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Abstract: Identifying the climateinducedvariability in the condition offegetationis particularly important in the context of

the recent climate change, goldnt® i mpact on mi t i g a tinithispaper,fwe présent thelcaheremdeandc hange .

time lags in the spectral response of three individual vegetation types in European temperate zone to the influencing
meteorological factors, in the period 262@22. Vegetation condition in broadleaved foresniferous forest and pastures

was measureditih monthly anomalies of two spectral indidesIDVI and EVI. As meteorological elements we used monthly
anomalies of temperature (T), precipitation (P), vapour pressure deficit (VPD), evapotranspiration (ETo), and teleconnection
indices North Atlantic Oscillation (NAO) and North Sea Caspian Pattern (NCP). Periodicity in the time series was assessed
using theWavelet Transform, buto significant intraor interannual cycles were detected in both vegetation (NDVI and EVI)

and meteorological variablet turn, coherence between NDVI/EVI and meteorological elements was described using the
methods of Wavelet Cehr ence and Pear sonds | InEwapean tentperateezbre analgsed invthist h

study, NAO produces strong coherence mostly for forests,aiith 1 year delay anida weaker coherendewith circa 3

time | ag.

yeardelay.For pastures these interannual patterns are hardly recognizable. The strongest relationships occur between condition

of the vegetation and T and ETdhey show high coherence in both forests and pastures. There is a significant cohesion with

8-16 month (e. 1 year) delay and 282 month (ca. 2 year) delay. More time lagged significant correlations between vegetation

indices and T occur for forests than for pastures, suggesting a significant |

1 Introduction
Vegetation is one of the main components of the terrestrial Earth, which plays an important role in regulating clingite, throu
evaporative cooling processasdc ar bon sequestration, among others. Hence,

hydrosphere and lithospherecisicial (Zhang et al., 2017 Among different vegetation types, the major ongsich coer up

vegetationds

to 78% of the worl dds | a(tpct, 2819;¢a0,and&nep, 2020 r est s and grassl ands

Modern climate change is widespread, rapid and intensiffljpee, 2019) Climate change deepethe processes of land

degradation through e.g. increase in rainfall intensity and flooding, heat stress or drought frequency an¢lpeve2iiy 9)
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The influence of climate change on vegetation, especially on forest condition, is highlighted in severa(Bandgeand

Rammi g and Zang, 2020; Schuldt et al ., 202@hastfempdentalltd e et al
cause severe, lortgrm damage to forest ecosystems by increasing the frequency of extreme weather events, such as droughts,
destructive windstorms, and wildfires in many regid@syn and Potthoff, 2018; Hofgaard et al., 2012; Karlsen et al., 2017;

Morin et al., 2018) That is why, monitoring vegetation dynamics and precisely characterizing the response of vegetation to
changing climate is essential in order to maintain a sustainable envirofiroeniinson et al., 2011; Barbosa et al., 2019)

The most widely used parameter for evaluating vegetationos
index (NDVI), derived from satellite remote sens{glole and Dash and Atkinson, 2016; Huang et al., 2021; Soubry et al.,

2021; Buras and Rammig and Zang, 2020; Barbosa et al.,.2ZI®NDVI is a normalized transform of the néafrared to

, 2022;

response

red reflectance ratio, which is intended t dDidartaachMuaor,di ze vegetation

2019) According to research, it is a trustworthy ecological indicator, if obtained from properly calibrated dadetidge
sensorgHuang et al., 2021)n the research of vegetation vigour, NDVI has a long history spanning 50 years, but in recent
times the enhanced vegetation index (EVI) has also gained popularity. In EVI formula the blue radiation is additionally used
to stabilize the index value against variations in aerosol concentration (Bidds and Munoz, 2019)

Spectralegetationindicesi NDVI and EVIi derived from MbderateResolution Imaging Spectradiometer(MODIS) data
werecoupled withmeteorological elements in many research pafgegs Buras and Rammig and Zang, 2020; Li et al., 2010;
Mao et al., 2012; Mbatha and Xulu, 2018; Moreira and Fontana and Kuplich, 2019; Zhu et al., 2023; Ghaderpour et al., 2023;
Schuldt et al., 2020)The applied coupling methodssed in these studiesere often based on single and multiple linear
regressionsa n d P e ar s o n detweenovegetatibnaindis aml sclimateelements, but assuming the stationary
relationship. However,he time lag in the correlation betwegrgetation indicesand weather elements should nbe
disregardedThe spectral response to the influencing fastaries depending on the vegetation tyip& is quicker for
grasslands and agricultural lar{@&oreira and Fontana and Kuplich, 201@hilein the case of forests thissponsenight be

very extended in tim@Barbosa et al., 2019; Carl et al., 201) a significantlelayin correlation betweewegetation condition
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and meteorological element can ocdtor instance,elee nt s such as temperature can influence the trees?o

of the following yearCarl et al., 2013)Therefore, nowadays the wavelet coherence (WC) method is often used in order to
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capture the delay in the spectral response of the vegetation. This method allows to study the multiscalstatidnaon
processes over finite spatial and temporal domgfason et al., 2008)and hence is advantageous when compared to the
Fourier transform, because the latter requires stationfalya r t 2 n e z a n dWGQ3nethadl bas proven ta2be Gs&f)l

in geophysics and climatology, linking e.g. rainfall and ENSO indexrence and Webster, 1998 rainfall andmonsoon

in Pakistar(Hussain et al., 2022)VC has already been used several timlesn coupling between climatological factors such

as temperature or rainfall and vegetation ocaiiThe coherence of meteorological elements and grasslands/savannas/forests
was researched e.g. in Bra@iloreira and Fontana and Kuplich, 2019; Barbosa et al., 2@mith Africa(Mbatha and Xulu,

2018) southern ChingZhou et al., 2022)India (Naga Rajesh et al., 2023)r IndonesigErasmi et al., 2009)n Europe,

similar research was conducted in the Mediterrai@aderpour et al., 2023 urprisingly, theoherencéetweervegetation
dynamic and climateelementsn the temperate zone is very understudied, and the existing studies are limited in time and

spacgCarl et al., 2013; Zhu et al., 2028uch research is especially important in lightecentvegetation disturbance caused

by severe draght events that occurred in Europe in recent yBusas and Rammig and Zang, 2020; Schuldt et al., 2020)

This study airs to identify patterns in time series dfree different types ofegetation (broadleaved and coniferous forests

and pastures) in the temperate zoaed relatehem with meteorologicalelements and teleconnection indicesing the

Wavelet Transform (WTand Wavelet Coherend®/C). Thus, the main objectives of this research areo 1jlentify the

variability andperiodic changeis time series of MODI$hased NDVI and EVI of different vegetation types, and in time series

of meteorological elements and teleconnection indices, using the WT method and 2) to couple the NDVI and EVI vegetation
indices with meteorologicatlements and teleconnection indices in ordedeterminethe coherence and time lags in the
spectral response of individual vegetation types tm the i
The analyses are carried out for the broadleaved and coniferous forests and pastures in the temperate zone of central Europe,

in the period 2002022.
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2 Materials and methods
75 2.1Study area
The study areeharacterised bihree vegetation typéshetwo types of forest (broadleaved and coniferous forest) and pastures
including meadows and other permanent grasslands under agricultuiasiseatedin the administrative borders of Poland
(Fig. 1). The analysed vegetation typee situated within a territory extendifgm 492N to 54.5AN latitude and from 14
E to 24AE longitude. Fom the north, the research area borders onto the Baltic Sea, while the terrain changes towards the south
80 - there are mountains at the southern edges of the researcBexaase Europe's land reliefagangednostly latitudinaly,
there is noorographic barrierandclimate in the study area iisfluencedby thewestern transfer of air masses, aneréfiore
indirectly by the Atlantic Ocean. The warm temperate climate is charactésjzeteanwinter temperaturdrom -3 . 5(ih C
the northeast and in the sumountain and foothill regions in the soutb)1 . G (# the wes), meansummertemperature
from 14.5AC ( inthedoatgali d%hhe cengliandmasnean annual precipitatismrs from 450 mm in

85 the centre of the study area to 1200 mm in the mounta@84i 2020) (Tomczyk and Bednorz, 2022)

I Coniferous forest (CLC 312) . 0 50 100 150 200 km
I Broadleaved forest (CLC 311) [ ——

Fig. 1. Spatial distmadlultriooand |oefa vtehdr efeo rveesgte t(atLiCo nc |
class 312) and pastsueedsi f CLiICecstasdy.231)



The selected vegetation types were defined on the basis of Corine Land Cover (CLC) 2006, 2012 and 2018(Gatahases
2021) The CLC database provides data on land cover across 44 classes, in European countries. For areal phenomena, the CLC
employs a Minimum Mapping Unit (MMU) of 25 ha, and for linear phenomena, a minimum width of 1@ms, 2021)

90 The CLC 2006, 2012 and 2018 were used to prepare masks for broadleaved forests (CLC class 311), coniferous forests (CLC
class 312) and pastures (CLC class 231). The CLC forest vector layers for 2006, 2012 and 2018 were intersected and the
polygons that were still forest for these three periods made up the broadleaved or coniferous forest mask, respectively. The
percentage foforest coverage was calculated for each MODIS pixel. The pixels containing at least 80% of forest cover were
selected for further analysis. To ensure the uniformity of forest pixels, a criterion of 80% coverage of broadleavedamronif

95 forest was apged. Following these selection criteria, 174,243 pixels were retained as the broadleaved forest mask and 798,777
pixels were retained as the coniferous forest mask, representing the area of 16,800 48924 krf respectively. @isters
of broadleaved forest are rather small, and most of them are located in thevestehn part of the studrea, in the south
eastern edge of the area (Bieszczady Moun tsgediesdominaingth i n the eastern part (Biag
the species composition are birch, oak and bé2@R2) On the contrary, coniferous forgsevail in most of thetudy area,

100 and the predominant species, covering 58% of the forest area, iROE®) In the mountains, the proportion of spruce and
fir in stands species composition is also appa(2022)
The pastures mask was prepared following the same steps, as used for forest masks, except that only CLC vector layers for
2012 and 2018 were used (because of the poor quality of the 2006 CLC class 231). Following such selection criteria, 338,193

pixels wee retained as the pastures mask, representing the area of 21237 km

105 2.2MODIS data i NDVI and EVI
This study uses two vegetation indices (Vljhe normalized difference vegetation index (NDVI) and enhanced vegetation
index (EVI)i derived from the Moderate Resolution Imaging Spectroradiometers (MODIS) onboard Terra and Aqua satellites
i products MOD181 and MYD13Q1(Didan, 2021a, b)Theoretical description of the MODIS VI and the NDVI and EVI
algorithm details are provided in Didan and MuDidan and Munoz, 2019Yhe MOD13Q1 and MYD13Q1 products were

110 downloaded for the period 20D22. Because the data from Terra and Aqua is processed 8 days out of phadeyat 16

interval s, combining both s a&dey productdimeserié@idan and Muneza20) pr oduces a quasi
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MOD13Q1 and MYD13Q1 products are published with 250 m spatial resolution. To cover the area befdkeandtS5\N
latitude and 1AE and 24E longitude three granules were required, because each granule has 4,800 x 4,800 pixels. Eventually,
2,712 granules were needed to cover the time period-2092.

Together with the NDV/(or EVI) product, the corresponding pixel reliability and day of yagerswere usedBecause in 16
day composite thadjacent selectepixels may originate from different dayso for each pixel in such composite the day of
year layer keeps the information about the actual day the pixel originate, while the pixel reliability layer keeps ta&@anform
thatdescribes overall pixel qualiffpidan and Munoz, 2019Based orthis, only the pixels indicated as good or marginal
quality wereselected, which is a common practice in similar stufieg. Buras and Rammig and Zang, 2020)the next
step,based orthe day of year informatigreach of theselectegixels was allocated to the respective momthget the monthly
values of NDVI (or EVI),a monthly maximum NDVKor EVI) was calculated for each of the retained pix&lse reason
behind thisapproachs that lowvalue observations are eitteroneousr have reduced vegetatiwigour for the time period
under consideratiorfHolben, 1986)

Next, the deseasonalised time series of monthly anomalies from the-ammitial monthlyalues ofNDVI (or EVI) were

prepared for eacMODIS grid cell (i.e. each pixel), so that e.g. the deseasonalised value (anomaly) for January 2002 is the

difference between January 2002 value and raultin u a | mean from all Januari es. I't should be noted that
which is commonly used in climatological stud{esy. Kulesza, 2021) s houl d be interpreted as a fideviation from t
val ueo. F i maweraded52-elesnpna (21 yaatsix 2 months) time series of NDVI (or EVI) anomalies in respective

vegetation masksereprepared. The spatially averaged values of NDVI (or EVI) waleulated as area averages ofNalVI
(or EVI) values in theMODIS grid cells (i.e. all pixels) within theespective vegetation maskihe methodology diagram

showing the aboveescribed steps is presented in Fig. 2.

2.3Meteorological elements

In this work, thegridded data from ERA%and reanalysi{ Mu fSalmter, 2019, 20213yas used The monthly data

representing meteorological elements, which are generally known to Isyfecant impacon the dynamics of vegetation

productivity(Chu et al., 2019; Liu et al., 2015; Yang etal., 20i8)2met re t emper ature (T, in AC), precipitation (P,

and evapotranspiration (ETo, in mm) was downloaded for the p2BIdB2022. Spatial extent of theneteorologicatlata was

t

he



49AN to 5%AN latitude and 1AE to 2AE longitude andthe resolution of reanalysis datees 0 . 1 AAdditiorlly,1 A .
monthly data on2netre dewpoint temperatuveas downloaded in order to calculate the water vapour pressure deficit (VPD,
in hPa), a variable frequently used to explainttke mortality(Gazol and Camarero, 2022; Schuldt et al., 202@D is the
140 difference between saturation vapour pressure (8¥iith is temperature dependpandactual vapour pressurd@YP, which
is dewpoint temperature dependant). ¥R be approximated frothe aitemperaturerecords f ol | owi ng t he Tetensd formul a
(American Meteorological Society, 2023)
x _8
You ¢gpp pTT 8
and AVP can be calculated from the same equation, using dewpoint temperature instead of air temperature. Eventually, VPD
145 = SVRAVP.
In the next step théeseasonalised time series of monthly anomalies from the amunitial monthlynean values of T,,R/PD
andETo were prepared for each grid cell of the ER&fmd reanalysishs i n t he case of NDVI (or EVI), the term fanomal
should be interpreted as a fAdeviation from the mean valueo. The data was then
does not affect much the data accuracy, because monthly mean values of ngtabrelements are slowly changing over
150 space). Finally, spafig averaged52-element time series of T, P, VPD and ETo anomalies in respective vegetation masks

wereprepared. The methodology diagram showing the aldegeribed steps is presented in Fig. 2.
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This study uses two welnown teleconnection indices: North Atlantic Oscillation (NAO) and North Sea Caspian Pattern
(NCP). Thesdargescale climatic oscillationsan be considered as a proxy of the general atmospheric circulation ,pattern
giving aggregated information about the meteorological condition in a given year (e.g. diauglring conditions). fie
relationship betweeteleconnection indiceand vegetatioronditionin different regions of the worldias thefocus of several
studies(Brown and De Beurs and Vrieling, 2010; Gong and Shi, 2003; Vieseteano and Herediaaclaustra, 2004; He et

al., 2022; Gouveia et al., 2008; Olafsson and Rousta, 282d9rding to many research results, NA@ssociated with NDVI

at higher latitudes in parts of the northern hemispfi¢ieente Serrano and Herediaaclaustra, 2004; Olafsson and Rousta,
2021; Gouveia et al., 2008yhile the NCP is associated with vegetation condition in western Ekssiet al., 2022)

Monthly values of NAO index in the period 20@R22 were downloaded from Climate Prediction Center of the National

Oceanic and Atmospheric Administratiorttps://www.cpc.ncep.noaa.gov/products/precip/CWIink/pna/nao.shthle

procedure used to calculate tNAO teleconnection inel is based on the Rotated Principal Component Analysis (RPCA)
(Barnston and Livezey, 1987The RPCA techniqueis appliedto monthly mean standardized 5@@opotentialheight
anomalies in region 20N to 90AN (and all longitudespetween January 1950 and December 2000. The anomalies are

standardized by the 198D00climatology. In the positive phase of NAO the westerly circulation of the atmosphere prevails

8
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over central and northern Europe, resultingellatively warm and humid weather in winter, while cool and rainy in summer.

In the negative phase, the meridional circulation occurs more often, and central Europe can then be reached by cold and dry
air masses from the north or hot air masses from the south.

NCP index was calculated on the basis of 500 geopotential height monthly values derived from ERAS rédaedpsish et

al., 2020) in the same period 2022.The NCPindex values werealculated from the normalised 5§8opotential height
difference between averages of North Sef&(B5AN and 1G\E, 55AN) andnorthernCaspiarSea(50AE, 454N and 6GAE,

45AN) regions(Kutiel et al., 2002)In the negative phase, above normal temperatures and below normal precipitation occur

in the Balkans, western Turkey and the Middle East. In the positive phhaseother way round. There is no significant

correlation between the NCP and NA&raghi et al., 2019)

2.5Methods

2.5.1Wavelet analysis

The Wavelet Transform (WT) was applied to the deseasonalised time series of NDVI, EVI, T, P, VPD, ETo, as well as NAO
and NCP in searching for potential variations in frequency and time at different scales. To this end, the wavelet packet
(Torrence and Compo, 1998)plemented to MATLAB computing environment was usEue use of wavelet analysis gives

the information on fluctuations which change frequency over time. This is possible thanks to using Wwatrletares that

are timelimited and consist of several short oscillations. The basic wavelet can be stretdhgfufted in time, in order to

create a saalled wavelet familyi a collection of similar structures. Wavelet analysis is based on correlating the individual
elements of wavelet family with values of the time series throughout the observation period. The wavelet powerispectrum
Wi represents this correlation. The higher the power, the wavelet will be more similar to the empirical data at a given point
in the time series, which means that fluctuations of a given frequency are more likely tmma@cgiwen period. In this paper,

we used the Morlet wavelet and assessed the statistical significancef’thea | ue s wi t(Torrenck ad Goznpot e s t

1998)( t he | evel of significance U=0.05). The regions of the

wavel

et

edge effects (because of the finite |length of thethéi me series),

wawelet power spectrum which are outside of COlI, are considered uncertain.

power

are del

spectr

i mited
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2.5.2Wavelet coherence and time lags

In order to determine the changiogertime correlations between NDVI (or EVI) and meteorological elements and
teleconnection indices, the wavelet coherefW€) was applied to theleseasonalisetime seriesof respective data sets,
resulting in 6 diagrams (scalograms) for each of the vegetation types for NDVI (for EVI likewise): NDVI with T, NDVI with

P, NDVI with VPD, NDVI with ETo, NDVI with NAO and NDVI with NCP. Wavelet cohereramnbines the advantages of
wavelet analysis and Pearson correlation, allowing for searching for correlations that vary over frequency(@iodrénte

and Webster, 1999; Grinsted and Moore and Jevrejeva, .200#)s paperWWC was prepared according to the Grinsted et al.
(2004)in MATLAB computing environment. In the WC scalogramolour scale rangsfrom blue (low correlation) to red

(high correlation)andthusrepresers the waveletcoherencecoefficient. The direction of arrows indicates the phastay

between signal@ime series)right arrows indicate that the series are completely in phaspositive correlations, whilthe

left arrows indicate thahe series are compldieout of phasej.e. negative correlations. Statistical significance of values of

the waveletcobr ence coefficient was assessed usi n¥.0NGrinsteéeanCar |l o met hod, at the signif
Moore and Jevrejeva, 2004)

In order to additionally investigate the delays in the spectral response of the individual vegetation type to the triggering

meteorological factors, the overall, linear correlations with appropriate time lags were calculated. The correlatedigpairs of

sets were prepared with O to 36 months delay (3yeamrs)oont h del ay means that independent variablebds values (
ETo, NAO, NCP) frommonthwer e correl ated with dependent variableds values (NDVI, EVI) frol
Imont h del ay means that i nde pveenrdees ncto rvraeliaatbe de 6vei tvha | dueepse nfddeomt mwoanrtihabl eds val ues

the i+1 month, and so oThe strength of the correlation between theseasonalised time series of NDVI (or EVI) and
meteorological elements and teleconnection indices for three vegetationwgipesssessed using the Pearson correlation

. ) .. WED o . . - N
coefficient, expressed by the following formuila: ~y"y, Wherew ¢ is the covariance in the bivariate distribution

of the variableso(time series of a respective meteorological element or teleconnectior) anttik(time series of NDVI or
EVI),"Y and"Y are the standard deviations in the marginal distributions of the variabledgwrespectivelyThe significance

of linear correlations calculated in this way was assesgbeé significance leved of U=0.05.

10



3 Results
3.1Basic characteristics of VI and meteorological elements

220 In the last two decades a slightly positive trend in condition of the forests in Poland was noticed, with a mean ND¥/| increas
of 0 . 0 8 Bperly@ar (2002021)( Ku | e s z a a n d. The bigyest increase a2 raearBannual NDVI (by 0.030 in 20
years) was observed in centeslstern Poland, while it was weaker in southern, western and northern edges of the study area.
In turn, the biggest mean annual NDVI was observed in forests of dtiglfeegions in the south and also in the Baltic Sea
coastal region, while central regions had lower NDVI. In general, broadleaved forests had slightly bigger mean NDVI (0.841)

225 than coniferous forests (0.791).
The trend of mean annual T was positive over the emtire research area, result]i
and eastern regions) (200021)( Ku |l es z a and. Inkcenfral ang easter2régibids)the statistically significant
increase in ETo was also reported, with a mean increase of 1.79 mm per year (while mean annual ETo is ca. 600 mm). The
slope of the trend in changes inaPpearedvas insignificant in the whole study area. For the detailed analysis of the

230 spatiotemporal variability and trends in NDVI and T, P, ETo over Poland in the last two decades the reader is referred our
previous papef Kul esza and HoSci o, 2023)
The course of the monthly anomalies of MDduring the period 20062022 showed the dynamics of three vegetation types.
Positive anomalies of NDVI in the growing season (Afeiptember) were noticeable in 2011, 2013, 2016 and 2021, whereas
the negative anomalies of NDVI occurred in the growing sea$®003, 2008, 2018, 2019 and 2022 (Fig. 3). In 2015, the

235 negative peak of NAO index in July caused the positive T anomaly, negative P anomaly and very big, negative VPD anomaly
(i.e. biggesthanaver age deficit of water vapour) in August. I'n turn, al | this resulted
August and September of 2015, but forest condition seemed unaffected. In 2018, the combined effectaofeabged (in
warmbhalf-year) and mostly belowaverage P resulted in gradually decreasing values of NDVI in the growing season. Yet, the
decrease in NDVI values was not big. Additionally, generally positive T anomaly and negative P anomaly in the growing

240 season of 2018 redad in big, negative VPD anomaly (i.e. deficit of water vapour bigger than average) and big, positive
anomaly of ETo. The following year (2019), experienced similar meteorological condition (although not so severe), but the

vegetation condition during the growing season was significantly below average. Unlike in 2018, when NAO phase was

11
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positive in the growing season, in 2019 the NAO phase was negative during the whole growing season. Moving forward, year
2021, probably because of the abaxerage P in April, May and August, experienced the positive anomalies of vegetation
condition forall three types of vegetation. On the contrary, the following year (2022) experienced the negative anomalies of
NDVI values, especially visible at the beginning of the growing season {Mpsi), and especially severe for pastures. In
March, May and June of 2022, there were significant negative anomalies of P and VPD, together with positive anomalies of

ETo.
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3.2Variability and periodic changes in VI and meteorological elements and teleconnection indices
The data sets used in the study were purposely deseasonalised, so the clemusytle in both NDVI (or EVI) and
meteorological conditions is removed. Thus, WT was used in searching for cycles and fluctuations with lower or higher
frequency over timei.e. interannual or intraannual cycles). Consequently, no stiodgstableovertime cycles aresisible

255 detectedn the grapk which show the wavelet power spectrdwif? (Fig. 4 and 5)The pulse of a haifear and 1 year cycle
of fluctuations in NDVlis marked around the 2010 for all three types of vegetation (Fig. 4, left column). Although they are
statistically significant, neither the power spectrum is strong, nor they last long. The EVI shows similar pattern &, pastur
but much fewer statistidglsignificant fluctuations for broadleaved and coniferous forests (Fig. 4, right coliifres)y: pulses

come from the big negativDVI and EVI anomalies in January and December 2(Hig. 3) caused by extensive and

260 persistensnow covethatsignificantlychanged the values epectral reflectance.
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Fi gWavel et powewd spectdaemeésonal i sed time series o
for different vegetati ohn022%.peBheduCQIngr etghieorpeirs obde |2¢
significant awteasd®drd 5ithdi daetterd nobl ack 1 ine.

Meteorological elements also do not show significant interannual cyclesofiffgonerg with a period ofess than haljear

are more visible, but, similarly as in the case of NDVI, although they are statistically significant, the power speathen is r
weak (Fig. 5). Only VPD shows a cyclical component of circa 4 years, but it lies partly in the COI region and is syatisticall
insignificant. NAO and NCP produce significamtmponerg with a period ofess than halfear(weak power spectrum), and
additionally a short pulse of a 1 year cycle that is visible around 2011 (NAO and NCP) and 2015 (NAO only) (Fig. 5, lower

panel).
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3.3Coherence and time lags in the spectral response of individual vegetation types to the influencing factors

The pattern observed for coherence between NDVI and meteorological elements and teleconnection indices is different for
each of these factors.

T shows high coherence with the NDVI in all three types of vegetation. There is a significant common powef Brtiengh

(circa 1 year) band for the periods 2€A@15 and 2022022 (Fig. 6). Second significant common power band-i32Months

(circa 2 years), visible for both forest types for the whole time period-2082 (and for pastures only up to 20I8)e high

cohesion values indicate that ttiata setexhibit high correlationn a year given in thg axis, and with a delay given in tlye
axis. The observed regul ari ti e slinear carelatodsdwith appropeateltime lgags.oven by the Pearsonos
Significant positive correlations between NDVI and T occur for broadleaved and coniferous forestd #ar®-, 28, 29

and 30month delay (Fig. 8). For pastures significant positive correlations between NDVI and T only occur dad 127

month delay.

Both P and VPD produdew small patches afignificantatherwealcoherence with NDVI in all three vegetation types. Very

small patches of high coherence of circa 1 year delay between NDVI and P occur only around 2006 -28d @060

broadleaved and coniferous forests (and for pastures only one patch arous20200%ig. 6). VPD produces even smaller

patches of high coherence of circa®nth delay (around 2006), in where the NDVI and VPD are mostly out of phase, meaning

that the correlation between them is negative (F&ad 6) . I'n fact, significant
9-month delay for all vegetation types (Fig. 8). Fig. 8 indicates also significant correlations between NDVI and VRD for 18

and 22month delay.

ETo shows high coherence with NDVI in all three vegetation types. The significant common power appears in the intraannual

(3-8 months) band, from the beginning of the study period until 2008 (Fig. 6). High and significant coherence of circa 1 year

(8-16 month) delay occurs mostly around 2010, while significant coherence of circa 2 y8arr(@hth) delay is distributed

more or less along the whole study period. Surprisingly, it seems the most stable for pastures, which is low grassy, vegetatio

raher independent from interannual weather conditions. Significant positive Pe

occur for broadleaved and coniferous forests fartl 22month delay, while for pastures only for-g®nth delay (Fig. 8).

15



295 Correlations in specific bandsintraannual and interannuglare also visible between NDVI and NAO index in particular
time periods. NAO produces strong coherence with NDVI mostly for two forest types. Small areas of high positive correlation
of circa 1 year delay between NDVI and NAO appear mostly for coniferous forest in the perieg@@18nd 2012021, as
well as forbroadleaved forest in the period 262616 and 201:2020. This is additionally proven by the significant positive
Pearsonds correlati on bithwdelayr(FigNSR ¥dr pastures thibl ikt€ranfhual patternlis hardly
300 recognizable (Fig. 6)For broadleaved and coniferous forests the coherence of circa 3 year delay up till 2013 is also visible.
Interestingly, there is a significant common power for NDVI and NAO in tBendnth (intraannual) band for the year 2018
in all three vegetation types. Similar, small patches of high and significant, intraannual coherence for this year are mostly
visible for broadleaved forest regarding T, VPD and ETo, while for coniferous forest and pastures regarding ETo only (Fig.
6).
305 NCP index produces rather weak coherence with NDVI in all three vegetation types. The cohesion pattern is somehow similar
to the one produced by NAO, with small areas of high and significant coherence of circa 1 year delay around 2015 and 2020,
which is mostly visible for coniferous and broadleaved forests (Fig. 6). Additionally, for two forest types the coherence of
circa 32month (almost 3 year) delay inthe period 2@10 15 i s al so visi bl e. Surprisingly, NCP6s Pearsonds co
NDVI is significant for 25and 35mont h del ay (for forest types), but, unli ke the cohesionds rigl
310 negative (kg. 8).
The pattern observed for coherence between EVI and meteorological elements and teleconnection indices resembles in many
places the pattern observed for NDVI, especially regarding pastures.
However, in forest types, concerning T and ETo, their coherence with EVI gives substantially smaller areas of high and
significant cohesion, as compar e dlingaocoriel&tivns with Emedags, Bepared Never t hel es s, the Pearson
315 for EVI, reveals many significant and positive correlations between EVI and T for broadleaved forest (mostly 1 year delay and
2 year delay), and even more significant correl ationens for coniferous forest.
between EVI and ETo occur in broadleaved forest for circa 2 yean{22h) delay, while in coniferous forest for circa 1 year

(10-month) delay and 2 year (2and 23month) delay (Fig. 8).
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P and VPD show some more areas of significant common power with EVI than with NDVI, but the high cohesion areas are of
320 over 3 year delay and lie partly in the COI region (Fig. 8).
In case of NAO, there is a significant common power with EVI in thd@@nonth (circa 3 year) band in the period 2005
2020, for broadleaved forest ( Fi g lineatgorrelafiohsiwith 3nenthdirdedaigt i onal |y proven by the Pea
(Fig. 8). Similarly as in the case of NDVI, there is a significant common power for EVI and NAO itheath (intraannual)
band for the year 2018 for both forest types. Similar, small patches of high ariganintraannual coherence for this year
325 are visible for broadleaved and coniferous forest regarding T, VPD and ETo (Fig. 7).
NCP shows less areas of significant common power with EVI than with NDVI. However, there are some significant positive
Pearsonds correlations between EVI and NCP;monthudelay fohner e are also significant
broadleaved fores{Fig. 8). Moreover, unlike other meteorological variables, here the arrows on the WC scalograms tend to
orientate up or down, which could be interpreted as uncoupling between both signals (Fig. 7).
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