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1. Introduction

All types of land cover have their typical temperature and humidity characteristics. In
warmer periods of the year and mainly in summer (except periods of extreme
precipitations or temperature differences), the temperature and humidity distribution in the
latitude of the Czech Republic is as follows: water and forest ecosystems in summer
months express relatively low temperature and the highest humidity values, while barren
land, build-up areas and agricultural land are characterized by the highest temperature and
the lowest humidity. Such characteristics can be used to assess landscape changes as well
as landscape functions. In this connection the landscape functions means the fluxes of
energy, water and matter in the specific part of catchment area depending on the condition
of vegetation (Zichova, 2000). Driving factors of changes in surface temperature and
humidity may be numerous. The physical principle is the change of proportion of sun
radiance reflection, evapotranspiration and sensible heat (Pokorny, 2001).

The objective of the paper is to study the impact of deforestation on changes in the
surface temperature and humidity and subsequent modification of landscape functions.
Changes in surface temperature and humidity distribution could have consequences for the
microclimate and energy balance of the area (Ripl, 1992; Ripl et al., 1996) as well as for
the water outflow regime and matter losses, which reflects the ability of landscape
retention and microclimate conditions.

Remote sensing is an excellent tool for assessment of changes in landscape. Unlike
point measuring methods, remote sensing collects data representing whole areas, which
enables us to make a better picture of temperature and humidity values distribution in the
studied area. Older satellite scenes (e.g. Landsat TM4 and TMYS) also allow us to analyze
conditions more than twenty years ago, assess situations prior to the bark beetle calamity,
and to compare results with the current state.

The aim of this study is to describe changes of temperature-humidity parameters of the
landscape surface in consequence of the mountain spruce forest decay in the central part of
Sumava Mountains through the comparison of the multispectral satellite analyses of scenes
from years 1987 and 2002. The purpose of the study comes out some basic assumptions
and hypothesis. The basic presumption of the hypothesis is the fact, that the mountain
spruce forest decay caused by bark beetle will cause that the spruce forests will stop to

serve as a vegetation, which appear as a decrease of water accumulation, evaporation, and
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subsequently by the change of Bowen ratio in favour of sensible heat. The analysis of
Landsat satellite scenes was used to verify this hypothesis. The area of interest is scanned
by the satellite every 16 days, always at 9:18 a. m. of the local time (i.e. 10:18 of the
summer time), when the vegetation cover surface starts to differentiate according to
temperature and moisture. The size of the smallest picture segment (called pixel) varies
according to the scanner type (TM, ETM+) and spectral cannel from 30 x 30 m (all cannels
except the 6™ thermal), through 60 x 60 m (6™ cannel ETM+), to 120 x 120 m (6™ cannel
TM). Thereby it is possible to notice also the differences in the landscape structures: living

forest, decayed forest and clear cut areas.

2. Locality

The study focuses on central Sumava Mountains, particularly on the forest stands
affected by bark beetle outbreak. The area is delimited by Velka and Mala Mokrtivka in the
east, and Roklan in the west. The northern frontier copies the line connecting Medvédi
(1224 m) — Studena (1298 m) hill and the southern end of the area follows the state border
and extends into Germany (0.5 — 1 km). The altitude level varies between 1100 — 1200 m
and the highest peaks in the Czech part are Velka Mokriivka (1370 m) and Spi¢nik
(1351 m) while the German area is dominated by Luzny (1373 m) and Roklan (1453 m). In
hydrological terms, the whole study area is located in catchment of Roklansky and
Modravsky streams (96 km?). The geological subsoil is made of moldanubicum and the
whole area is mostly located at the geological site knows as Kralovsky hvozd (Royal
Forest) (gneiss) characterized by magma bodies rising to the surface — e.g. in the central
moldanubic plutonic rocks in the Vydra river massif (biotic granite, adamellites,
granodiorites) (Kocarek, 2003). In terms of meteorology, the area shows the high total
precipitation and Bfeznik is thought to be the place of the highest precipitation (1550 mm
annually) (Strnad, 2003). The area is mostly covered by spruce forests, peats (Rokytska,
Rybarenska, Roklanska fens and others), and mountainous meadows. The high percentage
of peat and wetland results from relatively high precipitations. In the past, there were

certain efforts to drain the area and to transform it into production spruce monoculture
forests (Hais, 2003).
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2.1 Spruce Forests Decay Caused by bark beetle

The most radical change, affecting the mountain spruce forests of the Sumava
Mountains and Bavarian Forest National Parks in 20" century, was the bark beetle
outbreak that started in 1980s. As is stated in Skuhravy (2002), its origins could be traced
back to 1983 when 173 ha of the Bavarian Forest National Park were damaged by a
hurricane. At that time, 88 ha were left without any treatment, which resulted in spread of
eight-toothed spruce bark beetle (Ips typographus) that in 1986 attacked also other trees
due to lack of damaged fallen trees. Despite further hurricanes in 1990 (Vivian and
Veibke), the calamity seemed to have diminished in 1988 — 1992 . However, in 1993,
affected areas started to spread again, particularly towards the northwest from Luzny in the
direction to Velky and Maly Spiénik and further northwards and eastwards. Czech air
photos of the area delimited by Spi¢nik and Blatny hill in the direction towards Roklan,
taken in 1992, show individual affected trees and 12 larger pest focus sites (15 — 20 trees).
In later stages, the area was affected by bark beetle leading to creation of many new focus
sites in surrounding areas. In 1995 the Sumava National Park administration declared the
non-intervention zone. It was enlarged to the southwards from the road between
Roklanska lodge and Bfeznik and reaches the total area of 1450 ha in 1997. The bark
beetle attack reached its peak in 1996 when it involved 80 % of the non-intervention zone.
Outside the zone, the Sumava NP administration adopted measures to clean affected wood
and stop calamity progress. Ten percent of cleaned trees were unbarked and left in their
original place. Since 1996, new trees have been planted in clear cut areas, mainly spruce,
but also rowan, beech, fir, and sycamore. To return future forest generations to the original
state it’s important to mix spruce with other species (Zatloukal et. al., 2001). The results of

overall calamity in 2002 are specified in Table 1.

Table 1 Decayed forest and clear cut areas values in the Bavarian Forest and Sumava

National Parks (Kurovec a jeho kalamity, Skuhravy, 2002 — Bark Beetle Calamities)

National Park Decayed forest (ha) | Clear cut areas (ha) | Scope in mil. m’
Bavarian Forest 3650 270 1.5-1.7
Sumava Mts. 1450 1150 1.1-13
Total 5100 1420 26-3.0
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3. Methods

To assess surface temperature and humidity, the multispectral remote sensing data were
analyzed, specifically Landsat S TM and Landsat 7 ETM+ satellite scenes. Thereby it is
possible to work with data from the time before the bark beetle outbreak in Sumava
Mountains. Satellite scenes taken on July 11, 1987 and July 28, 2002 were transformed
geometrically into the JTSK coordinate system according to ortorectified Satellite map
(CR© 2002 ARCDATA PRAHA, s.r.0). To enhance geometrical accuracy in central
Sumava, the existing grid of ground control points was completed by points taken from
aerial ortofotomaps provided by the Sumava National Park administration for the purposes
of the project. Data were resampled by applying the nearest neighbour method to preserve
original radiometric data for subsequent data processing. Satellite images were subject to
atmospheric corrections applying the ATCOR module to eliminate unwanted marks of
water vapour in the atmosphere.

To calculate the surface temperature, I used the 6™ thermal channel TM and ETM+
comprising records in the electromagnetic radiation interval of 10.4 — 12.5um (Campbell,
2002). DN values were transformed to temperature values by applying ATCOR2 T
(Geomatica Algorithm Reference, 2003) and recalculating radiometric values of surface
radiation to temperature of an ideal black body. To enhance accuracy, the ATCOR2 T
model was completed by supplementary calibration data: geographic location, medium
height above the sea level, Sun zenith angle at the time of image taking (calculated in the
SUN software), the visibility range (data provided by the CHMI), and the season. The
output comprises maps of the surface temperature absolute values. For the comparability
reason, the Satellite data from different periods can be used only after transforming

temperature values into relative values.

Soil water content (Suri et al., 1994) or surface relative humidity values can be
determined by using spectral indexes. Most methods apply the Wetness index that forms
part of the Tasseled Cup linear transformation (Kauth & Thomas, 1976). With respect to
Landsat TM or ETM+ satellite data, the Tasseled Cup transformation processes 6 spectral
bands (1 — 5, and 7) applying a method based on the Principle components analysis. For
comparability reasons, the values were again transformed into relative categories. In this
case, I used the equiareal method. The histogram of satellite images was divided so that

each interval contained ideally the same number of values. Reducing the span of discrete
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class histogram, we acquired deviations in numbers of values between individual intervals.
When the difference of summary values within individual intervals is too big, it is
necessary to choose a different numbers of intervals. Nevertheless, the number of intervals

is limited by the maximum number of values of one class as specified below:

Insl

max

where I, is the maximum number of equiareal intervals, >_c is the sum of values of all
classes, and L, is the class with the highest number of values. The equiareal distribution
is characterized by marginal intervals comprising under normal conditions many classes,
which leads to extremes averaging. On the other hand, this distribution method provides a
good picture of the values distribution in space.

Temporal comparison of relative data (temperature, the Wetness index) was performed
on the basis of a matrix analysis (Geomatica Algorithm Reference, 2003). It resulted in a
visual record where the pixel value represented the combination of coinciding classes,

mutually corresponding in terms of their location, as specified bellow:

COINCIDENCE MATRIX:
| 1 2 3 4 5 6 7 Channel B

2| 8 9 10 11 12 13 14
3] 15 16 17 18 19 20 21
4 | 22 23 24 25 26 27 28
5 | 29 30 31 32 33 34 35
6 | 36 37 38 39 40 41 42

7 | 43 44 45 46 47 48 49
Channel

A
The chart shows values applicable to all combinations of corresponding classes
coincidence. When class 1 of channel A corresponds to class 7 of channel B, the resulting
value of the pixel is 7. This represents the maximum possible change (e.g. increase in
temperature). The same applies to the resulting pixel value of 43, but the change is in the

opposite direction (e.g. decrease in temperature). With respect to diagonally distributed
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Scenne: _ 7 ' 11.7.1987 ’_ 28.7.2002

Fzg 1b Relatlve surface tempertures

Fig. Ic Relatlve values of Wetness 1ndex low --- ---hlgh
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values (1, 9, 17... 49), classes of both compared visual records mutually correspond and
the result therefore equals zero, i.e. no change (e.g. stable temperature). Based on the
matrix analysis, we also made a table of a percentage coincidence of all combinations of

selected intervals.

4. Results

The comparison of scenes from 1987 and 2002 in 453 RGB (Red, green, blue)
compositions clearly showed lighter zones in the 2002 image (turquoise) around the
Luzensky stream extend in the east through Mokrtivka further to Germany and towards
Roklan in the west (Fig. 1a). Such zones represent decayed spruce forests and newly
formed clear cut areas. Colour differences between clear cut areas and decayed forests in
the no-intervention zone aren’t very clear (clear cut areas are marked by a lighter shade).
Fig. 1b shows the same areas in both monitored years as Fig. 1a, but the coloured scale
represents surface temperature values transferred into a relative equiareal (quantile) scale
for comparability purposes. The Figure clearly shows an increase in surface temperature
that in many cases rose from the lowest to the highest values on the relative scale. This
phenomenon is documented by Fig. 2. It shows the matrix analysis results where pixel
values are represented on the basis of overlapping classes combination. The biggest change
of relative temperature, in other words a shift from the lowest surface temperature class in
1987 to the highest surface temperature class in 2002, was detected in the western slope of
Mokriivka hills, on the whole Spi¢nik border ridge, on Blatny hill, in the Roklansky forest,
and clear cut areas eastwards from Medvédi hill. Significant movements from the first (the
coldest) class to the sixth or fifth class apply to the whole area affected by the bark beetle
calamity. Mountain meadows and wetland in Luzenské valley, around Modrava, at
Filipova Hut’, Kvilda and Horska Kvilda are free of any temperature changes. Some
locations (e.g. Nova slat’) were affected by opposite developments, i.e. temperature
dropped from the highest to the lowest class.

Fig. 1c indicates the Wetness index values distribution on a seven-grade relative scale.
Comparison of both scenes shows a decrease in the Wetness index values between 1987
and 2002. The Wetness index results were also compared by applying the matrix analysis
and the outcome is shown in Fig. 2b. Class changes are found mainly in the areas of

decayed spruce forests and newly formed clear cut areas. Decrease in the Wetness index
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values implies a relative reduction of the surface humidity. However, in this case changes

mostly involve shifts from medium to the lowest values.

"‘-‘ Fig. 2a The difference of surface

temperature between the years

1987 and 2002.

- Increase by 5-7 classes

- Increase by 3-4 classes

" “‘M(;arava ,' o L . % %% Fig 2b The difference of Wetness
vty Ty index between the years 1987 and
g ¢ o T e 2002

- Decrease by 5-7 classes

Decrease by 3-4 classes

5. Discussion and Conclusions

The study confirms the assumption that decay and clear cutting of mountain spruce
forests in central Sumava Mountains leads to changes in surface temperatures, specifically
to a significant warming. Such changes are supported by the fact that the relative seven-

grade temperature scale mostly showed shifts from the first (the coldest) class to the
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seventh class (the warmest) in the bark beetle calamity areas. Links between beetle bark
calamities and temperature changes are mentioned by Aldrich (1979) who, however,
indicated only 1°C average differences measured on specific trees. Direct relation between
the temperature rise in spruce forests infested by bark beetle and decrease of soil humidity
was indicated by Swift et al. (2002). The Wetness index values declined significantly also
during the bark beetle calamity in the Bfeznik area. Increase in surface temperature and
decrease in the Wetness index values in central Sumava Mountains imply significant
environmental changes that may lead to changes in the energy-substance balance of the
area, or to formation of hydrological runoff in the river basin. Potential impact of mountain
spruce forests decay on runoff conditions was confirmed by Kiovak & Kufik (2001) who
studied three experimental river basins in central part of Sumava Mountains.

The dividing of the both temperature and Wetness index values was made by dividing
the interval into so-called equiareal classes. This dividing was used by Sima to compare
changes of the landscape surface temperatures in the area of “Podkru$nohorska” soil heaps
(Pokorny et al., 2002). Some limitation of this method is given by the fact, that the fewer
relative classes we have, the more the marginal extremes are hidden in the Gauss
histogram of values. However, the equiareal distribution of classes gives better knowledge
about the distribution of temperatures in the landscape than for example equidistant
distribution.

According to this study it is possible to state, that the hypothesis of the increasing
relative surface temperature and decreasing the Wetness index values in the bark beetle
outbreak area was confirmed. It would be necessary to use data with higher resolution for

more detail study of particular landscape components.
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1. Uvod

Vyuziti uzemi je jednim ze zasadnich faktoru ovliviiujicich odtokové poméry
v lokalnim, regionalnim i globalnim méfitku. Zmény ve vyuziti izemi na velkych plochach
se mohou odrazet v kratkodobém i dlouhodobém vlivu na zvySujici se rizika extrémnich
prutokd, ptipadné€ v dlouhodobém poklesu zasob hladiny podzemni vody (Bhaduri et al.,
2000). Vliv zmén vyuZiti uzemi na rozsahlych plochéach regionélniho az globalniho
charakteru na odtokové poméry popisuje Lu (2004). V této praci je naopak kladen diraz
na zmény vyuZiti izemi v lokalnim métitku.

Jednou z vyznamnych zmén krajinného krytu je odlesnéni. Odlesnéni mtize odtokové
poméry ovliviiovat pfimo a nepfimo. Pfimym vlivem je sniZovani reten¢ni schopnosti
krajiny. Vliv odlesnéni na odtokové poméry zkoumal naptiklad Badoux et al., (2006).
Vysledky tohoto vyzkumu potvrzuji piedpoklad dlouhodobé vyssiho odtoku na plochach
s poSkozenymi lesnimi porosty vlivem vichfic, ktery je navic umocnén sekundarnimi
odvodiiovacimi kanaly. I na Sumavé byl zkouman vliv odlesnéni na sniZeni retenéni
kapacity a nasledny vznik povodni. Na zaklad¢ historickych zaznaml povodiiovych
udalosti popisuje Sonka (2004) vyznamné zvyseni frekvence povodni na Otavé v 19.
stoleti, které dava do souvislosti s intenzivnim vyuZivanim lesu. Vliv odlesnéni na
odtokové poméry a kvalitu vody byl hodnocen i experimentalné na tfech Sumavskych
subpovodich s rozdilnymi typy vegetacniho krytu (zdravy les, rozpadlé horské smréiny,
hola sec). Vysledky této studie dokladaji vliv zdravého lesniho porostu na vyrovnanost
odtokovych poméru (Kfovak a kol., 2004). Kromé jiz popsaného ptimého vlivu odlesnéni
na zménu odtokovych poméri je mozné uvazovat jesté vliv nepiimy. Podstatou tohoto
vlivu je, Ze odlesnénim nebo v obecné roviné odstranénim vegeta¢niho krytu mize
dochazet na takovych plochach béhem letnich, sluneénich dnii k pfehfivani povrchu.
Prehfivani povrchi krajiny mizZe ménit ve svém disledku mistni klima a se zvySujici se
velikosti ploch i mezoklima a ma rovnéz vliv na hydrologicky cyklus. Pfi bezvétrném
pocasi tak dochézi i k zna¢nému ohfivani vzduchu, ktery je schopen pojmout vétsi objem
vody v podobé pary. Pfi nahlém ochlazeni miZe dojit k lokalnimu maximu srazek
v podobé¢ ptivalovych destli se vSemi negativnimi disledky véetné povodni (Trenberth,
1999).

Cilem této prace bylo navrzeni metodického pfistupu pro hodnoceni kvalitativnich i

kvantitativnich zmén krajinného krytu pomoci metod DPZ v termalni oblasti spektra a
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vysledky diskutovat v $ir§im kontextu srazko-odtokovych zmén. Prace vychazi z toho, Ze
teploty povrchu krajinnych struktur jsou integralni veli¢inou, kterd vypovida jednak o
fyzikalné-chemickych vlastnostech daného materialu (tepelna kapacita, tepelna vodivost,
odrazivost, chemické sloZeni, obsah vody a jiné) a funkci vegeta¢niho krytu (zejm.
transpirace, pfipadné sniZeni dopadajiciho slune¢niho zafeni na povrch pudy) ale zarovei
termalni projev pfispiva k utvareni klimatickych a srazko-odtokovych podminek daného
uzemi. Pokud tedy dojde vlivem zmény krajinného krytu i ke zménam termalniho projevu,
je mozné o¢ekavat i zmény ve srazko-odtokovém reZimu.

NavrZeny metodicky pfistup je ovéfovan na piipadé dvou typt odlesnéni, kterymi jsou:
rozpadlé horské smréiny vlivem pfemnozZeni lykoZrouta smrkového a plochy s
asananovanymi lesnimi porosty. Nartst teplot krajinného krytu vlivem odlesnéni byl jiz
popsan v mnoha studiich (Weber, 1971; Yoshino, 1975; Schmid, 1976; Hashimoto &
Suzuki 2004). Stejné vysledky jiZ byly publikovany z oblasti centralni Sumavy
(Hais, 2003; Hais a Pokorny, 2004; Hojdova et al., 2005), ktera je zajmovym uzemim i
v piipad¢ této studie. Zakladnim pfedpokladem v této studii je, Ze teplotni podminky
asanovanych lesnich porosti (holych seci) a rozpadlych horskych smréin se budou lisit.

K ovéfeni tohoto predpokladu byly srovnany hodnoty teplot krajinného krytu
z druZicovych scén (Landsat TM a ETM+) pofizenych pfed expanzi kiirovce v oblasti

centralni Sumavy a po zasadnich zménach vyvolanych touto kalamitou.

2. Material a metody

2. 1 Zajmoveé uzemi

Zajmovym tizemim této studie je oblast centralni Sumavy (viz obr. 1 a 2A), pfi¢emz
hlavni pozornost je vénovana lokalité¢ s vyznamnym rozpadem horskych smréin (Picea
abies [L.] Karst.) vlivem pfemnozZeni lykoZrouta smrkového (Ips typographus L.), ktera

vrcholila pfelomu 20. a 21. stoleti.
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Obr. 1 Rozpadlé smrkové porosty vlivem LykoZrouta smrkového v okoli Luzenského udoli

na Sumavé. Letecky snimek (foto M. Hais).

Skuhravy (2002) uvadi, Ze prvni vétsi ohniska napadeni smr¢in lykoZroutem na ¢eské
stran€ byla zaznamenana leteckym snimkovanim v roce 1992. K vyrazné akceleraci
napadeni smréin lykoZroutem pak doslo v letech 1995 a 1996, kdy byla zasaZena téméf
cela oblast na které doslo k rozpadu smr¢in k roku 2000. K tomuto roku piipada celkova
plocha odlesnéni vlivem lykoZrouta smrkového (v€etné asanovanych smr¢in) na 2600 ha.
Uzemi postiZené kalamitnim pfemnoZenim lykoZrouta smrkového v okoli Bfezniku je na
vychodé€ ohrani¢ené Velkou a Malou Mokriivkou, na zapadé zasahuje aZ k Roklanu.
Severni hranici tvofi pfibliZzné linie Medvédi — Studena hora a na jihu je studovana oblast
vymezena statni hranici s mirnym pfesahem do Némecka asi 0,5 — 1 km. Nadmoiska vyska
se zde pohybuje v priméru okolo 1100 — 1200 m.n.m. Nejvyssi vrcholy na ¢eské strané
predstavuji Velka Mokriivka 1370 m.n.m a Spi¢nik 1351 m.n.m. Na némecké strané pak
dominuje vrchol Luzného 1373 m.n.m. a Roklan 1453 m.n.m. Hydrologicky spada oblast
do subpovodi Roklanského a Modravského potoka (96 km?), které je souéasti povodi
Otavy. Geologické podlozi je tvofeno moldanubikem, pfiéemZ na vétsiné€ uzemi se
uplatiiuje geologicka jednotka Kralovského hvozdu (ruly, pararuly), misty vystupu;ji

magmaticka télesa, jako je tomu v piipadé centralniho moldanubického pluténu v masivu
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Vydry (biotiticka Zula, adamellity, granodiority) (Kocarek, 2003). Z hlediska klimatickych
charakteristik vykazuje tato oblast i v ramci Sumavy nejvyssi srazkové uhrny, pfi¢emz
Bieznik je oznaovan jako nejdestivéjsi misto na Sumavé roénim srazkovym uhrnem az
1552 mm (Strnad, 2003). Hlavnim krajinnym prvkem jsou zde horské smrciny, dale
pfipada vyznamny podil na raSelini$té (Rokytska, Rybarenskd, Roklanska slat’ a dalsi) a
horské louky. Vyznamny podil raselinist’ a zamokfenych pud, ktery je odrazem relativné
vysokych srazek v této oblasti, vedl v minulosti k hydromeliora¢nim odvodiiovacim
zésahtim ve snaze pfeménit tyto plochy na produkéni les smrkovych monokultur (Hais,
2004).

Lesni porosty jsou v této lokalité vystaveny fad€ extrémnich podminek. Luzenské udoli
je povazovano za mrazovou kotlinu s ¢astym vyskytem milh. Jejich velky ekologicky
vyznam v oblasti centralni Sumavy zdiiraziiuje Hrugka a kol. (2005), ktery popisuje aZ
fadove€ vyssi namétfené koncentrace latek (sirany, dusi¢nany apod.) v mlZné a oblacné vodé
oproti vodé€ srazkové. ZvySené depozice oxidu siry a dusiku pak mohou byt jednim z vice
faktorti, které mohly sniZit obranyschopnost smréin vi€i invazi kiirovee smrkového. Pro
rozvoj kliirovcové kalamity v této oblasti mél vyznam také fakt Ze se zde jednalo €asto o

stejnove€ké monokultury (Skuhravy, 2002).

2.2 Pouzité metody

Pro hodnoceni teplot krajinného krytu byla vyuzita analyza multispektralnich
distan¢nich dat. V tomto piipadé€ byly zpracovany scény druZicového systému Landsat 5
TM a Landsat 7 ETM+. Vyhodou druZicového systému Landsat TM je, Ze jeho uvedeni do
provozu piipada jiZ na rok 1982 (Lillesand et al., 2004, Jensen, 2000). To ma velky
vyznam pro temporalni vyhodnoceni zmén a v této studii je tak mozné zpracovani dat
z obdobi jest& pred zagatkem kiirovcové kalamity na Sumavé. Doba snimani druzici
Landsat je v ptipad& zajmové oblasti 10:34 (SELC). Ke snimani stejného mista na
zemském povrchu dochézi v pravidelném Sestnactidennim intervalu.

Pro vymezeni porovnavanych ploch byla pouzita digitalizace leteckych
orthorektifikovanych snimku z roku 2002. Vytezy druZicovych scén z 11. 7. 1987 a 28. 7.
2002 byly geometricky a soufadnicové transformovany do soufadnicového systému JTSK
podle orthorektifikované Druzicové mapy CR© 2002 ARCDATA PRAHA, s.r.0.

Ptevzorkovani dat bylo provedeno metodou Nearest neighbour z diivodu zachovani
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pivodnich radiometrickych hodnot pro nasledné zpracovani dat. Pro vypocet teplot
krajinného povrchu byl vyuzit 6. termalni kanal TM a ETM+, obsahujici zaznam

v intervalu elektromagnetického zareni 10.4 — 12.5 um (Campbell, 2002). Piepocet
digitalnich hodnot na teplotu byl proveden pomoci modulu ATCORT 2 (Geomatica
Algorithm Reference, 2003). Pro dalsi zpiesnéni hodnot byly do modulu ATCORT 2
za€lenény i doplitkové kalibra¢ni udaje: geograficka poloha, sttedni nadmoftska vyska,
zenitovy uhel Slunce v dobé€ sniméni (vypocitany programem SUN), dohlednost (data
ziskana z CHMU) a roéni doba. Vystupem jsou teploty krajinného krytu v absolutnich
hodnotach (°C). Z divodu velmi ¢lenitého reliéfu (rozdily v nadmotské vysce, orientaci a
sklonu svahu) nelze porovnavat teplotni rozdily holin a rozpadlych horskych smr¢in

v ramci jedné scény. Naptiklad jihovychodni svahy vykazuji v dobé snimani druzici vyssi
teploty, nez svahy severozapadni apod. Rozdily teplot vlivem odlisné nadmotské vysky,
orientace a sklonu byly eliminovany pouzitim temporalni per-pixelové analyzy. To
znamena, Ze jsou porovnavany hodnoty odpovidajicich si pixelti (nejmensi segmenty
obrazu) v ¢ase. Pro vzdjemné porovnani druZicovych dat z riznych ¢asovych obdobi je
vSak nutné absolutni hodnoty normalizovat jejich pfevedenim do relativni §kaly. Divodem
je, Ze aktualni hodnoty teplot jsou ovlivnény povétrnostnimi podminkami. Hais (2003) ve
své praci uvadi rozdéleni hodnot histogramu dle kvantilového rozpéti. Nevyhodou tohoto
pfistupu je omezeny pocet intervalovych tfid u diskrétnich hodnot, coz ve vysledku stira
rozdily uvnitf téchto tfid. Proto je presnéjsi vyjadrit miru zvySeni teplot krajinného krytu
teplot jako rozdil standardizovanych hodnot teplot dvou druzicovych scén. Standardizace

hodnot je déna jednoduchym vztahem (Hendl, 2004):

kde x je primé€rna hodnota a Sx je smérodatna odchylka. Nékdy se primér nahrazuje

medianem a smérodatna odchylka interkvantilovym rozpétim (Hendl, 2004):
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Takto standardizované hodnoty umozZiuji vzajemné srovnani soubort. Proto bylo mozné
vyjadfit miru zmén teplot krajinného krytu na holych secich a rozpadlych horskych

smréinach.

3. Vysledky

Teploty krajinného povrchu vypodtené z obou druZicovych scén byly standardizovany
podle obou vyse zminénych rovnic. Pfi srovnani jejich histogrami bylo ziejmé, Ze
standardizace vyuZivajici median a interkvantilové rozpéti o néco 1épe vystihuje rozlozeni
dat. Takto standardizovana data byla dale pouZita pro dalsi operace. Nasledoval vypocet
rozdilu standardizovanych teplot obou druzicovych scén. Na obrazku 2A je graficky
vyjadiena mira rozdilu teplot pro celé zajmové uizemi. ProtoZe se jedna o standardizované
hodnoty, nelze velikost tohoto rozdilu kvantifikovat (napft. v °C). Je v§ak mozZné
porovnavat rozdily zmén na vybranych plochach. Cilem bylo srovnani, zda na plochach
s asanaci lesnich porosti doslo k vy$§imu nartstu teplot nez v rozpadlych horskych
smréinach. Tento pfedpoklad potvrzuje obrazek 2, kde vyznamné relativni zvyseni teplot
krajinného povrchu pfipad4 na asanované lesni porosty, zatimco u rozpadlych horskych
smréin k vyraznému narustu teplot doslo jen v nékterych lokalitach. Jedna se o oblast
Roklanu, Spi¢niku a Mokriivek. Vzhledem k okolnim lesnim porostiim, kde nedoslo
k rozpadu horskych smr¢in nebo asanaci porosti vykazuji obé zkoumané plochy vyssi

hodnoty krajinného povrchu.

Predpoklad, Ze holiny vykazuji vyssi teploty krajinného povrchu na holinach bylo
zapottebi jesté testovat. Graf 1 ukazuje srovnani obou zkoumanych ploch z hlediska teplot
krajinného povrchu. Déle bylo jesté provedeno statistické hodnoceni odli$nosti obou
skupin Mann-Whitneyovym testem. Tento test byl pouZit, nebot’ se zde jedna o data, ktera
nemaji normalni rozdéleni. Vysledky Mann-Whitneyovym testu potvrzuji odli$nost obou
soubori (Z=-37,07; p<0,001).

-52-



Viiv odlesnéni a odumirani horskych smréin na teploty krajinného krytu kapitola 2

v

{, P
3"
:

I

R \
‘ L
‘é““; )\ =B
< i ,ﬁ((/‘
;I Ry B2
(2

N 1
P~ Vi

asanované smrciny (holé sece)

<.

’
=
A

¥+
. W .
ablast centralni Sumavy

5

ozdil stan a?dizoca‘n)'lch teplot krajinneho
krytu z terminu 11.7.1987 a 28.7.2002

Relativni skala rozdilu teplot

rozpadlé smréiny viivem lykozrouta mezi obéma terminy

“ souvislé porosty smrku

wwmwen  Statni hranice A

vodni toky

Obr. 2 A) Stav rozpadu horskych smr¢in a vzniku holich se¢i v roce 2002. Obdélnikovy
rameéek v obrazku (vpravo dole) vyznaduje oblast, ktera je zachycena na fotografii na
obrazku 1. B) Relativni rozdil standardizovanych teplot krajinného povrchu. Datovym
podkladem jsou scény druzic Landsat TM z 11. 7. 1987 a ETM+ z 28. 7. 2002.
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Graf 1 Relativni rozdil standardizovanych teplot krajinného povrchu.

4. Diskuse

Rozdilny teplotni projev asanovanych lesnich porostti (holych seci) a rozpadlé horské
smréiny popisuje v oblasti centralni Sumavy jiz Hojdova (2003). Vysledky, ke kterym
autorka dospéla byly formulovany na zaklad¢ bodovych terénnich méfeni a mohly by byt
za ur€itych okolnosti ovlivnény stanovi$tnimi podminkami. Prikaznost vysledki byla
doloZena na zaklad¢ zpracovani teplot krajinného povrchu z druZicovych dat (Hojdova et
al., 2005).

Vysledkem této prace je komplexni hodnoceni teplotnich rozdilti asanovanych ploch
(holych seci) a rozpadlé horské smréiny. Vysledky potvrzuji pfedpoklad vyssiho prehiivani
asanovanych lesnich porostti oproti rozpadlym horskym smré¢inam. Mensi narust teplot
krajinné¢ho povrchu v rozpadlych horskych smréinach je mozné vysvétlit vyssi Clenitosti
jejich povrchu, coz zde vytvari celou fadu lokaln€ zastinénych ploch, u kterych nedochazi
k vy$§imu zahtivani vlivem solarni radiace. DalSim diivodem mutze byt i vyssi odrazivost
kmenli odumfelych stromti. Vzhledem k tomu, Ze relativni rozdil teplot krajinného povrchu
vychazi z druZicovych dat snimanych v obou pfipadech (11. 7. 1987 i 28. 7. 2002) v 10:34
hodin SELC, da se predpokladat, Ze béhem dopoledne jesté nedoslo k maximalnimu
rozriznéni ohfivanych ploch, ke kterému dochazi aZ po poledni. V odpolednich hodinach

Ize tedy o€ekavat jesté veétsi rozdily mezi zkoumanymi povrchy. To se miiZe na plochach

asanovanych lesnich porostt (holych seci) projevit extrémnimi teplotami. To potvrzuje i
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prace Hojdové (2003). Odumfelé horské smréiny tak davaji vétSi nadé€ji na ptirozenou
obnovu lesa a tim i op€tovné zvySeni reten¢ni schopnosti uzemi. Druhym aspektem, ktery
vyplyva z vysledki, je vliv obou sledovanych ploch na mikroklima. Pfehtivané plochy
asanovanych lesnich porostti mohou ménit vyznamné mistni klima a zvySovat i rizika

spojenymi s extrémnimi srazko-odtokovymi udéalostmi.

Uvedené metodika pro srovnani relativniho nartstu teplot krajinného krytu na
vybranych plochach pfedstavuje pomérné nenaro¢ny vypocet teplot ze dvou termint dat
druZice Landsat. Tato per-pixelova temporalni analyza vychazi z pfedpokladu, Ze hodnota
termalniho stupné (lapse rate) se neméni s nadmotiskou vyskou, coZ nemusi byt vzdy
zaruéeno. Proto je velmi dilezity vybér termint druzicovych dat, které by mély byt
vzajemné€ co nevice podobné z hlediska povétrnostnich podminek (teplota, oblacnost,
srazky, vitr) v dobé pfed a béhem snimani. DuleZita je i podobnost fenofaze zvolenych
termind, zejména pii hodnoceni vegeta¢niho krytu s vyraznou dynamikou. To vSak neni
piipad hodnocenych smrkovych porostt, které neprodélavaji tak vyznamné zmény jako
napiiklad opadavé stromy. PoZadavek na podobnost povétrnostnich podminek (srovnani
dat z meteorologické stanice Churariov) byl splnén. V obou dvou zminénych terminech 1ze
povétrnostni podminky definovat jako stabilni anticyklonalni pocasi bez srazek a téméf bez

obla¢nosti.

5. Zaveér

Vysledky srovnani teplotniho projevu holych seci a rozpadlych horskych smr¢in
z druzicovych scén jsou v souladu s predpokladanou odlisnosti obou typt ploch. Na holych
se¢ich doslo k vyznamné vy$§imu naristu teplot oproti rozpadlym horskym smr¢inam.
Proto je tfeba brat ohled na mozZnost ovlivnéni lokalnich klimatickych podminek
v disledku odlesnéni v ptipadé lesnického hospodateni v produkénich lesich, stejné jako
pfi planovani zasaht v oblastech s ur¢itym statutem ochrany ptirody. Dalsi souvislost je
mozné spatiovat i mezi zménami typu odlesnéni a zménou srazko-odtokovych poméru.

Termalni projev krajiny mize byt tedy citlivym indikatorem krajinnych zmén.
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6. Summary

The influence of deforestation and decay of spruce forests on the
surface temperature and possible consequences for runoff in central

part of Sumava Mountains

The aim of this work is to verify a potential of thermal remote sensing to assess
quantitative and qualitative changes of land cover/land use and to interpret the results in
the context with precipitation-runoff conditions in the landscape. This study is based on a
fact, that surface temperature is an integral quantity, which express the physical and
chemical characteristics of a given material and the function of vegetation cover.
Nevertheless, the surface temperature of land-cover components influences the climatic
and precipitation-runoff conditions.

Suggested methodical approach have been used in the cases of two deforestation types:
forest decayed because of bark beetle attack and clear cut areas.

The area of interest lies in the central part of Sumava Mountains, surrounding Bfeznik
lodge. The main attention was aimed to the locality affected by a significant decay of
Norway spruce forests (Picea abies [L.] Karst.) due to an outbreak of bark beetle (Ips
typographus L.), which culminated in the turn of 20" and 21 century. The first larger
centres of bark beetle attack on the Czech side of the border had been recorded by an aerial
photography in 1992. A significant acceleration of the attack arose in 1995 and 1996, when
almost the whole area, where the spruce forests decayed towards 2000, was affected. The
total area of the deforestation caused by bark beetle (including the clear cut areas) occupied
2600 ha in this year.

The question was, if the both types of deforestation show different temperature
conditions. To verify this hypothesis, the thermal data of Landsat (TM and ETM+) scenes
were compared. The first data set was acquired by Landsat TM in July the 11™ 1987, when
there was no bark beetle outbreak in the central Sumava Mountains yet. The second data
set was represented by scene from Landsat ETM+ acquired in July the 28™ 2002, when the
largest part of spruce forests had been already decayed. The atmospheric conditions
differed in the times of the scenes acquisitions, so the data had to be normalized prior the
comparison. Regardless of the data normalisation, the similar weather conditions in both

terms are really important for the comparison. This precondition was fulfilled, because the
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weather had been defined as a stable anticyclonic without precipitation and nearly without
clouds. An influence of topoclimatic conditions was eliminated by using a per-pixel
change detection analysis.

The result is, that surface temperature increased in both types of deforested areas
compared to the state before the bark beetle attack. However, the temperature increasing
was significantly higher in case of clear cut areas than in decayed forest. The difference
was statistically evaluated by Mann-Whitney test (Z =-37,07; p<0,001), because the data
had no normal distribution.

So the possibility of influence of local climatic condition as a result of deforestation
should be considered in management of forest of production as well as of protected forest
stands. Different local climatic conditions in two types of deforestation can also result in

changes in precipitation-runoff relation in given area.
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Abstract

The main objective of this study was to assess the influence of topography on the surface
temperature of spruce forest in the central part of the Sumava Mountains, Czech Republic.
The aim was to design a method for surface temperature normalisation of forest stands in
rugged relief. In this study, two Landsat scenes, ETM+ and TM, and one TERRA ASTER
scene were used. The different spatial (60 m — 90 m — 120 m) and/or radiometric (8 — 12
bits) resolutions of these scenes enabled the assessment of the influence of these
parameters on the accuracy of surface temperature models at the mesoscale landscape
context. These models are based on the effect of complex topography (digital elevation
model - DEM, and illumination - Hillshade) on surface temperature. Only homogeneous
spruce forest stands were used for surface temperature modeling. The influence of
topography on surface temperature in spruce forest was confirmed in all types of satellite
data used. Three different approaches were used to increase the accuracy of the models.
Predictability increased with forest content in the thermal pixel (model 1). The resulting R
values (0.47 - 0.49) were similar between all three scenes. Model 2 is based on the
weighting of thermal pixels by the forest content (R*: 0.32 — 0.39). We also assessed the
influence of spruce forest edge effect on the accuracy of thermal models. Removing forest
buffer zones resulted in greater statistical significance (approximately by 25 —40 %). The
optimal width of forest edge removed was determined to be 90 m. The resulting explained
variability (R?) improved by forest edge removal was 0.57, 0.52, 0.47 in the case of ETM+,
ASTER, and TM, respectively. These values correspond with the spatial resolution.
However the differences are not significant indicating that all these data are useful for ST
modeling of spruce forest. The potential use of ST modeling is to identify temperature
anomalies caused by different types of forest disturbance (e.g. harvesting, disease, insect

attack) or changes in the condition of stands (e.g. water stress).

Key words: Landsat, ASTER, surface temperature, topography, spruce forest
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1. Introduction

Thermal infrared (TIR) remote sensing data can provide important measurements of
surface energy fluxes and temperatures, which are integral to understanding landscape
processes and response (Quattrochi & Luvall, 1999). Using the Stefan-Boltzmann law it is

possible to estimate the kinetic temperature of materials on the land surface:

M, = eoTun® (1)

where M, is the total broadband radiant flux, € is emissivity, ¢ is the Stefan-Boltzmann
constant (5.6697 x 10® Wm™ K™, and Ty, is the kinetic temperature in degrees Kelvin
(Jensen, 2000). The temperature estimated from remote sensed data is generally called
surface temperature (ST). In our study this term is used to mean the surface temperature of
forest overstory. A more detailed description of surface temperature estimation and
emissivity is given by Snyder et al. (1998), Liang (2001) and Dash et al. (2002).

There are many satellites and airborne scanners, which are able to sense thermal
infrared radiation (TIR) with different spatial and/or radiometric information (Asrar, 1989;
Quattrochi & Luvall, 1999; Jensen, 2000; Campbell 2002; Lillesand et al, 2004). Satellites
with middle spatial resolution are used particularly at the regional scale. For these
purposes, the Landsat TM/ETM+ and ASTER (Advanced Spaceborne Thermal Emission
and Reflection Radiometer) are frequently used, their spatial resolution being 120 m, 60 m
and 90 m, respectively (Jensen, 2000; Lillesand et al., 2004). Different accuracy of ST in
consequence of varied spatial resolution is closely related to scaling and spatial
heterogeneity.

By comparing three types of thermal satellite data (TM, ETM+, ASTER) we assessed
the influence of relatively small differences in spatial resolution on modeling accuracy.

Radiometric resolution is another variable, which defines the number of discriminable
signal levels, so also data accuracy. For example, the most used 8-bit data have 0-255
levels (e.g. Landsat), but several sensor systems have a 12-bit radiometric resolution with
values ranging from 0-4095 (e.g. ASTER) (Jensen, 2000). Nevertheless, there are not big
differences in thermal data precision between the Landsat TM/ETM+ and ASTER, which
are given as 0.5 °C and 0.3 °C (ERSDAC, 2005), respectivelly. On the other hand, there is

a possibility to improve the accuracy of temperature calculation of ASTER using
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Temperature/emissivity separation (TES) technique (Gillespie et al., 1998; Kahle & Alley,
1992), where the ST calculation is based on the five channels of ASTER in the thermal
region.

Price (1989) mentioned various factors that affect the derivation of surface temperature:
evaporation (in the case of vegetation evapotranspiration), moisture in the atmosphere,
surface wind speed and surface roughness, the heat-storing capacity, albedo, emissivity and
topography.

Topography is an important factor controlling surface temperature (Geiger, 1965;
Yoshino; 1975, Geiger et al., 2003). Lookingbill & Urban (2003) suggested a site-specific
model for estimating temperature differences across a complex terrain. There are also
studies that use satellite-based topoclimatic modeling (Kang et al., 2004). The general
factors of local relief are altitude, latitude, and aspect of slope, which are commonly
measured in field studies. Altitude and latitude influence the general climatological
characteristics, such as annual mean temperature, annual precipitation, temperature
minimum in January, and temperature maximum in July. Average temperatures drop by
about 6.4 °C per 1000 m, but this differs with region (Bailey, 1996). The local effects of
slope and aspect, which influence the potential radiation and heat load are commonly
computed in ecological studies (McCune & Keon, 2002), mostly based on DEM (Pierce et
al., 2005). In addition to potential radiation and heat load, topographical shading generally
has important effects on the energy balance, especially in the case of very complex terrain
(Bellasio et al., 2005).

In the present study, we focused on the modeling of the influence of topography on
surface temperature (due to the relatively small area we neglected the latitudinal range).
The uniqueness of this study lies in modeling ST of a relatively heterogeneous forest
surface using remote sensing data. This is almost impossible to do using field
measurements. Such modeling contributes to understanding of the influence of topography

and Sun position (zenith angle and azimuth) on the thermal character of spruce forest

overstory.
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2. Material and methods

2.1 Study site

The area of interest (129 km?) includes the central part of the Sumava Mts., which is
located in the south of the Czech Republic and extends into Germany. This locality is
created by rugged topography and is almost covered by continuous forest stands. Norway
spruce forest (Picea abies [L.] Karst.) is the dominant land use unit in this locality. There
are also forest stands, which have been affected by a bark beetle outbreak, but these were
not used for the analysis in this study. With the exception of the spruce forest, the area is
mostly covered by peat (Rokytska, Rybarenska, Roklanska bogs and others) and mountain
meadows. The relief of the central Sumava is created by a peneplain with numerous local
hills. The elevation ranges from 700 m to 1453 m and the average altitude of the complex
relief is 1093 m. Velka Mokriivka (1370 m) and Spiénik (1351 m) are the highest peaks in
the Czech part, while the German area is dominated by Lusen (1373 m) and Grosser
Rachel (1453 m). The high percentage of peat and wetland areas results from relatively
high humidity; precipitation is over 1500 mm annually, especially in the Luzenske valley
(Strnad, 2003). In the past there were certain efforts to drain the area and transform it into

spruce monoculture forests (Hais, 2004).

2.2 Satellite data

In this project, two Landsat scenes [ETM+ (28 July 2002), TM (10 August 2004)], and
one TERRA ASTER scene (15 July 2003) were used. In the case of all three scenes, the
spatial resolution of the thermal channels is different (see table 1). From the third column
of table 1, it follows that each thermal pixel of the three satellite data is associated with a
different number of multispectral pixels of the other channels. This is an important feature
for describing models 1 and 2 (see below).

The data acquisition times of the Landsat TM, ETM+ and TERRA ASTER satellites are
9:18 am, 9:48 am, and 10:18 am, respectively, in the case of the area of interest. The orbit
for each Landsat and TERRA ASTER satellites result in a 16-day repeat cycle (Jensen,
2000; Campbell, 2002; Lillesand et al., 2004). Ancillary meteorological data from the

Czech Hydrometeorological Institute were used to describe the meteorological
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Table 1. Spatial resolution of selected spectral channels and their ratio

spatial resolution of| the number of
spatial resolution of multispectral forest pixels
satellite .
thermal channel (m) channels used for belonging to
forest classification thermal pixel
Landsat TM 120 30 16
ASTER 90 15 (VNIR) 36
Landsat ETM+ 60 30 4

conditions starting 10 hours before satellite data acquisition. The nearest meteorological
station is located on the summit of Churanov hill (approx. 25 km north-east from the centre
of the study area, 1122 m above sea level). The following data were used from this station:
hourly air temperatures, air pressures, ground visibility and actual weather conditions. The
ground visibility value and the air temperature at the time of data acquisition were used in
ATCOR2 T (see below) as a calibration values. The other meteorological data were used in
order to choose satellite data with similar weather conditions. It is evident from these data
that anticyclonic weather, almost without precipitation, preceded all obtained satellite
scenes.

The satellite scenes were orthorectified into the S-JTSK coordinate system (Krovak
projection, Bessel 1841 elipsoid) according to the Satellite map of the Czech Republic
(2002 ArcData Praha, s.r.0.) and a DEM created from contour lines (1:25 000). To enhance
the geometrical accuracy in central Sumava, the ground control points (GCPs) were
completed by points taken from aerial orthophotos provided by the Sumava National Park
administration for the purposes of the project. These data were resampled by applying the
nearest neighbour method to preserve the original radiometric values for subsequent data

processing.

2.3 Spruce forest classification

The spruce forest thematic layers for all three scenes were obtained by a supervised
classification method (Campbell, 2002; Lillesand et al., 2004) using PCI Geomatica
software (Geomatica Algorithm Reference, 2003). The classification of spruce forest had
to be carried out for all scenes due the land use/cover changes during 2002, 2003 and 2004.

For all three scenes the same training fields were used. The trainings fields were chosen
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only for non-changed forest (i.e. not harvested) during the years 2002 — 2004. The result of
the classification of ETM+ from 2002 was verified using the areal photograph.

The forest edges exhibit different surface temperatures, because they form a
microclimatic transition zone to non-forest ecosystems. This is in agreement with the
results of Klaassen et al. (2002), who described the increase of heat fluxes near a forest
edge. Therefore using progressive masking, the edge zones 30 m (Landsat) or 15 m
(ASTER) wide, were successively removed during the following procedure. An example
of individual forest buffer zones is shown in figure 1. Forests with minimal areas were also

eliminated in the process of edge zone removal.

Non forest

Figure 1. Buffer forest edge zones were subsequently removed using progressive masking

in order to increase the accuracy of the models.

2.4 Thermal data

The 6™ (10.4 — 12.5 pm) thermal channel of Landsat TM and ETM+ and the 13" (10.25
-10.95 um) thermal channel of TERRA ASTER, were used to calculate the surface
temperature (Campbell, 2002; Lillesand et al, 2004). DN values were transformed to

temperature values by applying ATCOR2_T (Richter, 1990; Richter & Coll, 2002;
Geomatica Algorithm Reference, 2003).

The digital number DN in a thermal band is converted into the at-sensor radiance:

L=c0+clx DN (2)
where c0 and c1 are offset and gain of the radiometric calibration for the thermal band. The

at-sensor radiance L is converted into a surface radiance L(surface) using the thermal path
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radiance Lpath and atmospheric transmittance (tau) for the selected model atmosphere (e.g.
midlatitude summer was obtained from the MODTRAN radiative transfer code) and the

surface emissivity (eps=0.98):

(L —Lpath) _(c0+clx DN — Lpath)

L(surface) =
(surface) (tau x eps) (tau x eps)

)

The reflected contribution was neglected because it was insignificant in the case of the
high emissivity of needle forest (Snyder et al., 1998). The surface temperature T is

obtained from a least squares fit of the calculated table Ls = L(surface) = L(surface,T) for
T=270-330 K.

Other calibration parameters were: average elevation, solar zenith angle, ground visibility
and date of scene acquisition. The solar zenith angle (Z) for both scenes was calculated

using the following formula (Pierce et al., 2005):
cos(Z) = sin(Lat) x sin(Dec) + cos(Lat) x cos(Dec) x cos(15(T —12)) 4)

where Lat is latitude, T is the time of day in hours, and the coefficient 15 represents the
degrees of longitude the earth rotates each hour. Solar declination (Dec), the angle between
the sun and the position directly above the equator at noon, accounts for the tilt of the

earth.

Ground visibility values were obtained from the Czech Hydrometeorological Institute.
The accuracy of the surface temperature values from the Landsat scene (28 June 2002) was
verified by field measurements (Hojdova et al., 2005). For this verification, the surface
temperatures were measured using dataloggers: thermometer COMET L0141 (accuracy
0.2 °C; www.cometsystem.cz) in different land use units (meadows, peats) in the central
part of the Sumava Mountains.

The spatial resolutions of the thermal channels (e.g. 60 m in the case of ETM+) are
integral multiples of other multispectral channels (e.g. 30 m). Nevertheless, the thermal
channel has the same pixel size as other multispectral information. This means that the
thermal pixel is divided into given number of smaller pixels (table 1). After the geometric
correction (resampling), thermal pixels with the same value have different polygon shapes

(figure 2).
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Landsat TM 2004

Landsat ETM+ 2002

Aster 2003

0 120 24

eseee——— Meters

Figure 2. White edges (left) show the characteristic polygon form of thermal pixels after
rectification (resampling). This is caused by different pixel size and spatial resolution. The
right-hand pictures show the different number of forest pixels belonging to the thermal

pixel.

We needed to recalculate the number of forest pixels belonging to these polygons.
A higher proportion of forest in the thermal pixel (polygon) results in a higher accuracy for
the thermal value. The zonal statistic for the thermal polygons was used to calculate mean
values of forest content, Altitude, Hillshade and surface temperature. The proportion of

forest content was used as relative weight for the thermal data.
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2.5 Topography

To evaluate the influence of Altitude, a digital elevation model (DEM) was calculated
with a spatial resolution of 30 m and 15 m in the case of Landsat and ASTER data,
respectively. This was done in order to have the same spatial resolution in the DEM and
multispectral bands of both satellite systems. In this case, we used the Topo to RASTER
module (ArcGIS). Topo to RASTER is an interpolation method specifically designed for
the creation of hydrologically correct digital elevation models (DEMs). It is based on the
ANUDEM software (Hutchinson, 1993). Topo to RASTER uses knowledge about surfaces
and imposes constraints on the interpolation process that results in a connected drainage
structure and correct representation of ridges and streams. Contour elevation lines, stream
feature class and point elevation data were used for the interpolation. On the basis of the
DEM, two parameters (Slope and Aspect) were calculated in degrees using the spatial
analyst tool (ArcGIS) (Burrough & McDonell, 1998). Both Aspect and Slope are included

in Hillshade (HS), which was calculated on the basis of the DEM (ESRI 1994, Pierce et al.
2005):

HS = 255[005(90 —Z)sin(s)cos(a — A) +sin(90 - Z) cos(s)] (5)

where Z is the solar zenith, s is the local Slope, A is the solar azimuth and « is the azimuth
of the slope facet. The Hillshade gives the hypothetical insolation of a surface by
determining illumination values for each cell in a raster. Hence the Hillshade corresponds
to differences in the energy balance of areas with different topography. The solar zenith
(Z) and solar azimuth (@) in the formula (5) express the sun position in the given time of
day and year. Therefore, individual Hillshade values were calculated for each date because
of the different terms of satellite data acquisition. Lastly, the relation of the dependency of
surface temperature on DEM and Hillshade was calculated. This was carried out for the

surface temperatures of all three satellite scenes.

2.6 Surface temperature

The influence of relief on the surface temperature of the spruce forest was calculated

using linear regression. There are two main independent variables in this regression,
Altitude (DEM) and Hillshade (HS):
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ST=a+bxHS +cxDEM +error (6)

The ST (°C) was calculated from the satellite data; the estimation of Hillshade (0 — 255)
and DEM (m) is described above. The error term consists of both systematic and random
errors. Systematic error is dependent on the homogeneity of the surface in each thermal
pixel. Generally, the most homogeneous pixels have the highest explained variability.
Therefore, the three different models were used in order to decrease the systematic error in
formula 6.

To normalise the thermal data, the first step is to calculate the regression, where the ST
values are the thermal satellite data. The resulting coefficients (a,b,c in the formula 6) are
used to calculate modeled ST. Then the modeled ST values are subtracted from the ST
satellite data. Thus the effect of topography is removed and the deviations from null

express the differences in water contend, evapotranspiration etc.
3. Results

The quality of the thermal data largely determines the explained variability of the
thermal models. We tested the influence of the increasing proportion of forest content in
the thermal pixel in the first model in order to determine the threshold of the forest content.
All thermal pixels (of forest) were used in the second model and their values were
weighted by forest content. The influence of removing edge buffer zones with different

widths was tested in the third model.

1" model: Proportional content of forest in thermal pixel

This model is based on the assumption that the model has greater accuracy when more
forest pixels are within one thermal pixel. Thus, the greatest model accuracy will be
achieved in the case when the thermal pixels (polygon) include only forest pixels. Figure
3A shows the dependence of the explained variability (R?) of the three different thermal
channels on the proportion of forest pixels. In the case of all three types of satellite data,
the R? values increased with the number of forest pixels up to 100 %, when there were only
forest pixels. It is interesting that the highest R values are almost the same for all three

satellite data. However, the R? values for fewer forest pixels content are different for all
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three satellites (figure 3A). The highest proportion of explained variation is achieved in the

Landsat ETM+ data.
60
50
v Y )
v o
°
40 - v ° o
v o
% 30{ vV ° *
P o
o
201 o ®
o
) ® Landsat TM
10 1 ° O  Aster
v Landsat ETM+
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12
Proportional content of forest in thermal pixel
80
70 | v
® landsat TM
10 © Aster
v  Landsat ETM+
0 T T T
0 50 100 150 200

width of removed forest edge (m)

Figure 3. A - The dependence of the explained variability (R?) on the proportion of forest

pixels in the thermal pixel (1¥ model). B — The dependence of the explained variability

(R%) on the width of removed forest edge (3™ model).

2" model: Weighting of thermal pixels by the forest content

This model was based on the same principle as the 1* model, but in this case all thermal

pixels (polygons), which included at least one forest pixel, were used. The thermal pixels
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have a different weight according to the proportion of forest pixels belonging to the
thermal pixel (polygon). In this approach, the proportion of explained variation was lower

in all three types of satellite data (Table 2).

Table 2. Comparison of explained variability of the models. R? is the explained variability,

p is the probability value of statistical test

Proportional content of forest in thermal pixel

R? F p
Landsat TM 0.49 2449 0.0000
ASTER 0.48 120.6 0.0000
Landsat ETM+ 047 1918 0.0000

Weighting of forest pixels by the forest content

Landsat TM 0.32 447 .4 0.0000
ASTER 0.23 525.7 0.0000
Landsat ETM+ 0.39 2565 0.0000
Removal of forest edge

Landsat TM 0.47 2398.6 0.0000
ASTER 0.52 470.7 0.0000
Landsat ETM+ 0.57 1402.1 0.0000

3" model: Removal of forest edge

This model is the most restricted in selecting thermal pixels for regression analysis. The
buffer of forest edge zones was stepwise removed and the R” values were determined
(figure 3B). Figure 3B shows the dependence of the R? values on the width of the removed
buffer edge zones. In this model, we expected that the R? values would increase with the
buffering of edge zones up to a certain point and then would be constant. In agreement
with this assumption, the R? values increased with buffering of the forest edge zones in all
three satellite data. However, the R* values decreased after reaching a peak value in the
Landsat TM and ASTER data. Decreasing R? values, when forest edge zones were wider
than 90 m, corresponds to the decreasing pixel numbers which were used for analyses. For

model comparability the 90 m wide buffer edge zones were used for all three satellites,
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although in the case of Landsat ETM+ the R values increased with even wider buffer
zones.
Table 2 shows that the highest R? values occur in the 3™ model. Therefore, this model

was used for calculating the linear regression equations of all three types of satellite data:

ASTER

ST =30.9+0.0055x HS —0.0029 x DEM @)
Landsat TM

ST =25.4+0.0054x HS —0.0047 x DEM 8)
Landsat ETM+

ST =25.0+0.0101x HS —0.0054 x DEM 9)

It is evident that all of these three equations show some similarities. Firstly, the
relationship between ST (°C) and Hillshade (HS) values is directly proportional. This is in
agreement with the assumption that the higher illumination of terrain causes the higher ST.
Secondly, surface temperatures were lower at higher altitudes. This corresponds to a
general trend of decreasing of temperature with increasing of altitude (Geiger, 1965;
Yoshino, 1975; Geiger et al., 2003). However, this trend does not always hold true and

depends on weather conditions.
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Hl 24-249
Il 25 - 26

Figure 4. A — Surface temperature (ST) of spruce forest stands from Landsat 7 ETM+ (28
July 2002). Higher temperatures of the small forest areas and also of areas with lower
altitude can clearly be seen. B — Estimated surface temperature according to formula 9

(above). The ST was extrapolated for the whole area.
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4. Discussion

Thermal infrared remote sensing (TIR) is a unique tool for the assessment of many
quantitative and qualitative characteristics of land cover. TIR data are used in many
studies, for example, in providing measurements of surface thermal properties of geologic
bedrock or land surface thermal energy fluxes for forest, agricultural, or other landscape
attributes (Quattrochi & Luvall, 2004). Comparing thermal remote sensed data with
different spatial and/or radiometric resolutions is important, because of evaluation of
explaining variability of the data in landscape ecology studies. The relevance of such
comparisons can be seen in connection with the construction of new thermal remote
sensing systems, particularly The Landsat Data Continuity Mission (LDCM) (Byrnes,
2001; Irons & Ochs, 2004).

The ST modeling was implemented only for the spruce forest. For this reason, the
problem with different emissivities of surface objects was almost eliminated (Price, 1989;
Campbell, 2002). In addition, the emissivity value of green needle forest is near to 1
(Snyder et al., 1998). It was assumed that the spruce forest we investigated was a relatively
homogenous land use/cover unit for several reasons. First, the age structure, treetop density
and height of the trees should not be significantly different in the area of interest. If there is
strong variation in the age structure of the forest stands, and therefore also in their height,
the infrared and visible reflectance may be significantly influenced (Ahern et al., 1991).
This increasing variability is a sign of older stands in many forest types and can be seen in
optical imagery as the presence of increasing shadow (Lefsky & Cohen, 2003). This also
could cause differences in surface temperature distribution of spruce forest. Second, the
canopy cover should not be significant variable, because the changing canopy and
background causes variability in reflectance (Lefsky & Cohen, 2003). Therefore, the very
strict threshold by forest classification was used. This resulted in a relatively homogenous
forest layer without mixed values (mixels). Nevertheless, local heterogeneities of forest
stands could increase the rate of error in formula 6.

Assessment of the topography effect on surface temperature in the different approaches
was used in order to improve the accuracy of the models. When we compared the models
according to the explained variability, the 3™ model (Forest edge zones removal) gave the
best results (table 2, figure 4 A, B), even though this model used the minimum number of

thermal pixels of the models used in this study. There is a need to determine the threshold
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of the minimal rate of thermal pixels for a given model. In this case, we used the 90 m
threshold buffer edge zone width, because wider buffer zones caused a significant decrease
in the number of thermal pixels. Therefore, the R? values beyond this threshold are
considered to be unpredictable (figure 3B). The 1% model, based on the proportional
content of forest in thermal pixel, results in similar R? values (0.47 — 0.49) as in the case of
full forest content in thermal pixels. The assumption that the R? values will not increase
after a certain value of forest content was not fulfilled. The 2™ model shows the lowest

R’ values, because of high number of non-forest pixels in the thermal polygons. This could
be resolved by changing the linear weighting to nonlinear.

The highest R? value in the 3™ model was achieved with the Landsat ETM+, followed
by ASTER and Landsat TM, respectively. Such results correspond with the spatial
resolution of the thermal data. However, this holds true only for the 3" model; in models
1 and 2, the regression of the ASTER data resulted in lower R? values than Landsat TM.

A possible reason for this could be the smaller differentiation in surface temperature
distribution, which is caused by small diurnal amplitudes of temperature and/or
precipitation before satellite data acquisition (Humes et al., 2004). This thermal
differentiation is smallest in the ASTER data, where the lapse rate is only 0.29 °C. The
lapse rates are 0.47 and 0.54 per 100m in Landsat TM and ETM+, respectively. The above-
mentioned lapse rate values correspond to the results of Yoshino (1975: 190), who stated
that the values differ around 0.5 °C per 100 m because of the influence of water vapour, air
temperature and pressure. The actual values of 0.51 and 0.54 per 100 m relate to 800-1000
mb and 10 °C. Generally, the lapse rate is smaller on the lower part of the slope or in low
mountains, because of the high frequency of low-level inversion (for more discussion, see
Yoshino, 1975).

In addition to the influence of elevation on temperature, relative slope position is also
important as an additional potential explanatory variable (Geiger, 1965; Geiger et al.,
2003). Wilson and Gallant (2000) noted that surface temperature is a function of latitude,
slope, aspect, topographic shading, time of day and year. The influence of these
topographic parameters is included in the Hillshade index (Pierce et al., 2005), which was
used in this study. The assessed relation between Hillshade and ST was also confirmed.

The potential relevance of our study can be seen in thermal modeling of forest stand
overstory. The temperature deviations from the models can indicate forest disturbances

(e.g. harvesting, disease, insect attack). This method was applied to compare satellite and
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modelled values of ST in the clear cut areas and decayed forest (Hais & Kucera, submitted

for publication). Another application could be fire risk area idendification.

5. Conclusion

The influence of topography on surface temperature in spruce forest was confirmed in
all types of satellite data. Surface temperature decreased with elevation and increased with
higher values of insolation in all assessed satellite scenes (2002, 2003 and 2004). The
highest accuracy in the relationship between topography and surface temperature was
found when the edge zones of spruce forest were removed, due to their deviations in heat
fluxes.

From the results, it follows that the spatial resolution of the thermal channels determines
the accuracy of the models. However, the differences in the explained variability (R?)
among the used satellites are not great. It is likely that the adjacent important factors
influencing the accuracy of thermal modeling are the size of segment land cover units and

their homogeneity, and the influence of edge effect.
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Abstract

In the 1990s, a bark beetle (Ips typographus) infection caused the decay of spruce forest
(Picea abies) in the central part of the Sumava Mountains, the Czech Republic, bordering
the Bavarian Forest National Park, Germany, where the bark beetle infection started in the
late 1980s. Some areas were left without human intervention and, consequently, the trees
around these areas were removed in order to stop further bark beetle outbreak. The
objective of our study was the assessment of surface temperature (ST) change in spruce
forest decayed under bark beetle and following clear-cutting. The change detection of ST is
based on the comparison of modelled values and thermal satellite data. For this purpose,
Landsat scenes from July 11™, 1987 and July 28", 2002 were used. The models describe
the dependence of ST of living spruce forest on topography. The topography effect is
based on the Altitude and Hillshade index, which expresses the influence of Aspect and
Slope on the relief insolation. Then the modelled ST values were extrapolated for decayed
spruce forest and clear-cut areas. In order to increase model accuracy, the forest edge zones
(90 m wide) were removed because of their different energy balance; then explained
variability value (R?) increased from 0.37 to 0.55. The results of comparing modelled
values with satellite ST in the decayed spruce forest and clear-cut areas show an average
increase of ST by 5.2 °C and 3.5 °C, respectively. The thermal satellite data from 1987
were used for model validation. This showed that the accuracy of ST modelling using
topography was sufficient, because the difference between the modelled ST with and

without decayed spruce forest and clear-cut areas was at most only 0.4 °C.

Key words: surface temperature, Landsat, spruce forest, topography
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1. Introduction

Since the 1990s, Norway spruce (Picea abies (L.) Karst.) stands were attacked by bark
beetle (Ips typographus) in the Sumava Mountains (Czech Republic); this outbreak
originated in the neighbouring Bavarian Forest (Germany) (Heurich et al., 2001; Skuhravy,
2002). Two different approaches were applied to the attacked forests in the Sumava
National Park: (1) a small portion of the stands in the core zone of the national park was
left without intervention, relying upon natural regeneration, and (2) traditional technical
measures were adopted, in which attacked trees were felled and removed (JonaSova &
Prach, 2004). JonaSova and Prach (2004) found that there was a good regeneration of
spruce under the dead canopy of the stands left without intervention, while the numbers of
spruce were significantly lower in clear-cut areas. The mentioned areas differ also in
microclimatological conditions. From field measurements, the maximum daily temperature
amplitude of clear-cut areas, decayed spruce stands and living stands in 2002 were:

27.9 °C, 21.7°C and 17.9 °C, respectively (Hojdova et al., 2005). In our study, we
compared the surface temperature (ST) of these same stands.

The use of satellite thermal channels to detect increasing ST as a result of bark beetle
attack is also described by Hais (2006). Nevertheless this study was based on the temporal
comparison of relative temperature classes, which is not able to quantify changes.

Land surface temperature (LST), which is controlled by the (1) surface energy balance,
(2) atmospheric state, (3) thermal properties of the surface, and (4) subsurface media, is an
important factor controlling most physical, chemical, and biological processes of the Earth
(Becker and Li, 1990; Campbell, 2002).

One of the most important factors influencing surface energy balance is topography
(Geiger, 1965; Yoshino, 1975; Geiger et al., 2003). General factors of local relief are
altitude, latitude, and aspect of slope, which are commonly measured in field studies. The
general influence of Altitude can be expressed as an average temperature drop of about 6.4
°C per 1000 m, but it differs by region (Bailey, 1996). Slope and aspect influence potential
radiation and heat load. They are commonly computed in ecological studies (McCune &
Keon, 2002), mostly based on digital elevation models (DEM) (Pierce et al., 2005).

Atmospheric state is another factor controlling surface temperature, especially wind,
precipitation and cloudiness (Campbell & Norman, 1998). Because of the very

complicated influence of wind and decreasing differentiation of ST due to precipitation and
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cloudiness, we used terms of stable weather conditions, with negligible wind and without
precipitation and cloudiness. General climatological characteristics, such as annual mean
temperature, annual precipitation, temperature minimum in January, and temperature
maximum in July, cover the macroclimatological effects of latitude.

The thermal properties of the surface and subsurface media are influenced mostly by the

albedo, thermal capacity and conductivity (Campbell, 1977). In the case of vegetation,
ST is also very important for the ability of vegetation to convert incoming solar radiation
to energy for transpiration (Schulze et al., 2005). The physical principle is the change in
the proportion of sun radiance reflection, evapotranspiration and sensible heat (Gates,
2003; Pokorny, 2001). Removing vegetation cover may result in increasing surface
temperatures (Shin & Lee, 2005; Hais, 2006). Such changes could have consequences for
the microclimate and energy balance of the area (Ripl, 1992; Ripl et al., 1994).
Furthermore, the ST variability is influenced by the heterogeneity of the land use/cover
unit. In the case of forest stands, this means the variability in age structure, treetop density
and height of the trees. If there would be strong variance in the age structure of the forest
stands, and therefore also in their height, the infrared and visible reflectance would be
significantly influenced (Ahern et al., 1991). This could result in differences in the surface
temperature distribution within a spruce forest. Therefore, forest stands with low density
and edge zones were not used for ST modelling in this study.

The objective of the present study was to assess ST changes due to spruce forest decay
and clear-cutting as a consequence of bark beetle attacks. We supposed that ST values will
increase in both mentioned areas. Comparing changes in ST values between both areas was
also an important aim of the study. For such a temperature comparison, it is important to
take into account the factors controlling ST values. Because of the complex topography in
the Sumava Mountains, we modelled the influence of this factor on ST values.
Temperature changes due to forest clear-cutting (Yoshino, 1975; Hashimoto & Suzuki
2004) and/or by stress from bark beetle attacks (Weber, 1971; Schmid, 1976) has already
been described by many authors. Nevertheless, this study is unique, because of the use of

satellite data and topography normalisation.
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2. Material and methods

2.1 Study site

The area of interest includes the central part of the Sumava National Park, which is
located in the south-west of the Czech Republic. The southern part of the area of interest
stretches into the Bavarian Forest National Park, Germany. The area partly includes
localities where the mountain spruce forest has been affected by a bark beetle epidemic
with the adjacent surroundings. Spruce forest stands were mostly damaged during the
1990s. Forest losses in the Sumava National Park and the Bavarian Forest National Park
reached more than 5000 ha in the form of damaged spruce groves and more than 1420 ha
in the form of cuttings (Skuhravy, 2002).

With the exception of spruce forest, the area is mostly covered by peat (Rokytska,
Rybarenska, Roklanska mires and others) and mountain grasslands. The relief of the
central Sumava is created by a peneplain with numerous local hills. The average altitude of
the complex relief is 1093 m. Velka Mokriivka (1370 m) and Spi¢nik (1351 m) are the
highest peaks in the Czech part, while the German area is dominated by Lusen (1373 m)
and Grosser Rachel (1453 m). The lowest positions in the area of interest have an altitude
of about 700 m (right upper and left lower corers in Figure 1 A, D. The high percentage
of peat and wetland areas results from relatively high precipitation, especially in the
Luzenske valley (1500 mm annually) (Strnad, 2003). There were efforts to drain the area in

the past and transform it into spruce monoculture forests (Hais, 2004).

2.2 Satellite scenes and their calibration

The spruce forest thematic layer (TM/ETM+ channels: 2, 3, 4, 5, 7) and surface
temperature (TM/ETM+ channel: 6) values were the main data inputs. These data were
obtained by processing Landsat 5 TM and Landsat 7 ETM+ scenes acquired on July 11",
1987 and July 28", 2002, respectively. The spatial resolution of the Landsat satellite
system is 30 m (except for thermal bands - see below). The data were obtained at 10:38
AM. The orbit for each Landsat satellite results in a 16-day repeat cycle (Jensen, 2000;
Campbell, 2002; Lillesand et al., 2004). The covering of an area by a regular grid of values
without the need for interpolation is a great advantage of this type of data. Ancillary
meteorological data from the Czech Hydrometeorological Institute were used to describe

the meteorological conditions starting 10 days before satellite data acquisition. The nearest
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meteorological station is located on the summit of Churanov Hill (approx. 25 km north-
east of the centre of the study area). The following data were used from this station: mean
daily temperature, air pressure, and actual weather conditions. It is evident from these data
that anticyclonic weather, almost without precipitation, preceded both obtained Landsat
scenes. Nevertheless, mean daily temperature and air pressure values were higher on July
28"™ 2002 than July 11™, 1987. The satellite scenes were rectified into the S-JTSK
coordinate system according to the orthorectified Satellite map of the Czech Republic
(2002 ArcData Praha, s.r.0.). To enhance the geometrical accuracy in central Sumava, an
existing grid of ground control points was completed by points taken from aerial
orthophotomaps provided by the Sumava National Park administration for the purposes of
the project. Data were resampled by applying the nearest neighbour method to preserve the

original radiometric values for subsequent data processing.

2.3 Spruce forest classification

The spruce forest thematic layers for both scenes were obtained by a supervised
classification method (Campbell, 2002; Lillesand et al., 2004). The threshold of the
classification was chosen so that the resulting mask did not contain any mixels. Mixel
values originated from mixed radiometric information of other surfaces (rocks, water,
deciduous trees...). Therefore, the area of the spruce forest thematic mask is smaller than
in reality. However, there is a higher probability that the thematic mask covers only the
spruce forest. Because of land use/cover changes between 1987 and 2002, classification of
spruce forest had to be done for both scenes. Because the forest edges form a
microclimatically transitional zone to non-forest ecosystems, they exhibit different surface
temperatures (Geiger, 1965; Klaassen et al., 2002). Those edge zones, 90 m wide, were
removed during the following procedure. Forests with minimal areas (smaller than 5
pixels) were also removed. Therefore, the area of used forest mask was smaller than the

original forest layer. Only the thermal values under this mask were used for the ST

modelling.

2.4 Surface temperature

The 6" thermal channel of Landsat 5 TM and Landsat 7 ETM+ was used to calculate
the surface temperature. This channel contains records in the electromagnetic radiation

interval of 10.4 — 12.5um. The spatial resolution of the 6™ channel of Landsat 5 TM and
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Landsat 7 ETM+ is 120 x 120 m and 60 x 60 m, respectively (Campbell 2002, Lillesand et
al. 2004). The ETM+ data were resampled to 30 m for unification of the spatial resolution
in both scenes. DN (digital number) values were transformed to temperature values by
applying ATCOR2_T (Geomatica Algorithm Reference, 2003). Additional data were
required for the surface temperature equation using ATCOR2_T (Richter, 1990). For better
results, the RED, NIR and SWIR bands were specified. Other calibration parameters were:
average elevation, solar zenith angle, ground visibility and date of scene acquisition. The
solar zenith angle for both scenes was calculated using SunAngle software

(http://susdesign.com/sunangle/). Ground visibility values were obtained from the Czech

Hydrometeorological Institute.

2.5 DEM and georelief parameters

A digital elevation model (DEM) was calculated to evaluate the influence of Altitude
(Hutchinson, 1993). On the basis of the DEM, two parameters (Slope and Aspect) were
calculated using a spatial analyst tool (ArcGIS) (Burrough and McDonell, 1998). Both
Aspect and Slope are included in the parameter Hillshade, which was calculated on the

basis of the DEM (ESRI, 1994; Pierce et al., 2005):
Hillshade = 255 [cos (90 — Z) sin (s) cos (a— A) + sin (90 — Z) cos (s)] (1)

where Z is the solar zenith, s is the local slope, A is the solar azimuth and « is the azimuth
of the slope facet. The solar zenith and solar azimuth were calculated using the SunAngle
software. The Hillshade function gives the hypothetical insolation of a surface by
determining insolation values for each cell in a raster. Individual Hillshade values should
be calculated for each date, because of the different dates of satellite data acquisition.

Lastly, the dependence of surface temperature on the DEM and Hillshade was calculated

by regression analysis.

2.6 Matrix analysis

Next, we explored the dependence of surface temperature on the relief parameters. The
resulting regression models of surface temperature were compared with the satellite
temperature data, using matrix analysis. This analysis creates a coincidence (intersection)

matrix for the classes of two images and an image of the coincidence values (Geomatica
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Fig. 1 A- the area of interest: Central part of the Sumava Mountains with marked clear-cut
areas and decayed forest in 2002. B — ST from Landsat ETM+ on July 28", 2002. C-
Hillshade, which was estimated based on the actual Sun position of the satellite data

acquisition. D — Main intervals of DEM.
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Algorithm Reference, 2003). A cell in the (i)th column and (j)th row in the matrix
represents the overlap of class i from image 1 and class j from image 2.
The value of the cell in the coincidence matrix is the rate (percentage) of overlap of the

matched classes in the whole area (spruce forest).

3. Results

ST change detection in clear-cut areas and decayed forest in 2002

Before detecting the change of ST in the study areas, it was important to describe the
influence of topography (Hillshade and Altitude) on ST. A multiple regression was used
for this purpose:

ST = a + b*Hillshade + ¢c*DEM (2)

where ST is surface temperature in °C, which was estimated from the thermal channel,
Hillshade is expressed in an 8-bit scale as a spaceless value, and DEM represents the
Altitude in metres. The relation was used for ST modelling only of the healthy spruce

stands. The resulting regression for July 28™ 2002 was:

ST =24.97 + 0.01013*Hillshade —0.00538*DEM  (3)

From the formula, it follows that ST decreases with Altitude (DEM) and increases with
Hillshade (insolation) values. Using formula (3), ST was extrapolated for decayed stands
and clear-cut areas. The resulting explained variability (R?) of this model was 0.57. Then
we subtracted the modelled ST values from the ST of the thermal channel. The mean
difference of the resulting ST model (3) for living spruce forest (2002) from the thermal
channel values was 0.004 °C (STD 0.5). The mean increase of ST was 5.2 °C (STD 1.2) in
clear-cut areas, while the increase was significantly lower in the decayed stands (3.5 °C,
1.1 STD). The whole scheme of the task sequence is described in Figure 2. The resulting
comparison of ST between decayed stands and clear-cut areas is shown in Figure 3 and
4A,B.
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Fig. 2 The scheme of change detection of ST in a clear-cut area and decayed forest in

comparison with modelled ST values for a living spruce forest in 2002.
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Fig. 3 Differences between the modelled and thermal channel ST values. The higher value

means an increase of ST in the given type of area. Thus, the ST of a clear-cut area shows a

higher ST than in decayed forest.
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Fig. 4 A — the ST modelled according to formula (3). B — the differences of ST between
the clear-cut area and decayed forest in 2002. It is possible to distinguish the increase in ST

values in the clear-cut area and decayed forest as distinct from living spruce forest.

Matrix analysis

The estimated surface temperature values from model 3 were compared with the
Landsat data from 2002 using matrix analysis. Overlap of the same temperature classes
represents 61.5 %, while a maximum difference of 1 °C represented 99.6 %, of the spruce

forest area.

Validation of ST model (2002) using the thermal channel from 1987

For validation purposes, the same method of ST modelling was implemented using the
thermal satellite data acquired before the bark beetle outbreak (1987). Two regression ST
models were calculated also only for spruce forest. In the first model (4), we excluded the
area that was subsequently affected by bark beetle outbreak (decay stands and clear-cut

areas):
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ST =18.81 + 0.01521*Hillshade —0.00453*DEM “4)

The second ST model included all spruce forest stands:

ST =19.27 + 0.01711*Hillshade —0.00536*DEM %)

Both ST models 4 and 5 were compared (Table 1). The reason of such a comparison was to
discover if the area affected by bark beetle outbreak significantly changed the slopes of
Hillshade and DEM in the model 4. The differences between the models and ST from the
thermal channel (July 11™, 1987) were calculated (Fig. 5B,C). Finally, these differences
were mutually compared (Fig. 5D). From figure 5D it follows that the difference in

deviations of both models is lower than 0.4 °C.

Table I Results of the dependence of ST on topography.

Model

) date R [R*| p
(regression) [Spruce forest mask

'Without decayed stands and clear-cut areas in

3 28.7.2002| 0.76 |0.57 [>0.001
2002
Without decayed stands and clear-cut areas in

4 11.7.1987| 0.70 | 0.49 [~0.001
2002

5 All spruce forest 11.7.1987] 0.81 {0.66 {>0.001

4. Discussion

Thermal infrared (TIR) remote sensing data are widely used in research related to the
analysis and modelling of land surface energy fluxes and land surface processes
(Quattrochi and Luval, 2000). In the present work, we used surface temperature (ST) as an
indicator of quantitative (clear cutting) and/or qualitative (health state) changes of spruce
forest due to bark beetle attack. An assessment of the influence of different altitude and
insolation was needed for such a comparison. The use of a digital elevation model (DEM)
and ST from Landsat TM/ETM+ satellites allowed us to calculate lapse rates values. The
resulting lapse rates (5.4 °C/km, 4.5 °C/km, 5.4 °C/km) of models 3,4,5 are similar to the

mean lapse rate (4.5 °C/km) in montane environments (Lookingbill & Urban, 2003) and/or
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Fig. 5 A - ST from Landsat EM on July 11", 1987. B - difference of ST between values of
the Landsat thermal channel (July 11", 1987) and modelled values; areas affected by bark

beetle in 2002 were excluded. C — the same difference as in B. Nevertheless the ST model

was estimated using the whole spruce forest mask. D there is a comparison of results B and

C.
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the generic environmental lapse rate (6.5 °C/km) (Bailey, 1996). It is noteworthy that when
we used areas without the bark beetle infestation, the lapse values were the same (5.4
°C/km) in both terms (July 28", 2002 and July 11™, 1987). On the contrary, when all
spruce forests were used (model 5), the lapse rate was lower (4.5 °C/km). This is probably
caused by the fact that the bark beetle infested areas comprised most of the areas at higher
altitudes, where the summit effect is present (Barry, 1992). Nevertheless, the comparison
of ST models 4 and 5 differed by at most only 0.4 °C.

The effect of Hillshade (insolation) on the ST values was different in both terms.

Although the value was close to 0.010 (model 3) in 2002, in 1987 the Hillshade slope
was nearly 0.015 (4), and 0.017 (5). We assume that the main reason for the different
influence of Hillshade on surface temperatures results from the different meteorological
conditions. The higher value of the Hillshade slope in 1987 is probably caused by a
relatively higher diurnal temperature amplitude two days before satellite data acquisition
(Fig. 6). This higher amplitude was caused by two cooler nights immediately before
satellite data acquisition: the daily maxima, minima and amplitudes correspond to a higher
importance of the Hillshade index in 1987. This is correlated with a lower morning
temperature minimum on the day of data acquisition and the day before that, and an
afternoon maximum 2 days before (Fig. 6). The temperature change between the second
and third days before data acquisition also show the time-lag of heat accumulation. This is
in agreement with increasing thermal diurnal amplitude, which emphasises the influence of
relief on surface temperature distribution. Furthermore, the values of the Hillshade slope
differ in equations (3) and (4,5) due to differences in solar zenith and azimuth. However,
the influence of these factors should be very small, because July 11™ and 28" are only 17
days apart and the difference between the solar zenith and azimuth angle are 2.63 and 2.62
degrees, respectively.

The influence of relief on surface temperatures may be affected by the heterogeneity of
vegetation cover. There is a whole range of such heterogeneity sources when working
with the forest growth surface. Different tree height is the first source, because it causes
local shadows; this effect is greater when the Sun is closer to the horizon. Bosveld et al.
(1999) described a definite effect of shading on the observed radiation temperatures,
relating the line of sight of the instrument to the solar angle.

Different tree overstory density can be another source of heterogeneity. Cohen and
Spies (1992) concluded that tree size and overstory density of conifer forest were well

correlated with a number of spectral indices, with R? values of 0.78—0.86. Normalized
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Difference Vegetation Index (NDVI) is one of the most frequently used spectral indices
(Tucker, 1979). Waring and Running (1998) describe the relation between NDVI and
surface temperature of forest canopy, where surface temperature decreased with NDVI
values. The influence of tree height and overstory density is partly eliminated in similar-
aged monocultures, which is the case in the larger part of the area of interest.

Edge effect is another cause of heterogeneity; higher surface temperatures can be
expected at forest edges during clear weather in summer (Geiger et al., 2003). Small
patches of forest, where the whole growth is formed by edges, can be designated as a
special type of edge effect. The influence of those edge zones was eliminated by their
filtering, further increasing the predictive ability of the model.

Inaccuracies in data collection and processing will also influence the results. The DEM
in this study was created on the basis of contour lines (in the scale 1:25 000), valley lines
and a point vector layer of tops. However, inaccuracy of the contour lines layer is a smaller
source of error than the limited spatial resolution (60 or 120 m, respectively). This limited
resolution can lead to mistakes, because the pixel value is calculated as an average of
individual values in the pixel area. If the resulting value is an average of values with
extensive variance, then this would be labelled as a mixel (Lillesand et al., 2004).
However, the influence of mixels at edges has been eliminated by the filtering of the buffer
zones. Differences in moisture levels, caused by local differences in precipitation, and also
microclimatic deviations, such as frost pockets, could be natural sources of heterogeneity.

In spite of all of the mentioned causes of inaccuracies, the resulting models were able to
describe a large part of the variability of the forest surface temperatures. After computing
the models based on the influence of topography on ST, it was possible to compare the ST
of areas with different topography.

The resulting mean increase of ST in the clear-cut areas (by 5.2 °C) and decayed spruce
forest (by 3.5 °C) corresponds with field measurements of temperature in the same area in
2002 (Hojdova et al., 2005). There can be several reasons for the higher ST in clear-cut
areas compared to decayed spruce forest. We suppose the main reason is the higher
reflectance of dead trees, in particular without bark, in the decayed forest. The higher
reflectance causes a lower absorption of radiance (Jensen, 2000). Furthermore, lying and
standing dead trees result in a more complicated microrelief with many shaded places
(Siitonen et al., 2000; Zielonka & Piatek, 2004). The second reason is the expected
difference of evapotranspiration in both types of areas. The higher density of vegetation in

the decayed forest may result in higher transpiration. The sparse vegetation of
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Calamagrostis sp. in the clear-cut areas does not effectively protect the soil from drying

and overheating.
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Fig. 6 Comparison of air temperature conditions 10 and 2 days before Landsat satellite
data acquisition: July 11", 1987 and July 28", 2002. The meteorological conditions during
the 2 days before scenes acquisition are most important. The higher temperature
amplitudes in 1987 than 2002 are the reason for the higher influence of Hillshade on

surface temperatures in 1987.

5. Conclusion

Using thermal remote sensing, we found increasing surface temperature of spruce forest
attacked by bark beetle. The mean increase was higher in clear-cut areas (5.2 °C),
compared to decayed spruce forest (3.5 °C). A normalisation of ST on the topography was
needed in order to compare these areas. The resulting ST models confirmed the influence
of topography on surface temperature in a spruce forest. ST decreased with elevation and
increased with a higher insolation value (Hillshade) in both assessed satellite scenes (1987,
2002). The accuracy of the models was higher when the edge zones of spruce forest were

removed, because of their deviations of heat fluxes.
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Surface temperature changes of spruce forest stands as
a result of bark beetle outbreak
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Abstract

The aim of our study was to assess changes in the health of forest stands using thermal
satellite data. For this purpose, spruce forest stands in the central part of the Sumava
Mountains, Czech Republic were studied. These forest stands were attacked by bark
beetles in the beginning of the 1990s. The main assumption was that transpiration of the
attacked trees will decrease in summer, resulting in higher surface temperatures. The
surface temperatures were taken from Landsat TM/ETM+. The thermal satellite data
acquired on July 10, 1995 and 28, 2002 were compared to detect the changes and data from
July 11, 1987, which were taken for model validation. Normalisation of surface
temperature was needed, because of the complex topography of this area. Therefore, the
additional characteristics Altitude, Aspect and Slope were calculated based on the digital
elevation model (DEM). Slope and Aspect were combined and expressed as an index of
illumination (i.e., Hillshade). Then multiple regressions were calculated relating surface
temperature to Hillshade and Altitude. This model was calculated only for non-attacked
spruce forest. The higher model accuracy was when the buffer edge zones (90 m) of forest
stands and stands with small area were removed. The resulting models confirmed the
influence of topography on the surface temperature of spruce forest in the case of all three
scenes: 1987 (R*=0.49, p<0.0001), 1995 (R*= 0.54, p<0.0001) and 2002 (R*= 0.57,
p<0.0001). Comparison of the modelled and satellite surface temperatures in the years
1995 and 2002 shows that temperature significantly increases during the process of forest
stand death. The maximum increase of normalised surface temperatures was 6.8 °C and 7.5

°C in the models of 1995 and 2002, respectively.

Keywords: Landsat, thermal remote sensing, topography, change detection
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1. Introduction

Detection and assessment of forest disturbances using remote sensing include a lot of
approaches and use many types of data with different spatial, spectral and radiometric
resolutions (Franklin, 2001; Wulder & Franklin, 2007). The first studies were focused on
the detection of change in forest stands and are based mostly on the NIR data interpretation
(1.e. Leckie & Gougeon, 1981). Since then, many spectral indices were developed. These
indices are based mostly on the MIR and NIR spectral bands and are used not only for
change detection but also to assess the degree of change (i.e. the change of health state)
(Rock et al., 1985; Rosengren & Ekstrand 1987, Lambert et al., 1995; Jin & Sader, 2005).
Nevertheless, there is a lack of studies, which employ the long wave spectral region in the
case of forest stands. Therefore, we used the thermal infrared (TIR) data for an assessment
of spruce forest disturbance. In our study, we used surface temperatures (ST) of three
Landsat TM/ETM+ scenes to detect the temporal changes of spruce forest stands attacked
by bark beetle.

However, a direct thermal data comparison is not possible, because the ST are strongly
dependent on the weather conditions. Therefore, we have applied the ST models extra for
each scene. These models fit the weather conditions, include the differences of seasonal
insolation during the year, and different topography effect. The main assumption is that if
surface temperature modeling under the given atmospheric conditions is successful, then

the established differences from real temperature could indicate a change in forest health.

2. Material and Methods

2.1 Locality

The area of interest includes the central part of the Sumava National Park, which is
located in the south-west of the Czech Republic. The southern part of the area of interest
stretches into the Bavarian Forest National Park, Germany. The area includes localities
where the mountains spruce forest (Picea abies (L.) Karst.) has been affected by a bark
beetle (Ips typographus) outbreak and the adjacent surroundings (see Fig. 1). The bark
beetle outbreak had its origin in windfallen trees (173 ha) in 1983 after two hurricanes in

the western part of the Bavarian Forest NP. In 1984, the managers of the Bavarian Forest
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NP decided to retain 86 ha of spruce forest without human intervention. These fallen and
heavily damaged trees provided the basis for the start of the outbreak. It was almost
finished in 1991, but new attacked areas arose since 1993 (Skuhravy, 2002). The main
acceleration of bark beetle dispersion took place between 1995 and 1996. The forest losses
in the Sumava NP and the Bavarian Forest NP reached more than 5000 ha in the form of

damaged spruce groves and more than 1420 ha in the form of cuttings (Skuhravy, 2002).

Landsat colour composite ST differences in spruce
(RGB = 453) - forest stands —

ST difference (°C)
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14-10
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@8 20-24
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ETM+ 7 ¢/ July 28, 2002

Figure 1. Progress of bark beetle outbreak in the central part of the Sumava Mountains.
Pictures on the left side show the gradual decaying of spruce forest. In the right side is the

obvious increase of ST in contrast to modelled ST values.
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Nevertheless, the clear-cut areas were not assessed in this study. The area of multitemporal
comparison was defined as the maximal extent of bark beetle outbreak in 2002. However,
the only living spruce stands outside the outbreak area were used for surface temperature
modeling. The central part of Sumava Mountains is formed by a complex topography with
valleys (i.e. Luzenské valley) and many local hills. The average altitude is 1093 m. Velka
Mokrtvka (1370 m) and Spiénik (1351 m) are the highest peaks in the Czech part, while
the German area is dominated by Lusen (1373 m) and Grosser Rachel (1453 m).

2.2 Preprocessing

The three Landsat TM/ETM+ scenes were selected to represent the following main
states of spruce forest disturbance: before the main dispersion of the bark beetle (July 11,
1987), acceleration of bark beetle propagation (July 11, 1995) and the decayed spruce
forest (July 28, 2002). Because of possible seasonal differences of weather conditions, only
Landsat data acquired in July were used. The satellite scenes were rectified into the S-
JTSK coordinate system according to the orthorectified Satellite map of the Czech
Republic (2002 ArcData Praha, s.r.0.). DN values of the 6" Landsat channel were
transformed to surface temperature (ST) values by applying ATCOR2_T (Geomatica
Algorithm Reference, 2003). It was hypothesized that ST in given atmospheric conditions
are dependent on altitude, slope and aspect (due to the relatively small area we have
neglected the latitudinal range).

The spruce forest thematic layers for both scenes were obtained by a supervised
classification method (Campbell, 2002; Lillesand et al., 2004). Because of land use/cover
changes during 1987, 1995 and 2002, classification of spruce forest had to be done for all
scenes. Because the forest edges form a microclimatically transitional zone to non-forest
ecosystems, they exhibit different surface temperatures (Geiger, 1965; Klaassen et al.,
2002). Therefore the edge zones were removed in a 90 m buffer using the following
procedure.

The GIS layer of forest decayed by bark beetle was obtained from areal
orthophotographs taken in 2002.

A digital elevation model (DEM) was calculated to evaluate the influence of Altitude
(Hutchinson, 1993). On the basis of the DEM, two parameters (Slope and Aspect) were
calculated using a spatial analyst tool (ArcGIS) (Burrough & McDonell, 1998). Both
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Aspect and Slope are included in the parameter Hillshade (HS), which was calculated on
the basis of the DEM (ESRI, 1994; Pierce et al., 2005):

HS =255 [cos (90 — Z) sin (s) cos (a— A) + sin (90 — Z) cos (s)], (D

where Z is the solar zenith, s is the local slope, A is the solar azimuth and a is the azimuth
of the slope facet. The solar zenith and solar azimuth were calculated using the SunAngle
software. The Hillshade function gives the hypothetical illumination of a surface by
determining illumination values for each cell in a raster. Individual Hillshade values were
calculated for each date, because of the different dates of satellite data acquisition. Lastly,
the dependence of surface temperature on the DEM and Hillshade was calculated by

regression analysis.

Surface temperature modeling
It was important to describe the influence of topography on ST before detecting ST
change in the study areas (Hillshade and Altitude). Multiple regression was used for this

purpose:

ST = a + b*HS + c*DEM, @)

where ST is surface temperature in °C, which was estimated from the thermal channel, HS
is Hillshade expressed in an 8-bit scale as a spaceless value, and DEM represents the
Altitude in metres. The relation was used for ST modeling only of the healthy spruce
stands; the area with decayed forest in 2002 was excluded from the data modeling of all

three scenes. The resulting regressions for all three scenes were:

1987
ST =18.81 + 0.01521*HS -0.00453*DEM 3)
1995
ST =29.40 + 0.01287*HS —0.00449*DEM 4)
2002

ST =24.97 + 0.01013*HS —-0.00538*DEM (5)

From these formulas it follows, that ST decreases with Altitude (DEM) and increases with

Hillshade (illumination) values in all cases. The resulting explained variability (R?) of this
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model is shown in Tab. 1. Using formulas (3, 4, 5), ST were calculated for the area of
decayed stands (in 2002). Then the estimated ST were subtracted from the thermal
channel satellite ST values (see Figs 1 and 2). It is obvious from Fig. 2 that both the

estimated and thermal channel ST are very similar in 1987.

Table 1 Results of the multiple regression of ST on topography.

Regression )
date R R p
Model
3 11.7.1987 0.70| 0.49 [>0.001
4 10.7.1995 (0.73 | 0.54 [>0.001
5 28.7.2002 |10.76| 0.57 [>0.001

However, in 1995, the ST calculated from thermal channels begins to be higher and in
2002 the ST are significantly higher than the modelled values. These results are shown also
in Fig. 1 on the left side. The maximal differences between estimated (modelled) ST and
ST from thermal data were 6.6 °C, 6.8 °C and 7.5 °C in the models of 1987, 1995 and 2002,
respectively. The mean differences between estimated (modelled) ST and ST from thermal

data were 0.1 °C, 0.4 °C and 3.5 °C in the models of 1987, 1995 and 2002, respectively.

number of cases
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ST differences (°C)
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0

Figure 2. The difference between estimated (modelled) ST and ST from Landsat thermal
data. The positive values express the increasing of ST in dependence of decaying spruce

forest.
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3 Discussion

Surface temperatures are determined by many kinds of weather parameters (solar
radiation, cloudiness, precipitation, frontal disturbances etc.), land use and topography.
They also provide information about the quantity and/or quality (health state) of vegetation
cover. A worsening of the vegetation health, indicated as a surface temperature change, is
often connected with decreasing water content (Fitter & Hay, 2002). If it is possible to
describe the influence of land use, topography and atmospheric conditions on surface
temperature, then the deviation of values caused by disturbances, such as the changing
health of vegetation cover, may be obviously distinguished. The influence of topography
on surface temperatures may be also affected by the heterogeneity of vegetation cover.
There is a whole range of such sources of heterogeneity when working with the forest
growth surface. Different tree height is the first source, because it causes local shadows;
this effect is greater when the Sun is closer to the horizon. Bosveld et al. (1999) describe a
definite effect of shading on observed radiation temperatures, relating the line of sight of
the instrument to the solar angle. Different tree overstory density can be another source of
heterogeneity. Cohen and Spies (1992) concluded that tree size and overstory density of
conifer forest were well correlated with a number of spectral indices, with R* values of
0.78-0.86. Normalized Difference Vegetation Index (NDVI) is one of the most frequently
used spectral indices (Tucker, 1979). Waring and Running (1998) describe the relation
between NDVI and surface temperature of forest canopy, where the surface temperature
decreased with NDVI values. The influence of tree height and overstory density is partly
eliminated in same-aged monocultures, which is the case in the larger part of the area of
interest.

Edge effect is another cause of heterogeneity; higher surface temperatures can be
expected at forest edges during clear weather in summer (Geiger et al., 2003). Small
patches of forest, where the whole growth is formed by edges, can be designated as a
special type of edge effect. The influence of those edge zones was eliminated by their
filtering out of our models, which further increased the predicative ability of the models.

In spite of all of the above-mentioned causes of inaccuracies, the resulting models were
able to describe a large part of the variability of the forest surface temperatures (see Tab.

1). After computing the models, which are based on the influence of topography on ST, it
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was possible to compare the ST of spruce forest with different stages of decay caused by
the bark beetle outbreak.

The resulting mean increase of ST in the decayed spruce forest (by 3.5 °C) in 2002
corresponds with field measurements of temperature in the same area (Hojdova et al.,
2005). The method of forest stand thermal modeling, which was used in this study, was
applied also in order to compare the ST in the areas with different forest management
(Hais & Kucera, 2007). The result shows that mean increase was higher in clear-cut areas
(5.2 °C), compared to decayed spruce forest (3.5 °C). Another type of application of the
above-mentioned method is the possibility to distinguish accurately the different stages of
bark beetle attack (green, red and grey attack). Nevertheless, more precise ST models are

needed for such modeling, which will describe a larger part of the variability.

4 Conclusion

We found increasing surface temperature of spruce stands using thermal remote sensing
in forests attacked by bark beetle. A normalisation of ST on topography was needed in
order to compare the ST under different weather conditions. The ST models confirmed the
influence of topography on surface temperature in a spruce forest. ST decreases with
elevation and increases with a higher insolation value (Hillshade) in all assessed satellite

scenes (1987, 1995 and 2002).
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Abstract

Various types of forest disturbances may influence many processes in landscapes, such
as changes in microclimate, hydrology, soil erosion etc. Therefore, it is important not only
to identify and/or classify the disturbance types, but also to describe the disturbance
dynamics. Our study incorporates multitemporal and spectral comparisons of two types of
spruce forest (Picea abies [L.] Karst.) disturbances. The first disturbance type was the bark
beetle (Ips typographus [L.]) outbreak during the last 20 years (gradual disturbance — GD).
Clear cut areas represent a second type of disturbance (discrete disturbance - DD). The
study area is located in the central part of the Bohemian Forest, in the border region
between the Czech Republic and Germany. The analyses were conducted at two levels: (1)
general trends were described in whole disturbance areas (WDA), and (2) sampled
disturbance areas (SDA) were selected to assess the direct influence of field vegetation
data on the spectral response.

Thirteen Landsat TM/ETM+ scenes from 1985 to 2007 were used for the multitemporal
assessment. From these data, the following spectral indices were estimated: NDMI,
Tasseled Cap (Brightness, Greenness, Wetness), DI and DI". DI’, Wetness and Brightness
showed the highest sensitivity to forest disturbance in the case of both disturbance types
(DD, GD). The temporal development in both disturbance types (DD and GD) can be
divided into three main phases according to spectral response: 1) relatively stable forest
with an almost invariant spectral response (1985 — 1992), 2) acceleration of forest
disturbance resulting in gradation of changes in normalized spectral values (1992 —2004),
and 3) forest regeneration and return of the normalized values to origin state (2004 —
2007). The highest spectral differences between the DD and GD disturbances were found
during the second phase (1992 — 2004). DD resulted in a significantly higher spectral
difference from the origin forest and occurred as a more discrete event in comparison to
GD. The relationship between the spectral indices and field vegetation data was assessed
using RDA analysis. The field vegetation data described 60 % of the explained variability

of the spectral indices data.

Key words: Landsat, forest disturbance, spectral indices
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1. Introduction

1.1. Forest disturbance

Forest disturbances represent an important factor, which significantly influences the
character of forest ecosystems (Pickett & White, 1985). The disturbances are very often
disscused theme mainly in the natural protected areas. In this connection, the question is
whether to actively prevent against disturbances and preserve the forest continuity, or
allow the forest to develop naturally. Disturbances are important for biodiversity, age stand
heterogeneity and long term forest stability (Waring & Running, 1989). On the other hand,
disturbances represent a discontinuity of forest stands.

According to the general definition, a disturbance causes a sudden change in the
behavior or properties of a system (Rykiel et al., 1988). However, these relatively sudden
events differ in spatio-temporal dynamics (Oliver & Larson, 1996). In the case of forest
stands, we suggest to distinguish “discrete disturbances” (DD) resulting from very fast
changes (clear-cut harvesting, fire, windstorms) and the “gradual disturbances” (GD),
which arise as a progressive deforestation over time and/or space. Typical examples of
GD are insect attacks, diseases and forest thinning. Type and severity of the disturbance

influences stand dynamics and regeneration success (Linke et al., 2007).

1.2. Spectral response of forest disturbances

Our study is based on multispectral scenes with middle spatial resolution, which are
very often used in order to assess forest stand disturbances at the regional scale (Iverson et
al., 1989; Cohen et al., 2002; Wulder & Franklin, 2007). We supposed that both types of
disturbances would differ in spectral response and dynamics.

In general, the better the contrast in reflectance between disturbed and undisturbed
forest, the more easily canopy removal can be measured (Healey et al., 2007). Clear cut
areas are, therefore, best identified immediately after harvesting (Wilson & Sader, 2002;
Healey et al. 2005). The capability of detecting clear cut areas decreases with regeneration
of the herb and tree layers (Wulder et al., 2004).

Different spectral responses can be expected in the case of forest stands attacked by
insects. The beginning of such disturbances is often connected with color changes of leafs
and needles. For example, a pine beetle attack results in different color stages (green, red

and gray attack) of affected pine crowns (Wulder et al., 2006b). For the spectral response
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of these types of disturbance it is also typical that the ground story is not eliminated. Many
studies have described the disturbances caused by insect attack (Muchoney & Haack,
1994; Wulder et al., 2006a,Wulder et al., 2006b).

Forest disturbances and the following regenerations are often detected and mapped
using spectral indices. These indices are mostly based on the SWIR and NIR bands (Horler
& Ahern, 1986; Lambert et al., 1995; Toomey & Vierling, 2005). For these purposes, the
Tasseled Cap (TC) linear transformation is most often used. TC is composed of three
indices: Brightness, Greenness, and Wetness (Crist & Cicone, 1984; Kauth & Thomas,
1976). Of these three components, Wetness (TCW) is often used to identify forest
disturbances (Jin & Sader, 2005). Wulder et al. (2006a) detected and mapped pine beetle
red attack using the Wetness index, which was included for change detection in the
Enhanced Wetness Difference Index (EWDI). On the contrary, Kuzera et al. (2005)
applied the Brightness and Greenness indices to assess forest disturbance. Wulder et al.
(2004) estimated time since forest harvesting using all three TC components. Healey et al.
(2005) combined the full potential of the three TC components into a Disturbance index
(DI). This index has been designed to detect stand replacing disturbances (Healey et al.,
2005; Masek, 2005; Healey et al., 2006).

The normalized difference moisture index (NDMI) is another index, which has been
used to detect forest disturbances (Jin & Sader, 2005). These authors also reported a high
correlation of this index with TCW.

The main aims of our study were to (1) compare the sensitivity of different indices to
the spectral response of forest disturbances, (2) describe and compare the dynamics of two
types of disturbances (DD, GD), and (3) assess the determination of spectral response by
field vegetation data in DD and GD.

While a majority of studies is focused on the detection of clear cuts or areas attacked by
insects, we compare the spectral response and dynamics of both types of disturbance. We
consider the description of forest disturbance dynamics to be proxy information not only
for management of natural protected areas, but also for forest product management. Further
unique aspects of this study are multitemporal comparisons of satellite and field vegetation

data.

- 115 -



The mutitemporal comparison of two types of forest disturbance kapitola 6

.7 Czech Republi c\

R
C i~ N
. \ 7 " 5 '\\ IS

Whole disturbance areas (WDA)

“ clear-cut areas (DD)

“ decayed spruce forest (GD)

Sampled disturbance areas (SDA)

M clear-cut areas (DD)

O decayed spruce forest (GD)
N

m— state boundaries w 4:}’ E

S
streams [ .

0 Kilometers 3

Fig. 1 Study area located in the Sumava Mountains, Czech Republic — Germany border

region.
2. Study area

The study area is located in the central part of the Sumava Mountains, in the border
region between the Czech Republic and Germany (see Fig. 1). The whole area is included
in the Sumava National Park (Czech Republic) and the Bavarian Forest National Park
(Germany). Both national parks are part of a UNESCO biosphere reserve.

Norway spruce forest (Picea abies [L.] Karst.) is the dominant land cover unit in this
locality. During the last 20 years, a bark beetle (Ips typographus (L.) outbreak caused
spruce forest decay in this area. The bark beetle outbreak had its origin in windfallen trees
(173 ha) in 1983 and 1984 after two hurricanes in the western part of the Bavarian Forest
NP. In 1984, the managers of the Bavarian Forest NP decided to retain 86 ha of spruce

forest without human intervention. These fallen and heavily damaged trees provided the
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basis for the start of the outbreak (Heurich et al., 2001, Skuhravy 2002). The main
acceleration of bark beetle dispersion took place between 1995 and 1996. In the Sumava
NP, two approaches were applied to the attacked forests: (1) a small portion of the stands
in the core zone of the national park was left without intervention (gradual disturbance,
GD) and (2) clear cut areas (discrete disturbance, DD), which originated due to salvage
logging of attacked stands to prevent the propagation of bark beetle. Forest losses in the
Sumava and Bavarian Forest NPs reached more than 5000 ha in the form of damaged
spruce groves and more than 1420 ha in the form of cuttings (Skuhravy, 2002).

Both disturbance type areas (DD, GD) used for multitemporal comparisons were
defined as the maximum extent (whole disturbance areas —~-WDA) of clear cutting (3.26
km?) and bark beetle outbreak (20.2 km?) areas in 2002. Except for the WDA, we defined

the sampled disturbance areas (SDA), which are associated with the field research plots.

2. 1 Field research plots

Twelve permanent research plots, 400 m” each, were selected in 1997 in representative
parts of available stands of clear cut areas (5 plots, DD) and forest decayed by bark beetle
(7 plots, GD). All types of plots were more or less equally distributed over the study area.
The selection reflected the real situation in the field, i.e. the advance of the bark beetle
attack and the creation of clearings by foresters. Both disturbances, bark beetle attack in
the case of stands without interventions, or clearcutting in the case of stands with
interventions, occurred in 1997. A detailed description of field research plots is given in

Jonasové & Prach (2004).

3. Methods

3.1 Satellite data processing

Thirteen Landsat TM/ETM+ scenes were used in our study (Table 1). These scenes
were acquired from June to November. The reason of such heterogeneity of acquisition
time is the cloudiness in the mountain area, which causes a lack of satellite data with
sufficient quality. Nevertheless, data from the period of main disturbance changes were
acquired in summer. Because our study area is located in the overlap zone of the Landsat
paths, it was possible to use scenes from both the 191 and 192 paths. The scenes covered

the whole
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-, 7

July 11th, 1987

August 10", 1998 I

Fig. 2 Selected scenes document the progress of bark beetle outbreak since 1987. The

attacked spruce stands are expressed as cyan, the death stands with light blue.
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Table 1 Landsat TM and ETM+ imagery.

Acquisition date

Landsat scene

Landsat sensor

Nov. 26, 1985 Path 192, Row 26 ™
Jul. 11, 1987 Path 192, Row 26 ™
Sep. 18, 1989 Path 192, Row 26 ™
Nov. 23, 1990 Path 192, Row 26 ™
Sep. 19, 1992 Path 192, Row 26 ™
Jul. 11, 1995 Path 191, Row 26 ™
Jun. 1, 1996 Path 192, Row 26 ™
Nov. 8, 1998 Path 192, Row 26 ™
Jul. 28, 2002 Path 192, Row 26 ETM+
Aug. 8, 2003 Path 192, Row 26 ™
Aug. 10, 2004 Path 192, Row 26 ™
Jul. 15, 2006 Path 192, Row 26 ™
Jun. 25, 2007 Path 191, Row 26 ™

forest disturbance development: 1) initial stage of spruce forest decay by bark beetle, 2)

acceleration of bark beetle outbreak, resulting in clear cutting the surrounding buffer zone
and 3) beginning of forest regeneration. The satellite scenes were orthorectified into the S-
JTSK coordinate system (Krovak projection, Bessel ellipsoid 1841) according to the
Satellite map of the Czech Republic (2002 ArcData Praha, s.r.0.) and a DEM created from
contour lines (1:25 000). The ATCOR atmospheric correction model (Geomatica
Algorithm Reference, 2003; Richter, 1990) was applied to those images to convert DN
values to at sensor radiance.

The following spectral indices were estimated: NDMI, TC (Brightness, Greenness,
Wetness) DI and DI'. NDMI is based on the contrast between SWIR and NIR reflectance
(Jin & Sader, 2005, Gao, 1996):

NIR - SWIR

NDMI = ———
NIR + SWIR

The TC was estimated from six (1-5;7) Landsat TM/ETM+ bands. Landsat TM and ETM+
differ in the coefficients for TC estimation (Crist & Cicone, 1984; Huang et al., 2002).
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All of the above mentioned indices (NDMI, Brightness, Greenness, Wetness) were

normalised using the rescaling (Healey et al., 2005; Masek, 2005):

]r :(]_I,U)/IO’

Where 7, is a rescaled index value (NDMI, Brightness, Greenness, Wetness), /, the mean
forest index, and /, is the standard deviation of the forest index.
Next, we estimated the Disturbance Index (DI), which emphasizes the contrast between the

forest stand and bare soil (Healey et al., 2005; Masek, 2005):

DI = Brightness — (Greenness + Wetness)

The DI is based on the different spectral response of deforested areas, which have higher
reflectance of Brightness and lower reflectance of Greenness and Wetness, than mature
forests (Healey et al., 2006). Because of the different Greenness behavior in our study,

which was caused by specific vegetation dynamics, we modified the DI equation to:

DI'= Wetness — Brightness

where the Greenness was excluded and the sign was changed by transposition of the
Wetness and Brightness indices. However, it is only a formal modification in order to

express the values in the same sign as Wetness and NDMI.

3. 2 Field research plots

Data about natural regeneration and cover of vegetation layers were obtained following
JonaSova and Prach (2004). Natural regeneration was measured by recording the numbers
of seedlings of spruce and broadleaved species divided into two height-categories: (1) < 50
cm, (2) > 50 cm. Percentage cover of tree canopy, moss, herb, and brush layers were
visually estimated in each plot (Kent & Coker, 1992). All of the data were obtained
repeatedly in 1998, 2002, and 2007. The geographic coordinates for all 12 field research
plots were determined using a GPS.

Every field research plot was associated with the nearest square (60 x 60 m), which

included four Landsat pixels. These squares, called sample disturbance areas (SDA), were
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selected from the whole disturbance areas (WDA) in order to compare spectral response

from the above mentioned indices with data from the field research plots.

(///.
\\ //S/)}
N\ %,
).
<
Whole disturbance areas (WDA) Landsat TM/ETM+
Comparison DD, GD: dynamics
/)/
N\ “%;
N ‘e,
o \ %
© Q.
3 i
Sampled disturbance areas (SDA) Landsat TM/ETM+
Comparison DD, GD; dynamics
%
N\ B, Cp
y N (/G{S‘ //OS
y Field research plots; SDA Field vegetation data
Y
RDA analysis

Fig. 3 Scheme of data processing. The two upper levels of analyses were based on the
comparison of spectral indices from 13 scenes. The third bottom level represents a

combination of both spectral indices and field vegetation data.

3. 3 Data analyses

The spectral responses of DD and GD (from WDA) were compared in given years using
repeated measures ANOVA. The Scheffé post hoc test was used in the case of significant
differences.

Spectral indices values (from SDA) were related to the field data, i.e. numbers of
seedlings and covers of vegetation layers, by Redundancy Analysis (RDA) using Canoco
for Windows (Ter Braak & Smilauer, 1998). The spectral indices were used as dependent
variables, while numbers of seedlings and covers of vegetation layers were used as
environmental variables. Type of plot (dead stand and clearcut) was used as dummy
variables and time was used as a passive environmental variable. The significance of the
relationship was tested by the Monte Carlo permutation test. This was followed by two

partial analyses, where the influence of seedlings number and vegetation layers were
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evaluated separately. The resulting ordination diagram was produced using CanoDraw (Ter

Braak & Smilauer, 1998).

4. Results

4. 1 Multitemporal analysis of disturbance dynamics in whole
disturbance areas (WDA)

In the first level we assessed the general ability of indices to describe the forest
disturbance dynamics in DD and GD. The temporal development in both disturbance types
(DD and GD) can be divided into three main parts according to the spectral response (see
Fig 4): (1) a period of relatively stable forest with invariant spectral response (1985 —
1992), (2) acceleration of forest disturbance resulting in a gradation of changes in the
normalized spectral values (1992 — 2004), and (3) a period after forest disturbance
acceleration, where the normalized values return towards their former state (2004 —2007).

A common feature of the first period was the small variances between the normalized
values of all used spectral indices. In the second period, the normalized values were either
increasing (Brightness and Greenness) or decreasing (NDMI, Wetness, DI).

Next, the sensitivity of the spectral indices was assessed. The general criterion was the
difference between the rescaled values in the time of disturbance and the state before the
beginning of the disturbances. The DI" had the largest change in values during the
disturbance. The lowest change occurred in the NDMI and Greenness indices (see Fig 4).

The results for a majority of the spectral indices indicated that DD and GD had
significantly different spectral response during the acceleration of forest disturbance (2004
—2007). In addition, the Greenness and NDMI indices showed significant differences
between DD and GD during the whole time of disturbance, starting from 1995 and 1996,
respectively (Table 2).
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Fig. 4 Comparison of the progress of spectral response of selected indices (mean, standard
error of mean and £1 standard deviation). Both left plots illustrate the dynamics of decayed

forest disturbance (GD) and the right ones the clear cut disturbance (DD).
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Table 2 Similarity test of two disturbance types (DD, GD), for multiple years, in whole
disturbance areas (WDA). The numbers represent p-values of the Scheffé post hoc test
from repeated measures ANOVA. The bold marked values express significant values at the

0.05 level.

Brightness Greennes Wetness DI DI’ NDMI
1985 1.00 1.00 1.00 1.00 1.00 0.00
1987 1.00 1.00 1.00 1.00 1.00 1.00
1989 0.69 1.00 0.76 1.00 0.42 1.00
1990 0.93 1.00 0.37 1.00 0.47 1.00
1992 0.21 1.00 1.00 0.99 0.50 1.00
1995 0.00 0.00 0.05 0.97 0.00 1.00
1996 0.01 0.00 1.00 0.00 0.59 0.00
1998 0.00 0.00 0.00 0.00 0.00 0.00
2002 0.00 0.00 0.00 0.00 0.00 0.00
2003 0.00 0.00 0.97 1.00 0.19 0.00
2004 0.00 0.00 0.00 0.00 1.00 0.00
2006 1.00 0.00 0.00 0.00 0.00 0.00
2007 1.00 0.00 0.00 1.00 0.00 0.00

4. 2 Multitemporal analysis of sampled disturbance areas (SDA)

Results of the comparison of spectral response of both disturbances (DD, GD) in given
years correspond with the general progress of forest disturbance assessed on the larger
areas (Fig. 5). However, in this case the differences between the DD and GD are more
obvious, unlike for the WDA. The spectral response of DD had larger differences from the
original values than GD for all indices. Also, DD showed a considerable increase of

spectral indices from 1996 to 1998 in comparison to GD.

4. 3. Canonical analysis

RDA analysis (Fig. 6) showed that natural regeneration (seedling numbers) and
vegetation layer covers significantly influenced spectral response. Covers of vegetation
layers explained slightly more variability in spectral response data than numbers of

seedlings. Both groups of variables, when used together, explained 61.3 % of the
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Fig. 5 Comparison between DD and GD using different spectral indices in sampled

disturbance areas (SDA) (mean, standard error of mean and +1 standard deviation).

- 125 -



The mutitemporal comparison of two types of forest disturbance kapitola 6

variability (Tab. 3). Indices Brightness, DI, DI’, and Wetness seem to be the most
influenced by the type of disturbance (high values of Brightness in clear cut areas, high
values of the other indices in the dead stands). Brightness was positively influenced by
herb layer cover (E1), DI and DI’ were positively influenced especially by the moss layer
(EO) and tree canopy (E3), and Wetness mostly by seedlings of broadleaved species taller
than 50 cm, but partly also by spruce seedlings taller than 50 cm and brush layer cover.

The Greenness Index had increased values during the observed time period in both types of
disturbance. Greenness was slightly higher in clear cut areas and was positively influenced
by the herb layer cover (E1). NDMI correlated positively with the presence of seedlings

taller than 50 cm and brush layer cover.

Table 3 Results of the RDA analysis. Explained variability means the percentage of the
total variation in indices data that can be explained by each group of explanatory variables
without including the others. The total explained variability is that explained by all

explanatory variables.

Explanatory variables Explained variability (%)
Numbers of seedlings 34.7
Covers of vegetation layers 42.9

Total explained variability (%)
61.3
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RDA analysis showing indices values (in italics) in relation to the numbers of seedlings of
spruce and broadleaved species (smaller and higher than 50 cm), covers of vegetation
layers (EO — moss layer, E1 — herb layer, E2 — brush layer, E3 — tree canopy), disturbance

type (DD, GD) and time. Disturbance type and time were used as passive variables.

5. Discussion

5.1 Sensitivity of spectral indices to forest disturbances

Spectral indices based on SWIR are commonly used to assess forest disturbance caused
by harvesting (Franklin, 2001; Healey et al., 2006), insect attack (Wulder et al., 2006b),
etc. However, according to Healey et al. (2006), the sensitivity of these indices to
deforestation is different. Our study also confirms the differences of these spectral indices.
Both TC indices, Wetness and Brightness, showed high sensitivity. Their combination in
the DI" index enhanced the disturbance effect. DI” is generally based on DI (Healey et al.,
2005); our modification (DI") reflects the specific vegetation condition in our study area

and is based on excluding Greenness from the original DI. The reason for this was that,
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instead of the expected increase in Greenness values during deforestation, which usually
represents a decrease in green biomass, the values significantly increased, although with a
few years delay. That was caused probably by the fast increase in herb layer cover after
tree cutting. Furthermore, the spectral response was influenced by the planting of new trees
in the clear cut areas (JonaSova & Prach, 2004). In the decayed forest (GD), the main
reason for the increase in the greenness index was probably the growth of herb vegetation
(including the seedlings) due to increased forest light levels (JonaSova & Prach, 2004).
NDMI, which is the normalized ratio of NIR and SWIR, had lower sensitivity in
identifying the forest disturbance. This may be caused by enhancing the weight of NIR in
the NDMI, which corresponds with results of Healey et al. (2006), who reported an
inconsistent relationship between NIR and forest structure. On the other hand, Jin and

Sader (2005) described a high correlation between NDMI and Wetness.

5.2. Dynamics of forest disturbances (GD, DD)

The similar temporal dynamics in both the WDA and SDA document the satisfactory
explanatory value of SDA. The risk of inaccuracies is higher in the SDA because of the
lower number of cases (pixels). However, when the individual sampled areas are well
defined and have sufficient geometric accuracy (RMSE < 0.5 pixel), the data will be
relevant for such an assessment. Furthermore, the data from the sampled areas expressed
more precisely the differences between DD and GD, because the smaller sampled areas
express one forest state (i.g. either forest or clear cut areas) in the time of data acquisition.
The comparison of the temporal dynamics of DD and GD using all spectral indices showed
that GD has a more gradual behaviour with fewer differences in values than DD. This is
due to slower forest decaying by bark beetle. During this process, trees are drying and the
herb vegetation starts to grow due to opening up stand overstory (Waring & Running,
1989). On the contrary, clear cutting (DD) occurs as a discrete event. However, the
decision whether to consider clear cut areas as discrete or continual events, will be

influenced by the scale and extent of harvesting.

5. 3 Synthesis of spectral indices and field vegetation data

Field vegetation data were needed for a correct interpretation of the temporal dynamics
of the disturbances. Temporal changes of the spectral indices in both WDA and SDA could

be interpreted so that the return of values, after their acceleration, to their original values is
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caused by forest regeneration. However, the data from the field research plots show that
the seedlings make up a small part of the vegetation cover, which is composed mostly by
herb species in both types of disturbances (Jonasova & Prach, 2004).

Generally, the pixel value of remote sensing data is integral information depending on
the proportion and spectral character of the assessed subject (Lillesand et al., 2004). This
is supported by the results of the RDA analysis, in which more than 60% of variability of
spectral indices data was explained by vegetation layer covers and numbers of seedlings.
A detailed study of the RDA results shows that it is possible to divide the spectral indices
into two groups. The first group includes indices whose variability is explained by
disturbance type (DD, GD) and covers of the moss (E0) and tree canopy layers (E3):
Brightness, DI, DI" and potentially Wetness. These indices emphasize SWIR. On the
contrary, the indices in the second group, Greenness and NDMI, emphasize NIR and were
positively correlated with the numbers of seedlings taller than 50 cm. Furthermore, these
indices showed a higher sensitivity to type of disturbance (DD and GD) during the

deforestation. This shows the possible use of different indices for specific issues.

7. Conclussion

The DI" combining the Wetness and Brightness indices showed the highest sensitivity
to identifying the forest disturbance. It is valid for our study areas to exclude the Greenness
index from the original DI index, because the increase in Greenness values was due to the
survival and/or regeneration of the herb layer. However, the DI seems to be generally valid
for the clear cut areas, where the understory vegetation was removed or damaged.

Both compared types of disturbances (DD and GD) resulted in different dynamics,
where the GD expressed slower development and lower deviations from original values
than DD. These differences are clear particularly when using the samples disturbance areas
(SDA), where the forest stand was uniform and well defined. The field vegetation data
were used to correctly interpret the temporal dynamics of the disturbances. The RDA
analysis confirmed the significant influence of natural regeneration (seedling numbers) and
covers of vegetation layers on of indices values. Furthermore, according to the RDA

results, the indices were divided into two groups, which correspond with enhancement of

either NIR or SWIR.
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The uniqueness of this study is the multitemporal comparison of the spectral response of
two disturbance types, as well as using field vegetation data in this comparison. Because
we assessed the temporal changes on the defined areas, it was possible to describe the
disturbance dynamics in the real time and area. The resulting different spectral response of
two types of disturbances can be used for disturbance type classification and/or disturbance
forecast. However, it is important to consider the disturbance dynamics, because different
types of forest disturbances express various spectral response during disturbance

development.
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SOUHRNNA DISKUSE

Hodnoceni lesnich disturbanci v optické ¢asti spektra

Hodnoceni spektralniho projevu disturbanci lesa pomoci dalkového prizkumu Zemeé je
Siroce rozsifenou metodikou, vyvinutou a pouzivanou zejména v zemich s rozsahlymi
lesnimi porosty (Franklin, 2001). K takovému hodnoceni jsou vyuzivany zejména
spektralni indexy, které byly v pogatcich zaloZeny zejména na blizkém IC spektru (Leckie
& Gougeon, 1981). V soucasné dob¢ se ukazuje jako vyhodné€jsi davat ve vypoctech veétsi
vahu stfednim IC vinovym délkam (Healey et al., 2006). Jednim z nejéastéji pouzivanych
index je tfeti komponenta linearni transformace Tasseled cap (TC) ozna¢ovana jako
Wetness index, nebot’ do znacné miry koreluje s obsahem vody v listech a vlhkosti
povrchi (Crist & Cicone, 1984; Kauth & Thomas, 1976). Index Wetness jsem v kapitole 1
(str. 34 - 45) pouzil k prvotnimu srovnani druzicovych dat (Landsat TM/ETM+) ze dvou
termind. Prvni z terminid (11. 7. 1987) vyjadfoval podminky lesnich porostii centralni
Sumavy jesté pied akceleraci rozsiteni lykoZrouta smrkového. Druhy termin druZicovych
dat (28. 7. 2002) odrazi podminky po této hlavni fazi rozpadu lesa, ktera probihala 1995 —
1998 (Heurich et al., 2001). Toto srovnani je zaloZzené na diferen¢ni analyze hodnot
Wetness prevedenych do relativni $kaly. Vysledek hodnot indexu ukézal pokles hodnot
v oblasti odlesnénych ploch. Rovnéz Jin a Sader (2005) popisuji dobrou vypovidaci
schopnost tohoto indexu pro detekci odlesnénych ploch. Wulder et al. (2006) vyuzili také
index Wetness pro hodnoceni zmén lesnich porosti tak, ze rozdily hodnot indexu Wetness
z dvou termind jsou vyjadieny jako index EWDI (Enhanced wetness difference index).
Index EWDI poprvé uvadgji Skakun et al. (2003). Srovnatelnost hodnot indexu v ¢ase vSak
autoti zajistili pfevedenim radiometrickych hodnot na reflektanci. To je pfesnéjsi zplisob
jak vyjadrit zmeény tohoto indexu v Case.

Proto byl v nésledujici praci pouzit podobny zpiisob, ktery navic rozsifuje srovnani
dvou termin@ na multitemporalni analyzu zahrnujici 13 druZicovych scén (kapitola 6,
str. 112 - 133). V tomto ptipadé byly vypocitany kromé indexu Wetness i zbyvajici
komponenty TC transformace (brightness, greenness), disturban¢ni index DI, ktery
zahrnuje vSechny tfi komponenty (Healey et al., 2005), navrZena vlastni varianta DI'a
vypocitany normalizovany vlhkostni index NDMI (Gao, 1996; Jin & Sader 2005). Pro
spravnou interpretaci druzicovych dat byla vyuZzita pozemni data procentualniho pokryvu

vegetace a poctu semenacki smrku, které zpracovali Jonasova & Prach (2004). Vyse
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zminéné spektralni indexy ukazuji rozdilnou citlivost pro detekci odlesnénych ploch,
pti¢emz indexy s vys$i vahou stiedniho IC (DI’, Wetness a Brightness) vykazovaly
citlivost vy3si nez indexy zdtraziujici blizké IC zaieni (NDMI, Greenness). To je

v souladu s vysledky, které uvadg€ji Healey et al. (2006), kdy rovnéz nejvyssi citlivost
k odlesnénym plocham vykazuji indexy zvyraziiujici stiedni IC pasmo.

Multitemporalni srovnani vyvoje rozpadlych smr¢in a holych sec¢i ukazuje, Ze na
holinach dochazi k vétsim spektralnim zménam oproti pivodnimu stavu nez u rozpadlych
smr¢in. Vyrazngjsi spektralni projevy holych seéi jsou pravdépodobné zpiisobeny vlivem
prechodného poskozeni pfizemni vegetace véetné€ novych semenackil a naslednym
rozvojem travnich porostl (napt. Calamagrostis sp.). V rozpadlych smr¢inach k tak
vyraznému rozvoji trav nedoslo kvili ¢asteéné pretrvavajicim pivodnim druhiim
bylinného patra (JonaSova & Prach, 2004); rovnéz také kviili tomu, Ze velky podil ploch
ptipada na dfevni hmotu rozpadlych smr¢in. Rozvoj travnich porostti na holinach ma
pravdépodobné za nasledek i tendenci hodnot spektralnich indexti navracet se diive do
pivodniho stavu nez je tomu v rozpadlych smr¢inach. To by mohlo vést k mylné
interpretaci, Ze na téchto plochach dochazi k rychlejsi regeneraci smrku nebo jinych
drevin. Rozvoj travnich porostli vSak naopak vyznamné brani pfirozené regeneraci lesa
(Mansourian et al., 2005) a proto je pozemni prizkum nezbytnou pomickou pro spravnou

interpretaci druzicovych dat.

Hodnoceni lesnich disturbanci pomoci termalniho DPZ

Lesni porosty snizuji cirkadianni amplitudy teplot a pisobi proto mikroklimaticky, s
rostouci plochou i mezoklimaticky, jako stabiliza¢ni prvek v krajiné. Principem je fakt, Ze
koruny stromt podle zapojeni propousti k zemi jen urcité procento energie (Geiger, 1965;
Petrik a kol., 1986). Povrch pidy se tak béhem dne pfehtiva méné, pti¢emz je zndmo, Ze
teploty kolisaji nejvice na této povrchové vrstvé (Campbell, 1977). Vysledkem jsou béhem
dne nizsi teploty vzduchové hmoty v lesnim porostu, coz zpisobuje zpétné i ochlazovani
patra korun (Petrik a kol., 1986), navic koruny tvoii vétsi povrch, ktery se také 1épe
ochlazuje. Dal§im faktorem, ktery vede k vyrovnavani teplot v lesnich porostech je
evapotranspirace, pii které se spotfebovava teplo na vypar z pudy i z rostlin. Integralni
hodnotou, ktera mize identifikovat miru té€chto procesi, jsou teploty krajinného krytu

(Quattrochi & Luvall, 1999). Ty mohou byt také vyuzity pro detekci zmén, které se projevi
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jako odchylka v ¢ase na identickych plochach nebo v daném okamziku jako rozdil oproti
okolnim porostiim.

V této praci byla testovana hypotéza, Ze se odlesnéni projevi ve zméné teplot krajinného
krytu, které bude mozné detekovat pomoci termalnich druzicovych dat (Landsat
TM/ETM+). Tato hypotéza je zaloZena jednak na vysledcich z terénniho méfeni (Yoshino,
1975), ale také na poznatku diferencovaného termalniho projevu riiznych typt krajinnych
slozek (Quattrochi & Luvall, 2004). V kapitole 1 (str. 34 — 45) jsem k ovéfeni této
hypotézy pouzil diferen¢ni analyzy (Coppin & Bauer, 1996). Vyuziti takového ptistupu
pro hodnoceni zmén teplot krajinného krytu v ¢ase popisuji Hashimoto & Suzuki (2004),
pri¢emz tato studie ma omezenou vypovidaci schopnost, protoze porovnavané teploty
v jednotlivych terminech jsou vyjadieny v absolutnich hodnotach (°C), které jsou zavislé
na podminkach pocasi. Pro odstranéni tohoto problému jsem prevedl hodnoty teplot do
relativni $kaly kvantilovych tfid. Vysledkem byla na odlesnénych plochach zména z
problém, Ze neni mozné identifikovat malé zmény, protoze ty byly skryty v kategorialné se
meénicich teplotnich tfidach.

Tento problém se podatilo odstranit standardizaci hodnot teplot v nasledném ¢lanku
(kapitola 2, str. 46 — 59), coZ umoznilo porovnat teplotni zmény v diisledku rozpadu
smréin a asanaci lesa za vzniku holych seéi. Holé sece tak ukazaly vyznamné vyssi zmeény
smérem k nartstu teplot oproti rozpadlym smré¢inam. Divodu pro to miZe byt n€kolik:

1) rozpadlé smréiny ptedstavuji velmi ¢lenity povrch s mnoZstvim zastinénych ploch
(Zielonka & Piatek, 2004)

2) velky podil kment odumftelych smrki v rozpadlych smréindch mize zvySovat
reflektanci a tim sniZovat emisivitu, coZ se projevi niz§imi teplotami,

3) na holych secich se miiZe projevit i vys$si vysychani pidniho profilu vlivem
poskozeni bylinného patra pti asanaci dievin.

Pti pouziti diferen¢ni analyzy jsou nutnym ptredpokladem pro oba nebo vice
porovnavanych termind stejné zmeény teploty s vySkou (termalni stupen) a stejna zména
teplot na plochach s riznou expozici viéi dopadajicim slune¢nim paprskiim. ProtoZe tyto
predpoklady neni mozné nikdy zcela zajistit, je vysledek diferen¢ni analyzy vZdy zatiZzen
urc¢itou chybou.

Proto jsem se v dalsi ¢asti prace zabyval tim, jak takové nedostatky eliminovat.
Moznym feSenim je vyuZiti mnohorozmémé regresni analyzy (Coppin & Bauer, 1996) pro

identifikaci teplotnich zmén vychazejicich z jednoho terminu. Principem je srovnavani
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teplot v ramci jediné jednotky krajinného krytu, v tomto pfipad€ lesnich porostli. Vybér
jediné jednotky je nutny, nebot’ odli$né jednotky krajinného krytu (les, louka, voda) maji
zasadni vliv na distribuci teplot krajinného krytu (Quattrochi & Luvall, 2004). Vyuziti dat
z jednoho terminu eliminuje do zna¢né miry vliv pocasi (vyjma piipadi ptechodu
atmosférickych front apod.), naopak proti predchozi diferenéni analyze odpada vyhoda
srovnani polohov¢ identickych hodnot (pixelil). Tim vyvstava problém se srovnanim teplot
krajinného krytu na mistech s odlisnou nadmotskou vyskou, sklonem a orientaci svahu.

V metodickém ¢lanku (kapitola 3, str. 60 — 80) byl hodnocen vliv parametri reliéfu na
teploty krajinného krytu vypocitanych z termalniho pasma druzicovych dat. Prvni vysledky
téchto regresnich analyz vykazuji pomérn¢ malé procento vysvétlené variability
(R? =0,38). Dilezité zpresnéni vysledki prineslo vylougeni okrajovych zén a mengich
lesnich porostii. Diivodem je okrajovy efekt (Saunders et al., 1999; Geiger et al., 2003;
Klassen et al., 2002), ktery zpisobuje odli§nou energetickou bilanci a nasledné i termalni
projev téchto zén. V ¢lanku byla také hodnocena $itka zdny, kde se jesté okrajovy efekt
vyznamné projevuje. Na zaklad¢ analyz dat s riznym prostorovym rozliSenim byla uréena
sitka 90 m. Pfi odstranéni vétsich 3ifek se jiZ procento vysvétlené variability (R* = 0,47 —
0,57) vyznamné nezvysovalo, naopak prudce klesal pocet pfipadd (hodnot teplot)
vstupujicich do modelu. Pomoci této a fady dalsich diléich analyz byl vytvoten regresni
model vlivu parametrt relié¢fu na teploty krajinného krytu.

Tento model byl nasledné€ pouzit pro porovnani teplot krajinného krytu rozpadlych
smrcin a holych seci (kapitola 4, str. 81 — 100). Stejné jako v ptipad¢ diferencnich analyz
byly zjistény vyssi hodnoty teplot krajinného krytu na holych secich. V tomto piipadé je
v§ak mozné teplotni zmény vyjadiit v absolutnich jednotkach (°C). Je vSak nutné mit na
paméti skutecnost, Ze takto vyjadiené teplotni rozdily (mezi Zivym lesem a odlesnénymi
plochami a jejich srovnani) odrazeji stav povétrnostnich podminek pied (podle extremity
zmén ne vice neZ nékolik dni) a v dobé& snimani druzicovych dat. Napfiiklad po intenzivni
srazkové ¢innosti se teploty povrchi s riiznymi vlastnostmi (tepelné vodivost, albedo
apod.) vyrovnavaji (Humes et al., 2004).

Popis multispektralniho vyvoje teplotnich zmén pak ptinasi kapitola 5 (str. 101-111).

Z téchto vysledki je patrné zvySovani teplot krajinného krytu v souvislosti s rozpadem
nebo sanaci lesnich porost.

Obé& metody pouzité k hodnoceni teplotnich zmén (diferen¢ni analyza, regresni modely)
ukazaly, Ze v letnim obdobi dochazi na odlesnénych plochach k vy$§imu nartistu teplot

oproti povrchim korun smrkového porostu. Pti srovnani dvou typi disturbanci jsou
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vyznamn¢ vyssi teploty krajinného krytu na holych secich oproti rozpadlym smréinam
vlivem lykozZrouta. Metoda vyuZivajici regresni modely je poprvé pouzitym a mnohem
ptresngjSim ptistupem pro hodnoceni teplotnich zmén krajinného krytu oproti diferenéni

analyze.
ZAVER

Vysledky hodnoceni spektralnich projevi lesnich porosti centralni Sumavy ukazaly, Ze
v disledku odlesnéni doslo k vyznamnym zménam hodnot:

1) spektralnich indexti zaloZenych na blizkém a stfednim IC,
2) teplot krajinného krytu.

Pti srovnani dvou typu disturbanci vykazaly holé sece vétsi rozdily od pivodnich
hodnot oproti rozpadlym smréinam. Navic pfi srovnani priibéhu obou typi disturbanci
predstavuji holé se¢e vyrazné dynamickou zménu, na rozdil od rozpadu smréin v disledku
lykoZrouta, ktery ma vice pozvolny priibéh. Podobné vysledky vyplyvaji i ze srovnani
teplot krajinného krytu, kde holé sece nabyvaji vyznamné vyssich hodnot teplot. Pro
hodnoceni termalniho projevu byla navrzena nova metodika, pfedstavujici normalizaci
teplot krajinného krytu v podminkach komplexniho relié¢fu. Z vyse uvedenych vysledk
vyplyva, Ze holé sede predstavuji ve srovnani s rozpadlymi smr¢inami vyraznéj$i zménu,
ktera miize mit pfimé dusledky pro regeneraci lesnich porostt. Tyto diisledky se tykaji
teplotni extremity ale také zménami bylinného patra holych seci, které mohou zpisobit

ztiZenou obnovu lesa.
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