although the principles of spectroscopy are well known and methods for
analysis have been widely developed, particularly for spectra collected in
laboratory environments, the heterogeneity of landscapes and earth
surface features in extensive environmental studies still presents new
challenges and opportunities for analysis of hyperspectral (HS) imagery.
Image spectroscopy is potentially the best approach for assessing diverse
environmental issues, however very little research has been performed on
a regional scale and on long-term monitoring, mainly because of the rather
high costs related to HS data acquisition and the expert knowledge which is
still required for HS data pre-processing and processing. The main purpose
of this thesis is to use Image Spectroscopy as a tool to monitor the
environmental conditions in a region affected by anthropogenic activities
via estimating both geochemical and biochemical parameters on a regional
scale. The research has been carried on the Sokolov lignite mine, NW
Bohemia, a region affected by long-term extensive mining.

Coal mining generates a number of significant environmental impacts, such
as increased acidity of the soil/water environment, called mineral Acid
Mine Drainage (AMD). AMD is produced when sulfide-bearing material is
exposed to oxygen and water. Characterized by low pH and high
concentrations of heavy metals and other toxic elements (Kabata-Pendias,
2004), AMD can severely contaminate surface waters and groundwater, as
well as soils, and stresses the surrounding vegetation. The typical AMD
pattern leads to accumulation of Fe sulfates, oxy-hydroxides, and oxides in
a spatial and temporal sequence that represents the buffering of an acidic
solution as it moves away from its source (Montero et al., 2005; Swayze et
al., 2000 and 2006). AMD can then be mapped by identifying these typical
spatial sequences of indicative minerals.

Low substrate pH and heavy metal contamination are stress factors for
vegetation and lead to changes in the contents of important leaf/foliage
compounds (e.g., photosynthetic pigments, phenolic compounds and
lignin), which can be used as non-specific indicators of plant stress.
Particularly the contents of photosynthetic pigments are closely related to
photosynthetic performance and can serve as early-warning symptoms of
plant stress, before macroscopic changes are detected (e.g. Ivanov et al.,,
2011; Lepedus et al., 2005; Maestri et al., 2010).
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From this point of view, a mining environment with high acidity, high heavy
metal concentrations and extreme heterogeneity represents a complex
system that needs to be assessed in a multidisciplinary way.

Estimates of physical and chemical parameters over large areas can be
obtained using remote sensing data acquired from an air or space platform
(Gao et al, 2008; Heiskanen et al.,, 2008; Kokaly et al., 2003;
Sirikulchayanon et al., 2008). Modern remote sensing has become a novel
tool not only for detecting target materials but also for monitoring dynamic
processes and induced changes in physical/chemical properties. Imagery
with higher spectral resolution (e.g., hyperspectral) provides sufficient
spectral resolution to describe diagnostic absorption signatures (Clark et al.,
1990; Ustin et al., 2009; Vane & Goetz, 1993; Van der Meer, 2004; Van der
Meer et al. 2012). Data with very high spectral resolution — hereafter
referred to as imaging spectroscopy (IS) data, which is also known in the
remote sensing community as hyperspectral (HS) data, has been
successfully used in earlier studies to detect environmental factors, such as
oil contamination (Li et al., 2005), hazardous mining materials (Kemper and
Sommer, 2002) or vegetation stress and damage (Hamzeh et al., 2013).

From this point of view, Image spectroscopy (HS remote sensing) is
potentially the best approach for assessing diverse environmental issues;
however very little research has been performed on a regional scale and on
long-term monitoring, mainly because of the rather high costs related to HS
data acquisition and the expert knowledge which is still required for HS
data pre-processing and processing. Therefore, even today there is still a
lack of multi-stripe and/or time-series HS data and reliable methods for
extracting the required information for these datasets.

Based on the concept described above the objectives were formulated:

(i) To formulate mineral spectroscopy-based techniques
allowing identification of acidity sources and surface pH
estimation for exposed surfaces in extremely heterogeneous
environments characteristic for mining sites.

(ii) To formulate a HS remote sensing technique allowing early
detection of vegetation stress on a regional scale.

(iii) To validate one of the latter techniques using an additional
temporal HS image dataset.

(iv) To assess the applicability of using diverse needle

biochemical parameters as biological indicators of adverse
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soil condition parameters and select the most sensitive ones
with the greatest potential for future HS Remote Sensing

Material and methods

Initially, high-altitude spectroradiometry (ASTER - Advanced Spaceborne
Thermal Emission and Reflection Radiometer satellite data) together with
ground-based spectroradiometry are employed in order to identify the
locations of the most significant sources of Acid Mine Drainage (AMD)
discharge at the Sokolov lignite open-pit mines (chapter 2). The LSU (Linear
Spectral Analysis) was a sufficient first order approximation to constrain the
mineralogy as the absolute abundances of the indicative minerals were not
required. The map with the low pH zones delineated achieved sufficient
overall accuracy (75%).

Next (chapter 3), a geochemical conceptual model of the site is defined.
The multi Range Spectral Feature Fitting (MRSFF) technique is employed to
map the defined mineral end-members indicating certain pH ranges in the
HS image datasets (HyMap data acquired 07/2009). Furthermore, the
multiple regression model using the fit images, the results of MRSFF, as
inputs was constructed to estimate the surface pH and statistical significant
accuracy was attained (R2=0.61, Rv2=0.76).

In the second thematic part (chapters 4-6) Image Spectroscopy is applied
into monitoring of vegetation stress. The model based on the derivative
indices (Dy19/D7gg) attaining the greatest accuracy (RMSE: 0.21 mg/g, RV
0.94) is selected to produce a map of foliar chlorophyll concentrations
(Cab). As a result, the following HyMap derived parameters (Cab, REP: Red
Edge Position, SIPI: Structure Insensitive Pigment Index, PRI: Photosynthetic
Reflectance Index) are integrated together to assess the subtle changes in
physiological status of the macroscopically undamaged foliage of Norway
spruce (chapter 4).

In the following study (chapter 5) the same method described above is
employed and validated while using additional temporal HS image data set
(HyMap 2010 data) in order to (i) validate the new method (chapter 4), The
method prove suitable as the HyMap classification results were in
accordance with the statistical assessment of the biochemical properties of
the sampled trees as well as with the geochemical properties of the forest
sites.
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Lastly (chapter 6), the potential of diverse foliar biochemical parameters
used as stress indicators is assessed to suggest the most sensitive once
having the biggest potential for future HS Remote Sensing forest
monitoring. Factor analysis is used to identify underlying variables that
explain the pattern of correlations within and between the biochemical and
geochemical datasets.

Results and discussion

Major research findings relevant to the specific research objectives are
described below:

To formulate mineral spectroscopy-based techniques allowing
identification of acidity sources and surface pH estimation for exposed
surfaces in extremely heterogeneous environments characteristic for
mining sites.

In chapter 2, high-altitude spectroradiometry (ASTER - Advanced
Spaceborne Thermal Emission and Reflection Radiometer satellite data)
together with ground-based spectroradiometry were employed in order to
identify the locations of the most significant sources of Acid Mine Drainage
(AMD) discharge at the Sokolov lignite open-pit mines (Kopackova et al.,
2012). The equivalent mineral end-members were successfully derived
from the ASTER image data (Advanced Spaceborne Thermal Emission and
Reflection Radiometer satellite data) and a sub-pixel method (Linear
Spectral Unmixing, LSU) was employed to relatively estimate the selected
end-member abundances and to identify low-pH zones. The sub-pixel
method (LSU) was selected due to the the extreme heterogeneity of the
Sokolov surfaces and diverse material mixing level present in the ASTER
pixels (VNIR: 15 m, SWIR: 30 m). The LSU analysis was a sufficient first order
approximation to constrain the mineralogy as the absolute abundances of
the indicative minerals were not required. The map with the low pH zones
delineated achieved sufficient overall accuracy (75%).

In the following study (chapter 3) pH was estimated on the basis of mineral
and image spectroscopy (Kopackovd, submitted). First, a geochemical
conceptual model of the site was defined. Diagnostic minerals of very low
pH (<3.0) as well as increased pH (3.0-6.5) and nearly neutral or higher pH
(>6.5) were identified. In heterogeneous environment characterizing mining
sites, the pixel reflectance (in this case HyMap pixel size was 5x5 m) has a
significant mixing problem. Therefore, it was necessary to identify such
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absorption feature parameters which are common for individual minerals
as well as mineral mixtures and select a mapping technique/method which
is robust enough to identify the targeting minerals even if present as part of
mixtures. The Multi Range Spectral Feature Fitting (MRSFF) technique was
found to be sensitive enough to assess differences in the desired spectral
parameters (e.g., absorption maximum wavelength position, absorption
depth) and to be scalable in the way that field spectra end-members were
successfully used for the HS image mapping. This study represents one of
the very first approaches employing image spectroscopy for quantitative pH
modeling in @ mining environment and the achieved results demonstrate
the potential application of hyperspectral remote sensing as an efficient
method for environmental monitoring.

To formulate a HS remote sensing technique allowing early detection of
vegetation stress on a regional scale.

A new statistical method was developed to assess the physiological status
of macroscopically undamaged foliage of Norway spruce (chapter 4)
(Misurec, Kopackova et al., 2012). As the chlorophyll content alone may not
correspond sufficiently well to the physiological/health status, the
suggested method utilized three indicators (Cab, REP, expSIPl). Two
products were created using HyMap 2009 multi-flight line data: the map of
chlorophyll content (Cab) and a raster combining the information from REP
(sensitive to vegetation stress) and expSIPI (sensitivity to the ratio of bulk
carotenoids to chlorophyll). For both products a relative classification
(normalized z-scores) was used based on the histogram dynamic ranges,
averages and standard deviations. Consequently, no hard threshold values
were required. The only condition to be fulfilled was a normal distribution
of the classified data. In both maps, Class 1 indicates worse health status
for the trees without visible damage symptoms and Class 5 corresponds to
the values indicating the healthiest trees. As this method takes in account
the two major biochemical parameters that are closely connected with
photosynthetic functions, it allows assessing of the vegetation stress in a
more objective way. However it is necessary to emphasize that this method
is suitable for one-species (monoculture) forests. Norway spruce was
selected as it represents the predominant forest species in the studied
region; in addition, spruce needles were confirmed to be well-suited for
detection of contamination.

To validate one of the latter techniques using an additional temporal HS
image dataset.
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In the following study (chapter 5) the same method described above was
employed and validated while using additional temporal HS image data set
(HyMap 2010 data) in order to (i) validate the new method (chapter 4), (ii)
study the forest Norway Spruce variations in biochemical parameters while
comparing the foliar pigment content from the samples collected in two
subsequent growing seasons, (iii) assess vegetation stress within the
selected Norway spruce sites while putting together information on forest
stand geochemical conditions, foliar biochemistry (pigment contents) and
the temporal differences detected by classifying the two HS image datasets
acquired one year apart. To summarize the results, both biochemical
analysis of the sampled tree needles and hyperspectral image data have
been shown to reflect the soil chemistry. Higher Car/Cab ratios in spruce
needles and lower health status derived from HyMaps were related to the
lowest Bc/Al ratio in mineral soil. The strong linkage between soil chemistry
and parent bedrock indicated that bedrock geochemical reactivity should
be considered to be important factor in the assessment of forest health
status (Kopackova et. al., submitted).

The method proved suitable as the HyMap classification results were in
accordance with the statistical assessment of the biochemical properties of
the sampled trees as well as with the geochemical properties of the forest
sites. Apparently, in both years, differences detected by biochemical and
hyperspectral methods remained consistent among spruce stands and only
mild changes in the physiological condition of the stands under study were
detected by both approaches. This finding supports the validity of the
previously presented model.

To assess the applicability of using diverse needle biochemical parameters
as biological indicators of adverse soil condition parameters and select the
most sensitive ones with the greatest potential for future HS Remote
Sensing monitoring.

In chapter 6 the relationship between soil and spruce needle contents of
macronutrients and potentially toxic elements was studied and tested
whether the soil parameters and their vertical distribution within a soil
profile (two organic and two mineral horizons) affect foliage biochemical
parameters (contents of photosynthetic pigments, phenolic compounds
and lignin) (Kopackova et al., under review). Factor analysis identified Al
and As as toxic elements with high bio-availability for spruce trees, whereas
acid soil conditions facilitate the heavy metal uptake by the roots. For these
toxic elements detected as mobile in the studied soils, a correlation
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between concentrations in the Norway spruce tissues and the two
biochemical parameters — soluble phenolic compounds and Car/Cab ratios
was found. This finding suggests that these latter two biochemical
parameters, which both proved to be sensitive to the soil geochemical
conditions, can serve as suitable non-specific stress markers. The results
demonstrated in chapters 4 and 5 also point out that Car/Cab is more
suitable indicator of forest health than using just absolute contents of both
photosynthetic pigments.

Conclusions

The presented studies demonstrate the potential application of
hyperspectral remote sensing as an efficient method for environmental
monitoring. The presented research resulted in the following overall
conclusions:

e  Good performance of hyperspectral image analysis depends on
accurate atmospheric correction, which has a strong influence on
the spectral diagnoses. If multi-flight line and multi-date
hyperspectral data are used, additional corrections for the BRDF
effect may need to be implemented; esecialy if sensors with wide
field of view are utilized. To minimize the BRDF effect flight lines
should follow the N-S directions. Although this thesis doesn’t
address this issue, the HS image data were corrected for the
atmospheric and BRDF effects.

e The mining environment is characteristic for its high
heterogeneity and complexity. Therefore, Acid Mine Drainage
(AMD) mapping should be tailored to the specifics of the tested
mining site and a simplified concept needs to be set out first. A
conceptual model depicting the minerals that reflect the specific
site conditions and indicate a certain pH needs to be defined prior
spectral mapping.

e Even high-spatial-resolution  (5-m  pixel) images have
contributions from multiple sub-pixel-scale components. Based
on these findings, the most efficient and valid methods are those
taking in account the spectral mixture models or methods which
are scalable as a pixel is represented by an area on the ground
whereas a sample is a point on the ground.

e The shift to longer wavelengths of the absorption maximum
centered between 0.90-1.00 um was found to be the main
parameter that allows differentiation among the Fe®' secondary
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minerals even if they are present as mixtures. Alternatively, other
techniques which allow absorption feature wavelength
estimation (e.g., derivative analysis, quadratic method) should be
tested and results compared.

The Multi Range Spectral Feature Fitting (MRSFF) technique was
employed for mineral mapping and was found to be sensitive
enough to assess differences in the desired spectral parameters
(e.g., absorption maximum wavelength position, absorption
depth). Additionally, this technique was found to be scalable as
the field spectra of fundamental mineral end-members were
successfully utilized for mineral mapping within the HS image
data.

Physiological status of macroscopically undamaged foliage can be
assessed by the means of image spectroscopy and stress can be
detected prior the symptoms are visually expressed. The
suggested method to classify health status of the Norway spruce
forests proved suitable as the HyMap classification results were in
accordance with the statistical assessment of the biochemical
properties of the sampled trees as well as with the geochemical
properties of the forest sites. If Multi-date HS data are utilized,
this method has further potential for monitoring of forest
ecosystems.

Too few studies have been devoted to estimation of phenolics for
forest canopy but the published results show that these
compounds are detectable by means of optical remote sensing as
they were successfully predicted using PLSR. Therefore further
research should be done in this field to investigate how phenolics
could be estimated and further used for detecting forest stress
using imaging spectroscopy.
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