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Abstract

In the coming decades, there is prediction fornmneiasing greenhouse gases by unlimited degrea€elShus,
affecting many natural systems including the fuowitig of terrestrial key ecosystem within the biws@. To
understand such effects of exchange between thensysthe establishment of the relationship betwbkerstate
of natural vegetation (productivity) and associatéichate anomaly would be an advantage. In thisl\stthe
possibility of estimating the different phenolodieariables using MERIS MTCI time- series data, ri¢ddation
with temperature anomaly and comparing with a pgeamodel, PnET for a period of 3 years in the Uks wa
investigated. The spring and autumn anomalies defected for 2003, 2004 and 2005 by taking thiedifice of
the three years against the Long- Term Average 119®90). Therefore, eight positive and two negativ
anomalies were identified in different years. Tladunal vegetation phenology variables (i.e.., semt, length of
the growing season and net productivity) were esttioh for the “needle- leaved evergreen forest”‘amolaic of
forest with either Shrub land or grassland” in themomaly zones using MTCI. On the other hand,guiiie
PnET model, the productivity of these two vegetatigpes was derived and comparison was made bettheen
two output and their relationship with the anomdlying the study period.

The results showed that the “needle- leaved evengferest” does exhibit a low integrated MTCI vahamging
from 20- 80 (unit less) and the magnitude vary vdifierent years. The year 2005 was recorded te tthe
maximum MTCI value than in 2004 and in 2003 in cmgtion with the anomaly. This suggests that themn
earlier onset of greenness in the spring and ayeéland of the season, thus a higher MTCI valu20ids and
2004 than in 2003. Such relationship reveals that spring and autumn anomalies of 2004 and 2005 are
responsible for such a result. Moreover, the maneput (NPP foliage) was also showing a strong tjvesi
relationship with the temperature anomaly in thegse years, thus supporting the findings. Even thedeh
derived NPP foliage and the integrated MTCI alsowskimilar positive relationship, statistically’ & 0.65). All
these results showed similar observations thab¥2and 2005, a higher net primary productivity whserved
(in both Integrated MTCI and PnET Model) within &te- leaved evergreen forest”, for which the eadtart of
onset of greenness and delayed end of season dhersgring and autumn anomaly but with varying niiagle.

In conclusion, short- term temperature anomaly feamd to have a positive relationship with the wagen
productivity as similar with those of long- ternudtes. Further, investigation within the “mosaicfofest with
either Shrub land or grassland” was also carrigdt@see any different responses by different \&get types.
But, the result was not that much significant. Hegre there is a need for improvement (in the mgdeameter,
phenology detection technique) for better accueawy validate with the ground data.

Key Words: Vegetation Phenology, Productivity, Temperature Anomaly, MTCI, PnET model.
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1 Introduction
1.1. Background and significance

Changes in Greenhouse gases (GHGSs), aerosols fdteras concentrations), land cover, solar radiatioes
affect the nature of the climate system, resultm@ncreases in global mean temperature, climat@abiity and

extreme events (IPCC 2007). It has been observext 4i850 that eleven of the last twelve years (12996)

were among the 12 warmest years in context to khieafy surface temperatures recorded in IPCC 200@rte
Numerous short and long term changes in the aspéctémate is being observed at the different ssdfom

continental, regional and ocean basin scales.sltbe@n observed that the average temperature sesréy 0.74
°C (0.56 to 0.92°C) in 1906- 2005 against the gpoading trend of 0.6 °C (0.4 to 0.8°C) in 1901-208nd

moreover, the linear warming trend over the 50 ydarm 1956 to 2005 is nearly twice than the 108rgdrom

1906 to 2005 (IPCC, 2007). On a global scale, thgran unequivocal distribution of the temperattrend

particularly at higher northern latitudes and aktai almost double the global average rate in theticAregion in
the past 100 years. Even the average temperatute @fiobal ocean has increased from at least &d@@pths
since 1961. There is also a decreased observatisnaw and ice extent in both the hemispheres wisiciso
consistent with warming. A drastic change beingeobsd in the precipitation pattern globally from009 2005,
with increased significantly in eastern parts ofrtNoand South America, northern Europe and norttzerd

central Asia whereas precipitation declined in $fadel, the Mediterranean, southern Africa and pdrsouthern
Asia.

There is a discernible impact on physical and lgjimlal systems due to the changes in regional aslghgklimate

anomalies (particularly temperature and precigitaimounts). The other events such as earliergsptanting of

agricultural crops and alterations in disturbangkforests due to fires and pests are also obseiMesl aspects
related to human health concerning heat relatedatitgyrand dynamics of infectious disease vectoesthe other
effects of regional climate changes on human enuients (IPCC 2007). In fact, many natural systerasaing

altered particularly in terrestrial ecosystems tluéncrease in temperature and changes in pretgitamount.

There is a strong inter linkage between the chdmigaes, physical climate and the terrestrial ploesre. Hence,
the prediction and analysis of climatic, environta¢m@and ecological changes in the earth system isx&remely

challenging task (IPCC, 2007).

One major component of terrestrial ecosystem, yikel be influenced by dynamic climatic anomaliesors
patterns of terrestrial vegetation growth, timinygoowing season, vigor and composition of the vatien
because of its spatial and temporal patterns baiwggly linked with climate in the form of energpatter and
heat exchange (IPCC 2007). There is a very higliidemce in the terrestrial biological systems sashearlier
timing of spring events (leaf- unfolding) and simiff of plant species towards the extreme hemisghgreles.
Globally, vegetation covers almost 75% of the t&rial surface. So, its characteristics, strucamé functioning
as a major carbon sink is an important theme toetirogl ecosystem and energy cycles within our clersistem
such as global carbon cycle (Dixon et al., 1994he Tquantification and monitoring of biophysical and
biochemical characteristics of terrestrial vegetatis a prerequisite for the ecological studiesngks 1998). So,
in order to reduce uncertainty in the global carlgule with changing climate thus, require repelatand
consistent measurement of the long-term monitoointpe global terrestrial productivity (Runningadt, 2004) in
which satellite remote sensing measurements areraquisite tool for addressing the impacts of ygah and
climate change (Zhao et al., 2005). Because mucate imformation is known about inter- annual vaoatiin
global climate (IPCC 2007) than about inter- anrvaalation in global Net Primary Productivity (NPE)urner et
al., 2006). Therefore, these variations in NPP iemthteractions with global climates have beerardgd as one
of the major focuses of ecosystem study in the pastcades (Hicke et al., 2002).




1.2. Vegetation phenology and factor s affecting phenology

Of the terrestrial vegetation which reflects thepauts of the local to regional scale of climate nge on
vegetation is establish on the scaling of the thffi¢ life stages of the vegetation or its phenoldgyefers to the
seasonal natural/ biological events such as thesdaf the start of growth and the initiation of oraj
developmental phases such as budding or flowennth senescence. Monitoring and understanding végetat
phenology are crucial because leaf phenology i®a deiving factor in the annual vegetation carbqurale
(Baldocchi et al., 2001) which accounted for bigitocesses such as NPP, thus quantifying carboesfjoand
water (atmosphere) exchange and its responsenmatelichange. The vegetation phenological variatdesbe
observed in different time scales for understandisgdynamics. Generally, vegetation communitiekofo
seasonally driven phenologies in short term scalé gpically end up in annual cycles. The vegetatio
phenological variables (for example, start of gmgviseason, length of growing season) may respoiteé qu
differently on annual basis. The well establishectdrs which controlled the vegetation phenologégasodes are
summarized as climatic variables/ fluctuations @ample, temperature and precipitation) and aptigenic
processes (for example, groundwater extractiomngs et al., 2003). But annual phenological evemy shift
in longer time series due to inter- annual to datatimate changes and large- scale human distaebasing
either remote sensors (Myneni et al., 1997; Pettex., 2003) ofn situ stations (Sparks et al., 2000) in the UK.
Thus, where temperature is the limiting factor e tvegetation growth, the inter- annual to longmter
phenological events are highly influenced by theamtemperature dynamics in the northern tempeeg®ms
(Zhou et al., 2001, Zhang et al., 2004). Similathe changing pattern of the precipitation amowsngedually
highly influencing the vegetation phenology in #reas such as those of the tropics (Zhang et@06)2 In the
Amazonian Rainforests, a seasonal swings in gregindrea of about 25% with the seasonal cycle titoettie
seasonality of solar radiation in a manner - nat flishing (early to mid dry season) and net kdadcission (the
cloudy wet season) (Huete et al., 2006; Myneni.e807). As Chen et al., (2005) highlighted tenapere to be
the most important controlling factor for vegetatighenology than the precipitation and photoperiod.

1.2.1. Vegetation productivity and factors affecting productivity

The phenological events of the leaf/ canopy haeectpacity to affect the terrestrial vegetatiortha form of
vegetation productivity. For instance, more carlgets sequestered via net primary productivity petida of
terrestrial vegetation and the amount of carboeas#d by soil respiration, which determines theuahflux
between the atmosphere and land biosphere. Théalite of the flux is the result of the enhancextipctivity/
lengthening of the growing seasons which altergliobal carbon cycle (Zhou et al., 2001). The dédfdrfactors
responsible for the vegetation productivity (NPBRattare subject to changes are due to responseénarh
activities (e.g., land-use), climate change andirenmental factors such as episodic events (e.gNigo’
(ENSO), large- scale atmospheric perturbations fimhoanic eruptions, fire). However, as a key congrt of
the terrestrial carbon cycle and ecosystem processgstrial NPP has uniquely integrated with clima
ecological and human- induced factors, its alteratireatly affects on the global carbon cycle (Nein al.,
2003). Thus, accurate estimation of the vegetgtimauctivity is a key input for Earth system mod#iat are
concerned with the water fluxes and global carbgalec (Running and Nemani, 1991) as an indicator of
ecosystem functions.

1.2.2. Linkage between phenology and productivity

Annual NPP is determined by the spatial distributad vegetation and its photosynthetic activity €pblogy)
throughout the year. Generally the response of ta¢iga to the climate dynamism is evident acrogtedint
spatial/temporal scales viz., climatic factors sashtemperature, radiation and precipitation retstrcomplex
limitations to plant growth in different regionst{@kina et al., 1998; Nemani et al., 2003). Th& between the
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terrestrial vegetation phenology and its produttiis withnessed by its spatial relationships anitsht different
rates. For instance, onset of growing season, étfte@rowing season and length of the growing seappears
to be of special interest for computation of thé pamary productivity (White et al., 1999). Theopess
involving changes in the rates of photosynthesid dacomposition in the short- term is found at lcsxzale
whereas at a regional to global scale in the lalegm (decade to thousands of years) such activitias
vegetation distribution might lead to annual vagiatof the NPP via terrestrial carbon sink.

1.2.3. Measurements of vegetation phenology and productivity

Traditionally, vegetation phenology was derivededily from in situ observations based on native plant
phenological data and indirectly from climate ddren-phenological models based on cloned (gealétic
identical) plant data using interpolation technigjudowever, extrapolations from such limited numbkin situ
sites and interpolations from the global and canital scales may result in inadequate representatid loss of
information and provide a limited scope for suchd#s of vegetation responses using climate anemait
ecosystem level (Zharg al., 2006). Another method which is more approprfatestudying land vegetation in
different spatial and temporal observation is dmtifrom satellite remote sensing. Thus, a combination of
remote sensing technology aimd situ data provides a potential tool for studying th@aets of climate change on
terrestrial vegetation phenology and productivity an ecosystem level because of its repetitiveoyn view
from the space and due to interaction of solaratazh with the plant canopy.

1.2.3.1. Remote Sensing of vegetation phenology and productivity

The traditional coarse spatial resolution data Adea Very High Resolution Radiometer (AVHRR) dedve
Normalized Difference Vegetation Index (NDVI) with km moderate spatial resolution onboard the Nation
Oceanic and Atmospheric Administration (NOAA) sefi@, 9, 11 and 14 satellite provided the ever T
global temporal for vegetation and for identifyiphenological events in vegetation communities (Buak al.,
2005). Different techniques have been developedneasurement of phenological dates of plants usabejlite-
derived data such as NDVI and other Vegetationckgli(Reed et al., 1994; Zhou et al., 2001). Becal>¢|
seemed to be more suited for studies related tat’pl@hotosynthetic capacity (e.g., fPAR). A magmientific
achievement by Myneni et al., (1997) addressepliemological advancement (leaf onset) over a de(Eefl -
1991) in the northern latitudes using AVHRR derivemposite NDVI in relation with warmer air temptenz.
According to Zhou et al., (2001), the only source &ccessing the seasonal- to decadal- scale dgaami
terrestrial vegetation globally is obtained from ARR derived NDVI. Recently, the study conducteduking a
combination of the climatic data and Moderate R&smh Imaging Spectroradiometer (MODIS) data could
precisely detect the different phenological stagfethe vegetation (Zhang et al., 2004). In parécuthe MODIS
at spatial resolutions viz., 250 m, 500 m and 1 dlobally have provided a new era of data produots f
monitoring globally ecosystem dynamics with sub#dly improved geometric, atmospherically correctand
radiometric properties over the AVHRR data.

In general, the direct estimation of the vegetapooductivity on broad spatial scales cannot besictamed and
recently, remote sensing technology has been réoedjias an appropriate tool for monitoring landetatjon at
better spatial and temporal scales. However, gatelata derived from AVHRR, SeaWiFS, VEGETATIONdan
MODIS now had increasingly used to draw the NPRegfetation at 1 km spatial resolution (Turner et2006).
Because 20% of energy in the visible range (0.8-.0n) while 60 % in the near infrared (0.7- 1.3 wh}the
spectrum gets reflected by the green vegetationtlandifferential reflectance between these twodkatepicted
a sensitive indicator of green vegetation. Usirgrttaximum value compositing technique,




the state of the vegetation productivity (starheseence and length of growing season) is bestgepted by the
maximum NDVI in the compositing period (Holben, $)80n a global scale, the primary source of retgote
based gross primary productivity is derived frore tiODIS product MOD17 (8- day) having 1 km spatial
resolution based on the fraction of photosyntladliicactive radiation (fPAR) (Running et al., 200Fhe NDVI
due to its strong sensitivity to vegetation chaggstics such as the amount of photosyntheticaitiva radiation
and LAl have been used for more than two decadegldscribing vegetation productivity. Previouslhet
interannual NPP was depicted using long- term dicrracords and a fixed global vegetation map.

To infer the vegetation productivity, at a regiot@local scale, the foliar biochemical contentlsas chlorophyll
content and nitrogen concentration can be estimagédy narrow visible/ near visible wavebands usimotely
sensing data (Curran et al., 1997). The levelshidrophyll content and nitrogen act as an indicatbplant
productivity, stress and nutrients availability (@un, 1989) because the energy absorbed by thdategecan
only be transferred to the dark reaction of thetpsynthesis by the chlorophyll. Therefore, for gremtional
estimation of the vegetation productivity based remotely sensed data, an accurate remote estimafion
chlorophyll content is necessary. There are a wig®@ber of the spectral indices computed from tlsébieé and
red edge spectral regions, successfully used tsumeahlorophyll content from leaf optical propesti(Zarco-
Tejada et al., 2001). But, they are not appropratehe canopy level due to the strong spectratadige
influenced by soil background and the variationd@hf Area Index (LAI) at different vegetation grhwstages.
Moreover, some of them display low relationshipthwiegetation pigments.

1.2.4. Model (useof RSand other featuresasinputs factors)

Traditionally ecological studies have focused orsitn observations of specific species derived findividual
sites, which need to address across regional tmagkrales for providing the broader insight of émtire earth
system. So, in order to extrapolate thesitu observations and linked up with remote sensingrelogy method
for the estimation of the real time monitoring bétphysical processes such as terrestrial vegetatmductivity
more precisely, a number of the ecological and aficn models based productivity models are developed
Therefore, models are a fundamental tool whicheseas an important input for designing future tdelsensor
missions. At the regional or global scales, a nunatb¢he ecological models for vegetation produtgMNPP are
developed using the remotely sensed data as ifpufts AVHRR derived NDVI) and provide referencdues
for validation of the model outputs, at the desitethporal scales (Turner et al., 2006). The Camégnes
Stanford Approach model (CASA) based on light usieiency (LUE) (Malmstron et al., 1997), Photoshatic
and Evapotransiration model (PnET) (Aber and Fedd@92), Biome BioGeochemical Cycles (BIOME- BGC)
(Running and Hunt, 1993) and Physiological Prirespin Predicting Growth (3-PG) (Landsberg and Wgrin
1997) are some of the well- established ecolodiesled models. These physically- based resultingetaarin
then be inverted against multispectral measuremehtsurface reflectance using ANNs (Artificial Nelr
Networks) and LUTs (Look- up Tables) methods taiege models’ driving parameters (i.e., biophysical
properties of the reflecting surfaces).

13. Resear ch problem statement

Following the background, a scientific investigatito understand the dynamism of the climate chamige
reference to the terrestrial ecosystem will be iedrrout using remotely sensed data. There is a fieed
understanding the effect of climate change on estegy at a regional to global scale. Changes intaéiga
productivity and carbon dynamics are very harddtingate and predict directly in different scalesnfrlocal to
global estimates. As mentioned earlier, most ofséhetudies concerning the phenological variabled an
productivity with respect to climatic variables a@ncerned using only those data averaged ovargaderiod of
usually a decade or two (Piao et al., 2006, Maiggtaal., 2008). Such data/ studies hampered thertaicties
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associated with extreme climatic events such asosehtemperature anomalies due to the averagiagaiong
period of time (Reed et al., 2003). On the otherdh@he outstanding warm autumn is recorded in feIin 2006
and the year 2005 being the warmest year on rezararding to IPCC Report, 2007. In context to tttigre is a
need to understand and establish a relationshipelest the short term period with pronounced climatiomalies
(temperature) with the state of vegetation (proditg} at ecosystem level and compare the resudisguthe long-
term average data. Keeping view of the above sbnittgs in the quality of the data, this scientstady will
investigate and quantify the vegetation produgtigMPP) of the UK sites using time series MERIS ME@d the
Photosynthetic and Evapotransiration model (PnEAYe( and Federer, 1992) as an alternative and rbette
technique.

1.4. Resear ch Objective

14.1. General objective

The overall main objective of this research is nolerstand the effects of climate varaibles on \aget and its
responses on short term changes through chlordgrgiductivity estimation using MERIS MTCI.

1.4.2. Specific objective

To achieve the main general objective of the stuldg, following specfic parts will be investigateor fa peer
scientific research:

. To estimate productivity using chlorophyll conteméasures from MTCI time series.

. To compare MTCI derived productivity with the outplerived from vegetation growth model (PnET
developed by Aber and Federer, 1992).

. To quantify the effect of meteorological variabtesvegetation productivity using statistical regies.

15 Resear ch Questions

. Is it possible to estimate vegetation productivging composite MTCI time series?

. Is there a difference between the productivity \dati using time series composite MTCI and PnET
model for different natural vegetation type suctmesdle- leaved coniferous?

. Can the influence on vegetation productivity bymaie varaiables be quantified using statistical

regression?




1.6. Resear ch Hypothesis

Hypothesis 1

Estimating vegetation productivity using compo$t€Cl time series.

Ho: Vegetation productivity using composite MTCI tirseries cannot be predicted.

Hy: Vegetation productivity can be predicted usinghposite MTCI time series.

Hypothesis 2

Comparing composite MTCI derived productivity witie output derived from PnET model.

Ho: There is no difference between the productiviéing MTCI time series and PnET model.

Hy: Composite MTCI time series productivity vary wRmET model output.

Hypothesis 3

Determining the effect of temperature variablevegetation productivity using statistical regreasio

Ho: There is no effect on vegetation productivity bgmperature variables using statistical
regression.

Hy: Vegetation productivity is affected by temperatuariables using statistical regression.

1.7. Resear ch approach

The annual time series of MERIS MTCI (8 days coniteed Km spatial resolution data) 2003- 2006 Ww#él used
for extracting phenological variables (for examtart of growing season, duration of growing seamud end of
growing season) of vegetation. Time integrated Mo@r the growing season will be used to estirsateogate
of vegetation productivity. On the contrary, splatiersion of PnET model (Photosynthetic and Evapo-
transpiration), a dynamic; process-based foreswtranodel will be used for producing vegetation gurctivity
in the form of NPP of 1 km as output on regionaibadefined by a spatial grid of values. The patans such as
annual temperature, annual precipitation, soilvatlen, satellite derived NDVI and land cover dail be used
as potential inputs in this PNET model. The proigtitgtoutput from the PNET model and MTCI will berapared
for checking whether the MTCI output is either dabir not and explore the reason if any mismatchlres
observed. From the above observation, analyzingdeweéloping a relationship between climatic vagaband
MTCI derived productivity will be carried out andus, through statistical regression, this relatigmswill be
captured. From this relationship, the surrogatimglicator productivity output from composite MTClillwbe
regressed against annual temperature and annw@pipaon (3 years). Therefore, the key aim icépture the
short term climatic anomalies and to see the nat@ithe relationship (for example, whether depehaenthe
vegetation type and their spatial distribution).




2. Materials and M ethods
2.1, Study area

For conducting this study, the terrestrial natwedetation types of United Kingdom will be focusedas shown

in figure 1. This region was chosen based on ckndaita as the year 2006 was recorded to be theagamean
temperature in the whole of Europe from 1659 - 2008ing Long Term Average data
(http://badc.nerc.ac.uk/browse/badc/ukmo-cet/daiathly/max). The average monthly maximum tempegatnr
spring season was recorded to 25.6 °C in July, Z&8g&inst 19.5 °C in 1983) and 20.9 °C was recoedethe
average monthly maximum temperature for autumnoseas September 2006 (against 16.6 °C in 1729)
(http://badc.nerc.ac.uk/browse/badc/ukmo-cet/datathly/max).

Fig.1. Study area (United Kingdom)

2.2. Data Description

For the analysis of the phenological behavior ofetgrial natural vegetation, a combination of thienatic
parameters and other physical variables such asatela and soil condition were considered. Apaohirthese,
the remotely sensed data either captured by $ateinsor or aerial flight has become one of tke raquisite for
such studies. The product such as NDVI and oth&r hds been used by the researcher for detectendifferent
phenological dates of the different vegetation sygdoreover, such indices were profoundly usedetate with
the woody biomass and vegetation productivity. Heave a quick saturation in the NDVI values has been
observed in estimating and prediction of the bisandus for this study, estimation of vegetatioempdiogical
variables and productivity, the MERIS Terrestrigll@ophyll Index (MTCI) was used.

The state of vegetation and NPP can be indicated) tise MERIS Terrestrial Chlorophyll Index (MTQlpash
and Curran, 2004) time series analysis. These phgyoariables as derieved using MTCI, can thettirdeed up
with the meterological variables collected fromndite. Moreover, a strong positive correlation betwe
temperature and MTCI was seen (Almond et al., 2007)




221. MERISTerrestrial Chlorophyll Index (MTCI)

For this study, European regional MTCI data werevmloaded from the NERC Observation Data Centre, UK
website (www.neodc.rl.ac.piklt has 1 km spatial resolution The MTCI data grecessed and archived by
European Space Agency (ESA) in different levels,\ievel 2 and 3; depicting the amount of processivat the
original data has undergone and the accuracy ofptbduct. Therefore, Level 3 data was chosen agag
presumed to be more accurate. The composite datgreduced by combining individual passes (or segtf
data into single composite products. The compasitgsually organized by using large sample siz¢hefdata
(http://13-server.infoterra.co.uk/L3webPages/researhtml).

The MTCI data was derived using MEdium Resolutioraging Spectrometer (MERIS) sensor. It is an ade@nc
optical sensor, one of the payload components effhropean Space Agency’'s (ESA) environmental rebBea
satellite Envisat, launched in March 2002. It cordal5 spectral bands which are designed to acaisite at
variable bandwidth of 2rn to 20hm over the spectral range of 389-1040'm. This makes MERIS a potentially
valuable sensor for monitoring of terrestrial vedgietn from regional to global scales (Rast et 809). In the
standard band setting, MERIS has five discontinumasebands in red and infrared wavelengths withdban
centres at 665, 681.25, 708.75, 753.75 and 760825 MTCI is defined as the ratio of the differenice
reflectance between band 10 (753.75 nm) and 9 1808n) and the difference in reflectance betweem ®aand

8 (681.25 nm) of the MERIS standard band settingstDand Curran, 2004) as

MTCI = (pgandio— Peandd / (PBande* (PBandg

= (753.75— Pros.79 / (Pr08.75+ Pes1.29

The MTCI has the advantage of being easy to cakdtam MERIS data recorded at the standard batithge
and being sensitive to a wide range of vegetatiblorophyll contents (Dash and Curran, 2004). MTCI
composites can be used to derive terrestrial végatahlorophyll content in space and time, whiem be used to
estimate vegetation state and its productivity (@uret al., 2007) and to finally generate a ‘glopadductivity
map’.

2.2.2. GlobCover Land Cover map
The GlobCover land Cover Map was downloaded fronA EXCAT website(www.esa.int/due/ionia/globcover

This global product was used in this study keepilegv of the standardization requirement for easygarison
of results across regions.

This GlobCover product was created using time-eseBENVISAT’s Medium Resolution Imaging Spectrometer
(MERIS) between December 2004 and June 2006. Itbaaed on Level 1B Full Resolution mosaics of 300 m
spatial resolution. GlobCover is a product on ax53° in a Geographic projection and the data hanhbe-
sampled on a path- oriented grid with pixels beialjprated to Top Of Atmosphere (TOA) radiance.

The GlobCover map was created using various autonaaid regionally- tuned classification schemese Th
approach had the advantage of making the produrt exccurate than any other such as Global Land rQdag
(GLC 2000) due to local expert knowledge. It hascksses grouped together and labeled into a glegehd
system supported by UN Land Cover Classificatioat&y (LCCS) with reference from other sources siscthe
GLC 2000, the Corine Land Cover map and the Natibaad Cover Database.




2.2.3. Shuttle Radar Topography Mission Digital Elevation M odel (DEM)

The Digital Elevation Model (DEM) data acquired Bhuttle Radar Topography Mission (SRTM) with 3 arc-
second resolution (90 meter) of UK region were doaded from the Global Land Cover Facility- ES Data
Interface website (glcf.umiacs.umd.edu/data/srithg data is available in both an unedited and &edafbrmat.
For this study, the second generation edited SRTNED Level 2 product was used for its quality aseuea
(correction of spikes and wells, filling of smathids, flattening of water bodies).

The DEM data was derived using X- band and C- {and 5.6 cm) radar data from a single- pass, acitoask
Interferometric Synthetic Aperture Radar (IFSARhefe are two data capture resolutions where lemmnsl (30
m) original data were available for United Statesations and 3 arc- second (90 m) for global s¢er{&mith
and Sandwell, 2003).

2.24. UKCIP gridded data- Monthly Max, Min and Mean Temperature

The monthly gridded maximum, minimum, mean tempeea{2003- 2005) and Long- Term Average ( 1961-
1990) data having 5 km * 5 km spatial resolutionravelownloaded from Met Office, UK Climate Impacts
Programme (UKCIP), _(http://www.metoffice.gov.uk/e@sch/hadleycentre/obsdata/ukcip/index.htriilhis data
have been created in geographical information sy¢@IS) with combined multiple regression (topodrapand
geographic variables) and inverse- distant weiglitéerpolation process (local variations) using 54€ather
stations. However, the impacts of a changing stat@twork cannot be entirely removed, especially in
topographical variable areas.

The gridded datasets of climatic variables suchmmsthly mean temperature, maximum temperature and
minimum temperature are in an increasing demantht®ecological, climate change scenario and eatifin of
climate modeling (Perry and Hollis, 2005).

2.25. UKCIP gridded data- Annual Precipitation

The monthly gridded precipitation (2003- 2005) &mahg- Term Average (1961- 1990) data having 5 kbhkKm
spatial resolution were downloaded from Met OfficelK Climate Impacts Programme (UKCIP),
(http://www.metoffice.gov.uk/research/hadleycemtbstiata/ukcip/index.httl This data have been created in
geographical information system (GIS) similar t@ #temperature using approximately 4400 weatheiostat
across UK.

2.2.6. Photosynthetically Activeradiation (PAR)

Chlorophyll present in photosynthetic cells of ptaand algae harvested radiation in the visibléoregf the solar
spectrum ranging from 0.4 — Oy wavelength (Larcher, 2003). The vegetation usesl visible range for
enhancing photosynthesis process referred to a®®mihetically active radiation (PAR). According Howell

et al., (1983) PAR is related to global solar riadia(H) and it exists a relationship between clearnedexi
derived from daily extraterrestrial radiatioH,J and relative sunshin& Thus, this relationship leads to have a
relationship between ‘PAR clearness index’ &d

Thus, for estimating the PAR data of the Uniteddtiom using the above algorithm, the monthly totedshine
hour data for 26 weather stations viz., Armagh,dByed, Cambridge, Oxford, Greenwich, Tiree, Durhand
Lerwick located across the United Kingdom were doaded from the UK Met Office website
(http://www.metoffice.gov.uk/climate/uk/stationdafar 2003, 2004 and 2005 respectively. But, orBysiations
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were having the monthly total sunshine hour datd te rest sites were closed after 2000. These wlata
measured using an automatic Kipp & Zonen sensola@dmpbell Stokes recorder (Met Office).

2.2.7. Soil Water holding capacity

Soil data for estimating soil water holding capaaf UK were obtained from the International So#fBrence
and Information Centre (ISRIC) and World Inventary Soil Emission Potentials (WISE) derived globall s
properties dataset website
(http://www.isric.org/UK/About+Soils/Soil+data/Ge@phic+data/Global/WISE5by5minutes.htimaving a 5 by
5 arc- minutes global grid (spatial resolution).eTtiata was created based on the soil distributfoRA©D-

UNESCO Soil Map of the World and global ISRIC- WIS&il profile database (1:5 million scale). Thidataet
consists of nineteen soil variables (viz., soiliclage class, organic carbon content, C/N ratio.ewat and
available water capacity) required for crop growtmulation- modeling and analysis of global enviramtal
change (Batjes, 2006).

23. Photosynthetic and Evapotranspiration model (PnET)

Photosynthetic and Evapotranspiration model (PriE8&)simple, lumped-parameter, monthly time- stegleh of
carbon and water balances of forests built on twocfpal relationships: 1) maximum photosynthetiteris a
function of foliar nitrogen concentration, and 2)raatal conductance is a function of photosynthette. The
model has been validated against field data fromwg0-studied temperate and boreal forest ecosystEm
supporting the central hypothesis that aggregatifrdimatic and biological data do not cause aificant loss

of information to long-term mean ecosystem resper{gder and Federer, 1992). This PnET approachhwhic
combined a high resolution GIS with statistical misdcan provide a regional to continental wideneates of
forest NPP and terrestrial carbon flux (Ollingeraét 1998; Aber et al., 1995). The important inpatameters
include digital elevation model (DEM), land usdlamd cover map, mean monthly climatic variablemierature
and precipitation), soil water holding capacity &aR.

There are three versions of the PnET model baseth@nype of study and uses similar input variatded
identical algorithms wherever possible. The firestsion PnET- Day works on a daily time step modefbocest
canopy carbon balance using point/ site data.alhitideveloped for validating the photosynthetigalthms
derived from the model against daily carbon fluxada Harvard Forest, MA, USA. The second versioikP-I|

is a monthly step model, an improved version of dhniginal PNET model (Aber and Federer, 1992) which
incorporates the photosynthesis routines from PnBdy with respiration process (including soil reafion),
allocation and a full water balance system. Theslawersion PnET- CN encompasses litter producdiot
decomposition routines with Nitrogen cycling to ptbcesses including mineralization, nitrificatiand nitrate
leaching. The effect of CO2 and troposphere oz@seattso been incorporated in PNET- CN, which intsravith

N deposition, land- use history and other factors.

For this study, the PnET-II version which worksgind format using the vegetation variables in & .8le with
climatic variables (.CLM file) was used for theipsdtion of the vegetation productivity of the UmitKingdom.
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2.4, Data analysis and M odeling Framework
The data analysis and modeling was analyzed acaptdithe flowchart as shown below in figure 2 &melPnET
model as shown in figure 3.

Elevation
(SRTM)
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PnET model <

Soil Water
holding capacity

A 4

Annual vegetation phenology Vegetation
(Start, End and Length) Productivity (NPP)

y

Integrated MTCI
Values

Land cover

Comparison map

Annual
Precipitation
(2003- 2005)

Annual
Temperature
(2003- 2005)

Annual Productivity Vs Temp
(regression)

Fig. 2: A Paradigm of the analysis
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2.5. Data Pre- processing
25.1. MTCI data Pre- processing

MTCI data required a number of processing befooeitild be used to extract the different phenoldgieaiables
and estimate productivity of the terrestrial vetjeta

Layer stacking of the eight day composites to ahmoages (that is, from January to December) fr@®32 2005
was done and then masked to United Kingdom regiothis study. The stacked MTCI data were then ¢ssed
for cloud or gap removal followed by smoothing loé tdata using Fourier transformation technique.

The resultant stacked MTCI datasets were eventusdlgd for the extraction of the maximum MTCI and
minimum MTCI. Different phenological variables ddiah of the vegetation classes were then estimatestaat

of the growing season’, ‘end of the growing seastangth of the growing season’. The estimatedytarof the
growing season was further used to develop thgrated MTCI values for each of the vegetation aass

252. GlobCover Land Cover Map data Pre- processing

The processing of this dataset involves the extracif the study area and separation of the mapNattural and
Semi- natural Terrestrial vegetation (woody/ Tredwub and herbaceous) and non- natural vegetatamses
(cultivated areas, urban areas, artificial surfamed inland waters bodies). Amongst the 22 landecajobal
classes, only 9 natural and semi- natural teredstégetation classes were found in UK as nedélieved
evergreen forest, broad- leaved deciduous foressain of forest with either Shrub land or grasslandsaic of
grassland with either forest or shrub land, herbasevegetation , Shrub land, Mixed Broad- leavestteeforest,
grassland and sparse vegetation. Out of these,ienofstorest with either shrub land or grassland &rassland
occupy the larger area respectively.

253. SRTM DEM data Pre- processing

The SRTM DEM data was also geo- referenced to Gaatnic Projection using Cubic Convolution re- samgpli
technique with 1 Km pixel size to line up with théher datasets, for using as an input in the Pn&detn

25.4. Annual Monthly Temperature data Pre- processing

These dataset were first geo- referenced to thésBrNational Grid co-ordinates to line up with théer
datasets. For using these variables as an inptheinrPnET model, the maximum and minimum temperature
datasets from 2003- 2005 were geo- referenced t@i@phic Projection using Cubic Convolution re- pény
technique with 1 Km pixel size. In order to kndwettrend of the annual temperature in view of thenaaly, the
geo- referencing of mean temperature (2003- 2Q@6) Geographic Projection with 1 Km pixel size veasried

out and the difference of the mean temperature32P004 and 2005) and Long Term Average (1961- 1926
calculated as shown in the figure 3.

255.  Annual Monthly Precipitation data Pre- processing
These dataset are first geo- referenced to thesBritlational Grid co-ordinates and later geo- ieed to

Geographic Projection using Cubic Convolution @mpling technique at 1 Km spatial resolution te lup with
the other datasets and to be used as an inpubhf&f Fhodel.
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26.6. PAR

For estimating the PAR data of the UK, the follogvicalculations were done using a program written in
MATLAB.

Determination of Hyand Ny

H, (the daily extraterrestrial radiation) is evalwhfeom the equation (Igbal, 1983):
Ho = (24k) 1« Eo {(n/180) ws (SiN 6 sin @) + (coD cos J sinwg)}, @)

wherelg, = solar constant in energy unit = 4921 K¥Jn¥ 1367 W/ E,= eccentricity correction factor of the
Earth’s orbit;3 = the solar declinationgps = sunrise hour angle; and @ = geographical lagitud

According to Spencer (1971):
E, = 1.000110+ 0.034221 cbs 0.000128 si + 0.000719 cos P + 0.000077 sin T, (2)
wherel” = day angle (radian) and is defined by:

I =2x (d,- 1)/ 365, 3)
whered, = the day number of the year.

Solar declination is evaluated according to Spe(t@rl) by:

8 =0.006918- 0.399912 cds+ 0.070257 sim- 0.006758 cos P+ 0.000907 sin ¥ - 0.002697 cos B +
0.00148 sin 3°) (180/x). (4)

The sunrise hour angle, is evaluated using:
s = Co$'(- tan @ tarb). (5)

The daylengthNO (= 2ws) when expressed in hours as follows:
No = 2/15 o3 (- tan @ tard). (6)

Thus, using the monthly total sunshine hour datal foweather stations across the UK for 2003, 282 2005
respectively and using the above algorithm, the Ri&R were estimated and these values at the dosatiere
interpolated using the Kriging method (ordinary)lakm pixel size. Further, the estimated monthlyRPraster
layers were layer stacked for 2003, 2004 and 2@06rdingly.

2.6.7. Soil Water holding capacity

The soil available water capacity data of the UKravextracted from the global soil map and re- pnisie to
Geographic projection at 1 km spatial resolutionfémther analysis.

2.6. Data Analysis M ethods
2.6.1. Detection of Temperature Anomaly zonesin the UK region
The temperature anomaly zones of the UK region werésed using the monthly mean temperatures 08200

2004 and 2005 against the Long Term Average (LBAllting from the pre- processing done as desciibéie
section 2. 4. 1. as summarized in the Figure 6s Wais done for all the pixel for each month in aryend the
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calculation was performed using an equation infoinen of band math written in ENVI as:
Temperature Anomaly = float (b1) —float (b2)
Where bl = the mean temperature value of a pix2008, 2004 and 2005 and b2 = the LTA value.

The above band math was applied starting to meapdrmture data with the year 2003 then 2004 an8.280d
to get the anomaly value for pixels of the year2a8e mean temperature 2003 layer stack was takba band
1 and the LTA as the band 2 and similarly for 2@6d 2005.

In order to adjust with the errors that are astedi&rom the above procedure, the removal of tipdsels having
a zero value was done using a band math writt&iNil as:

Valid pixel = (B1 >0) and (B2 >0) and (B3> 0)

Where B1, B2 and B3 are pixel values for 2003, 2804 2005 respectively.

This result in masking of pixels which had all ¥eues greater than 0 to be assigned a value ofiltte rest
which do not meet this criterion were assignedlaevaf 0. Then, this mask were multiplied with teenperature
anomaly values, ensuring that only the validatezhaaly values were used in deriving the desired atpaones.

Finally, to extract the anomaly zones from the m&amperature images, setting of the temperaturestioid
above and below a range was developed. For positigenaly, it was set to +1.5 to +3.0 °C and negadiv -1.5
to -3.0 °C in all the images of 2003, 2004 and 2005

The anomaly zones were extracted from the meanesatypes of 2003, 2004 and 2005 respectively uting
above threshold for the spring season (March, Apnidl May) and autumn season (September, October and
November).

2.6.2. Estimation of vegetation phenology variables in the anomaly zones using MTCI
time seriesdata

There are a several methodological approaches whpidsent the vegetation phenological parameters
guantitatively using remotely sensed data sincentheties. However, these methods can be groupecthinee
broad categories viz., threshold- based methodlection point methods and trend derivative meth(®ised et

al., 2003).

Threshold based method uses either a pre- defined or relative referendgevior extracting the start and end of
the growing season. For instance, White (1997) aseNDVI value of 0.5 as the threshold value folirdeg the
different phenological variables derived from AVHRWDVI value. This method is effective only with s
number of vegetation types as the threshold vaillerary depending on the vegetation cover typeg@Rel994).

Curve derivative phenology method use to identify points where the data exhibit pidaincrease between
original vegetation temporal signal data and avég¢iie curve data (Reed et al., 2003). For instatheedifferent
phenological variables are estimated using a backwalooking or delayed moving average (DMA) curve
derivative method (Reed et al., 1994). The mosicatipart in this method is the selection of a mgvaverage
time interval where a lesser sensitive trend deteist being observed with large time intervals arok- versa
(Reed et al., 1994).
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Inflection point phenology method seeks detection of points with maximum curvature itime series NDVI
data (Zhang et al., 2003). Thus, the points withrttaximal curvatures signify occurring of the diéfiet

phenological phases. In this method, the stath@fyrowing season is defined as the point wherelgnivative of
the NDVI time series changes from a null to a pesivalue and the point where the derivative of \2VI time

series changes from a negative to a null is defasednd of the growing season (Reed et al., 200@) ability to
discriminate multiple growing seasons amongst #rel Icover types with multiple growth seasons emps
(Reed et al., 2003), makes this method an advamatagrethe other mentioned approaches.

For this study, the inflection point phenology nwthwas implemented. Initially, masking of the naowtural
vegetation classes were employed in the GlobCowsy covering UK region and this layer was used twaek
the dominant natural vegetation classes from thetiae- series MTCI signatures. As raw MTCI timeriss
were contaminated with data processing errors @ntifled cloud shadows and geo- location errors). éxch
time series required a process of “gap- fillingdaamoothening, before the different phenologicaiatdes could
be estimated.

Although the composited data is largely cloud fEelben, 1986), but are associated with noise essalt of
compositing and re- sampling disturbances leadingjrtusoidal waveform time series data. For theahsmning
of the raw data, different techniques are usedname a few includes Median filters (VanDjik et dl987),
splines and weighted least- square approach (V¢titd., 1997) and recently Discrete Fourier Tramafdion
(DFT) (Jakubauskas et al., 2001). Whatever smoatbetechnique is employed, the signal should rettsin
temporal nuances and sustain representative otahelition of the vegetation state. During the psscef
transformation in the DFT approach, there is natioe or lost of information in the temporal prefiand the
original temporal data can be recovered from theatedge of the Fourier transform and vice- versagi®en et
al., 2005).

The DFT decomposes a time- dependent periodic Isigtma series of constituent sinusoidal functioeach
defined by a unique amplitude and phase value bialgkas et al., 2001). These individual sinuscadal their
frequencies are then amalgamated inversely giviognaplex waveform, thus removing the associatedenand
retaining the smoothed temporal data.

The first two harmonics of the Fourier transforrmatiusually accounts for 50- 90 % of the data vditgb
(Geerken et al.,, 2005). In this case, vegetatiomwtr cycle in the MTCI temporal series. Inverse f&u
transformation using the first two harmonics aldwes been used successfully using NDVI profile fapctype
identification (Jakubauskas et al., 2001), différ@gro- ecological zones and broad land cover tyBeseken et
al., 2005). The vegetation phenology related infatiom exists within the first five harmonics witigher order
harmonics dominated by noise (Greeken et al., 20DBgrefore, in this study, Inverse Fourier Transiation
was applied on the first five harmonics in ArcGtsproduce smoothed spatial coverage MTCI time seataa
for the vegetation classes in the anomaly zoness,Tthe implementation of the Fourier transformatmd its
inverse was done using a program written in Arc&8ware.

From the resulting smoothed MTCI time series dataymber of phenological variables (Table 1) westemeated
for the dominant vegetation classes in the anomaes using the point inflection phenology method.
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Table 1: Seasonal MTCI variables and their phero&dnterpretation (adapted from Reed et al., 3994

Phenology Variable Phenological inter pretation

Start of growing season Beginning of measurableqsymthesis

End of growing season Cessation of measurable pyotioesis

Length of growing season  Duration of photosynthatitivity

Maximum MTCI Maximum measurable level of photosytib activity
Time- integrated MTCI Net primary production

For implementing the point inflection method usimgrogram written in ArcGIS software the start ofwging
season was defined as the point where the rateamige of MTCI values changes from negative to pesitalue
and stays positive consistently and when the ratehange in MTCI values changes in MTCI values djeasn
from negative to zero or positive value in the sthed time series MTCI data (Fig. 4).

The length of growing season was calculated byraatihg the start of growing season from the endhef
growing season. The peak point of MTCI time semess taken as the maximum MTCI value. And the net
primary productivity was estimated as an integratid the individual MTCI time series that fall withthe
interval of growing season i.e., the area undeMR€l time series curve (Reed et al., 1994).

Peak
MTCI&

25 1
Start of End of
1 growing season | || || grow season
15 II III I s

<“—Length of growing season

N

MTCI Value

0.5+

0 2 4 6 8 10 12
Months

Fig. 4: Phenological variables in a MTCI time- ssrcurve
2.6.3. Extraction of natural vegetation cover of the UK

In order to use this dataset as an input for tHeTPmodel for NPP estimation, the non- natural vaget classes
were masked and being geo- referenced to Geogrdpoijection with 1 km pixel size (spatial resolufio
According to the GlobCover Map, 2004, UK is domathaby 9 natural and semi- natural vegetation types 5).

The needle- leaved evergreen forest are found enughper Scotland and passing through the midlands a
southern England whereas the mosaic of forestpsland and grassland being the dominant type ocougpstly
Scotland, some in central, periphery and north smath east parts of Wales, Northern Ireland andlgfwlg
respectively. The mosaic of grassland forest andbskand are found in parts of central and wespams of
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Scotland whereas Herbaceous vegetation are fousish@tl parts of central Scotland and western pfaktasthern

Ireland. Grassland are mostly occurred in Walesteva parts of England and Northern Ireland and gatehes
in the upper extreme parts of Scotland (North-)eaSther vegetation classes such as mixed breadet needle
forests are found in southern parts of England @wdral parts of Scotland. Even the broad- leaweziddious
forests are found in few in the western parts aftiaad towards the seashore.

Natural Vegetation Class (UK)

Needle- leaved Evergreen Forest
Mosaic Forest Shrubland Grassland
Mosaic Grassland Forest Shrubland
Herbaceous Vegetation

Grassland

Sparse Vegetation

Shrubland

Mixed Broad leaved Needle Forest
Broad-leaved Deciduous Forest
Non- Natural Vegetation

Fig. 5: Terrestrial vegetation map of UK (Sourcéoli&Cover Map, ESA, 2004)

2.6.4. Estimation of Net Primary Productivity using PNnET model.

For regional application in the natural vegetatwaductivity of the UK, PnET- Il version was rundéonjunction
with a 1 km resolution GIS, thus calculate the watarbon balances of forest including foliar, waartt root
productivity. For each cell, elevation (from DEMinchvegetation type (from GlobCover map) were read a
Pnetveg.LST file (see Table 2) which accounts fatew balance, allocation and respiration termshi t
photosynthetic routines of PnET- DAY version. Tdate these physical parameters with the prevallmatc
variables, in a grid run format, the climate fil€I(M) with minimum, maximum temperature, PAR, saiiter
holding capacity and precipitation were calculagsda function of latitude, longitude and elevatibhe different
variables in this climate file (.CLM) are-

1. A line with number of pixels, number of rows,nmoer of cols, number of years to run,
the workd "Read", "Readi", "Calc" or "Calci".
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2. The first pixel consists of 13 lines:

Latitude, longitude, elevation (meters), type ofjetation, soil water holding capacity (cm) and haracters or
less identification of the pixel. This is followéy 12 lines depicting:

The monthly information for year (as an averageajJaday of year, Tmax (°C), Tmin (°C), RadiationFAR
(Photosynthetically Active Radiation), precipitatitccm). The next pixels will be on the next 13 $irand so on.

The vegetation type file is linked to the Pnetv&jLfile.

Table 2: PnETveg dataset

4
Needle- leaved SF
Grassland PINE
Red Oak- Red Maple RORM
Northern Hardwoods NHWDS

The model was running using the Real climate fr@®3to 2005 as the “actual first year” and “actiaat year”.
For each run, the run model was set from first yeanodel as “< Real climate from” to last yeamtodel. For
example, using 2003 climate file, the model could for a minimum of 3 years with the specificati@s“Real
Climate from = 2003", “Real Climate to = 2005", “Rumodel from = 2001” and “Run model to = 2003” fret
Site/ Run variable icon. And this gives the NPPpatfor 2003 and so on for 2004 and 2005.

The output is in the form of tables with differéMPP components as NPP Foliage, NPP Wood and NPPfétoo
each corresponding location and vegetation typethat final stage, approximately 2000 point locatiare
produced with corresponding NPP components dueetontodel output limitations.

2.6.5. Comparison of vegetation productivity derived from PnET model and the time-
seriesintegrated MTCI values

To determine the relationships of the vegetati@dpctivity output derived from PnET model and timet- series
integrated MTCI values, the regression analysis ceased out.

2.6.6. Analysing theinfluence of Temperature anomalies on vegetation phenology

To understand the relationship between the temperatnomalies and vegetation phenological variadtesss
the UK, the regression analysis was carried outiriguthe analysis, comparison was made with the thign
average maximum Temperatures and the PnET model &igut for 2003, 2004 and 2005. Similarly, the
monthly average maximum temperature was comparddMT Cl derived different phenological variablesgie
start of growing season, end of growing seasonirgedrated MTCI values) for “needle- leaved eveegréorest”
for 2003, 2004 and 2005.
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3. Results
3.1. Temperatureanomaly zonesin the UK region

According to the pattern of the temperature anorasalgepicted by monthly mean temperature of 20034 2nd
2005 against the Long Term Average (LTA) which esctibed in chapter 2, eight positive and two riggat
anomaly zones was detected in the UK region (FigA6positive anomaly was defined in this study wtibe
mean temperature was observed between +1.5 to *@.(brange to dark red color) and when the mean
temperature was observed below -1.5 °C and reaclprip -3.0 °C (indicated as dark green to darle)bluas
defined as a negative anomaly. However, four sumditipe anomalies were detected during the spréasen
(March and April- 2003, April- 2004 and March- 2Q@hd another four in the autumn season (Noveng#i#i3,
November- 2004, September and October- 2005) régplc We also observed two negative anomaliesngdur
the autumn season (October- 2003) and (Octobe#)dA@he study area.

The first positive spring season anomaly was deteirt the Scotland, North, Midlands and South- Wests of
the England in March, 2003 and second in the Sahtldorth and Midlands of England in April, 2008¢e also
observed spring anomalies in the Upper Scotlandlldvids and East parts of England in April, 2004 and
Northern Ireland, Scotland and North England in &éhar2005 respectively. With regards to autumn seaso
anomalies, initially a positive anomaly was detddteparts of Scotland and East England in Noven#@03 and
another in small portions of Scotland and Northietand in November, 2004. Similarly, two such piosi
anomalies were detected in small portion of Mid&od England in September, 2005 and whole of Emknrd
Wales in October of 2005 respectively. All thessifiee spring anomaly ranges with a mean tempezattir-1.5
°C to + 3.0 °C. However, two negative autumn an@salere observed in the whole of UK in OctobeQ28and
in Northern Ireland parts of UK in October, 2004pectively with an observed mean temperature below°C
to -2.0 °C.
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Fig. 6: Temperature anomalies in the United Kingdomnselected months in 2003
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3.2. Temperature pattern acrossthe UK

To know the profile of the temperature parameten®ss the United Kingdom, four different locatioinem
south- north extension (50° to 58° latitude), miyndlverage maximum, minimum, mean and Long Termrage
Temperatures were extracted from 1 km * 1 km plog svhere different terrestrial vegetation types faund.

The monthly average maximum temperature duringhgpseason was observed to be highest with 16 Main
2004 in North England than in 2003, 2005 and LTé&ghown in figure 7- d) where “mixed broad- leavegdle
forest” was found. However, in the autumn seasemtbnthly average maximum temperature (positivareaty)
was observed with 18 °C in September, 2003 asigest within the same location.
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Fig.7: Monthly Average Maximum temperature patter2003, 2004, 2005 and LTA across UK and plot
location
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From the figure 8- d, the monthly average minimemperature during spring season was observed lighest
with 6 °C in May, 2004 in North England than in 30@005 and LTA where “mixed broad- leaved needtedt”
was found. And during the autumn season the highesthly average minimum temperature (positive aaign
was observed with 10 °C in September, 2005.

a Needle- leaved Evergreen Forest ——2003 Grassland ——2003
(58°2526.36'N, -3°8'61E) 2008 ¢ (56°2726" N, - 4°436'F) ——2004
—a—2005 —a—2005
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Fig.8: Monthly Average Minimum temperature pattar2003, 2004, 2005 and LTA across UK
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The monthly average mean temperature during sgp@agon was observed to be highest with 13 °C in k2G4

in North England than in 2003, 2005 and LTA (asveman figure 9- d) where “mixed broad- leaved need|
forest” was found. On the other hand, in the autwsaason the highest monthly average mean temperatur
(positive anomaly) was observed with 15 °C in Septer, 2005 within the same geographical locatiod an
vegetation type.
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Fig.9: Monthly Average Mean temperature patter@003, 2004, 2005 and LTA across UK

This was evident from the above figures and obsienva that the different temperature parameterd ag
monthly average maximum, minimum and mean tempersitwere all above the LTA observations since 1946-
1999 across the United Kingdom. The highest mordlhisrage maximum, minimum and mean temperatures wer
observed within “mixed broad- leaved needle foresd’ss in the North England with 16 °C in May, 2064C in
May, 2004 and 13 °C in May, 2004 respectively duspring season. Whereas, during autumn seasohighest
monthly average maximum, minimum and mean tempeyatwere observed with 18 °C in September, 2003; 10
°C in September, 2005 and 15 °C in September, 266pectively. All these parameters showed a higher
pronounced temperature towards the northern patidi.e., north- east England, North England &ubtland)

or in higher latitudes in 2003, 2004 and 2005.
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3.3. Vegetation phenology variablesin the anomaly zones derived from time- seriesM TCI

Out of 9 natural and semi- natural terrestrial vatjen classes that are found in UK, the class ‘aws
of forest with either shrub land or grassland”aarid to be most abundant followed by classes “taad%
and “needle- leaved evergreen forest”. But for tasticular study, the class “needle- leaved ewsgr
forest” has been focused. The different phenoldgicd productivity variables to be estimated westart
of growing season, end of growing season, intesf/growing season and integrated MTCI values.

3.3.1. Start of growing season

The start of growing season of the different vej@tatypes in the UK ranges from 1- 30 weeks (i.e.,
January — July) as shown in figure 10. The stargrofving season for class “needle- leaved evergreen
forest” was pre- dominantly seen with 1-3 weekdieaim East Scotland (dark red color) than theeoth
parts of UK in 2003 and 2004 but very few in 200%herwise, this class start its greenness by miarcil
(yellow color) later in 2004 and very lately by eofiMay (Chartreuse and green color) in 2005. Tihero
classes “mosaic of forest with either shrub landym@ssland”, “grassland” and “herbaceous vegetation
also initiate its growth 1-3 weeks (dark red coleaylier in few places of the country (South- dasgland,
North England and Northern Ireland) in 2003, 20864 2005. Most of the “mosaic of forest with either
shrub land or grassland” and “grassland’ classes iss greening up from early February (red coéaijlier

in Wales, South- West, West and North of Englaralyér Scotland and most parts of Northern Ireland in
2003. In contrast, these vegetation types pronaltately by mid- March (orange color) in 2004 aatet

in early April (yellow color) in 2005. Between Felary and March every year, all the non- natural
vegetation classes such as cropland start its ¢misetge color) in the whole country.

It was interesting to know that most of the vegetatlasses occurring in the Scotland and Northldd
onset its greenness by mid- April to end- May (@eaise color) in all the years. And around 59° N
latitude, some of the vegetation types “grasslastdrt its greening up lately till mid-August (blaelor).
Thus, the spatial distribution of greening up & thfferent vegetation towards northward from Felpyito
early July reveals that the vegetation phenologyrisngly dependent on latitude.

Overall, the start of the growing season of théedént vegetation type across the UK was foundatela
similar pattern between early February till mid-yW@ed to green color) in 2003, 2004 and 2005. But,
was observed that the MTCI raw data was missing0id5 (black color) mostly in the Northern Ireland,
South and Midland parts of the United Kingdom.
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Fig. 10: Start of growing season of different natwmegetation of UK: (a) 2003, (b) 2004 and (c) 200)
Needle- leaved Evergreen Forest (red color)

3.3.2. End of growing season

The end of growing season of the different vegetatype of UK ranges from 25- 52 weeks (i.e., eddly

- December) of the year (Figure 11). The dormantsebfor class “grassland” was observed in early Ju
(dark red) earlier in few places of South- West &dst England in 2003, 2004 and 2005. The classes
“mosaic of forest with either shrub land or grasdlaand “grassland” initiates its dormancy by latdy
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(red color) earlier in 2003 than in 2004 and 20BEt, a late end of growing season within the same
classes was observed in the higher latitudes ley Aaigust (orange color) to mid- October in diffare
years (dark green color). The “needle- leaved eeery forest” does exhibit a relatively late endtlod
season in autumn but differ according to the laeetiacross the country. In the south part of Uks th
forest ends its growth a relatively earlier thae ttorth. It can be referred that “needle- leaveergveen
forest” ends its growth by mid- October in 2003|daved by mid- December in 2004 and mid- November
in 2005 respectively. Comparatively, towards thetm@Scotland and adjacent areas) the end of gigpwin
season for this forest was late till end of Decembe004 and more in 2005 than in 2003. Howess, t
non- natural vegetation class such as cropland ienhdsowth in October (green color) in 2003 folkavby
November- December (blue to dark blue color) in2@mhd 2005. In the Northern Ireland, the end of
growing season for both “mosaic of forest with eitshrub land or grassland” and “grassland” was liat
2004 and 2005 (blue color) than in 2003. Furtheysiof the vegetation classes begin its dormansgton
earlier by mid- August to mid October in the southpart of UK in 2003 except in 2004 and 2005. Hgnc
the dormancy of most of vegetation classes begies till December in the higher latitude.

LI =
0 60 120 B 0 60 120

0 60 120

Fig. 11: End of growing season of different natwegjetation of UK: (a) 2003, (b) 2004 and (c) 2005.
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3.3.3. Length of growing season

The length of growing season of the different vatieh type ranges from 16- 52 weeks across UK as
shown in Fig. 12. A short length of growing seas@s observed within the class “grassland” in sraadh
with 16- 18 weeks in Wales (dark red color) thaa thst part of UK in 2003. Similar short length of
growing season, reaching up to 25- 27 weeks (diankge color) was also observed in the “mosaic ddo
with either shrub land or grassland” towards thethrern latitude in Scotland in 2003, 2004 and 2005.
few areas around extreme South- West England,airsiilort length of growing season was also observed
within “grassland” class in 2004. The class “mosaf forest with either shrub land or grassland”
occupying the Midlands and North- East England hawhort length of growing season (19- 24 weeks-
orange color). The classes ‘mosaic of forest st and grassland”, “needle- leaved evergreersfore
and “grassland” have a comparatively longer leroftgrowing season with 28- 33 weeks (yellow colar)
2003 than 2004 and 2005 in the southern parts gfaad. On the other hand, these classes with 28- 33
weeks (yellow color) are found more in 2005 in mgparts of Scotland. A major portion of South and
Midlands of England, Northern Ireland and North Sfotland have a comparatively longer length of
growing season amongst the “mosaic of forest withee shrub land or grassland”, “grassland” and
“needle- leaved evergreen forest” with 34- 36 we@lsartreuse color) in 2003 than 2004 and 2005
respectively.

The “mosaic of forest with either shrub land orsgland” and “grassland” classes between Wales and
South England and East England have a longer lesfginowth with 37- 42 weeks (green color) in 2003
and 2004. Moreover, a longer length of 43- 45 wegekan color) was observed within the “grasslamd” i
the Wales and Northern Ireland in 2005. Similagténvas observed in “mosaic of forest with eith@mud

land or grassland” in East Scotland in 2003 andarth England in 2005. As the start of growing seasf
most of the vegetation type was similar in 200302@nd 2005 but different with the end of growing
season, thus resulting to a different length ofaging season between the three. Thus, as expeclexdger
length of growing season was observed in 2004 868 than in 2003 in most parts of the country.
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Fig. 12: Length of growing season of different matwegetation of UK: (a) 2003, (b) 2004 and (cp20
3.3.4. Integrated MTCI composite value

The integrated time- series MTCI values is an iatlic for net primary productivity of the vegetatitirat
falls within the length of growing season (i.e.¢ threa under the MTCI time- series curve). Or,thep
words, the integration or summation of all the MTi@yers that falls between the start and end of the
growing seasons (i.e., length of the growing sepsancording to the figure 13, the integrated MTCI
values ranges from 20 to 210. The “needle- leawageeen forest” and “mosaic of forest with either
shrub land or grassland” has the minimum valuescqipately 20 to 40 (dark red) in East- Scotland in
2003, 2004 and 2005, thus representing a shortierfggrowing season. The “mosaic of forest witthe
shrub land or grassland” and “herbaceous” in thetls&ngland has the integrated MTCI values of 4D- 6
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(red color) in 2003 but these classes reached 8p t@lue in 2004 (orange color). This was becadishe
longer length of growing season in 2004 than in3288 a result of late dormancy in 2004fér section:

End of growing season). Similarly, a higher value of 60- 80 was obseriue&cotland within the “mosaic
of forest with either shrub land or grassland” &ndedle- leaved evergreen forest” in 2003, 2004 and
2005. Moreover, within the same vegetation typesnost parts of UK have a higher value of 80- 100
MTCI Values (yellow color). But, the “grassland” @pying Wales, North England and Northern Ireland
have 100- 120 MTCI values (chartreuse color). Viawy vegetation classes reached up to 210 MTCI
Values (blue color). Overall, the integrated MT\Zdlues of the different vegetation type was fouad t
attained 80- 120 as the highest value across théotJR003, 2004 and 2005. But, a highest valuehieac

up to 140 (green color) was found within the “mixbtbad- leaved needle forest”, “needle- leaved
evergreen forest” in 2005 than in 2003 and 200geaetively.

Integrated MTCI Value

I B I
180 210

20 60 100 140

0 60 120

Fig. 13: Integrated MTCI composite of differentunat vegetation of UK: (a) 2003, (b) 2004 and (@D2.
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3.4. Vegetation phenology variables within the different vegetation types

For analysing the different phenological varialiésifferent vegetation types, ten plot of 1 km kih size
which are representative pixels of (1) Needle- éshgvergreen forest (2) Mosaic of forest with eittterub
land or grassland (3) Grassland (4) Mixed Broadvéel Needle forest and (5) Broad- leaved deciduous
forest were selected from different geographiceatmns across the United Kingdom.

34.1. Start of Growing Season

From the figure 14 as shown below, it was evidéat the different forest type reveals differenttstd
growing season (in weeks) in different year atedté#ht geographical locations (plot of 1 km * 1 kipr
example, “needle- leaved evergreen forest” onsagriéenness by end March earlier in 2005 (secant)l pl
than in 2003 and 2004 (month of April) and simifsttern was seen with the “grassland”. However,
“broad- leaved deciduous forest” appears to stargrowth 1- 2 weeks earlier in 2003, 2004 and 2605
sample plot as compare to the “needle- leaved esengforest”, whereas the second plot shows aaimil
trend with the “needle- leaved evergreen forestie Dther vegetation classes such as “mosaic o$tfore
with either shrub land or grassland” and “mixeddutoleaved needle forest” exhibit an earlier stdirt
greenness in 2005 by mid- February than in 2003221 (till March). Overall, the start of the growi
season was earlier in 2005 than in 2003 and 208dpective of the vegetation types.
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Fig. 14: Start of growing season of differaatural vegetation of UK
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3.4.2. End of Growing Season

Taking the end of the growing season on the othadh(figure 15) shows that the dormant onset as |

in 2005 than in 2003 and 2004 irrespective of thgetation types. The “needle- leaved evergreerstfore
lasts its growth by end- November later in 20051tiha 2003 and 2004 (early November) whereas the
“broad- leaved deciduous forest” lasts by end ofdbeber later in 2005 than the preceding years th mi
November. Similar trend was also seen with “gras$laand “mosaic of forest with either shrub land or
grassland” but it was observed that “mixed broaévéd needle forest” has almost equal end of gwin
season in 2003, 2004 and 2005 around mid- November.
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Fig. 15: End of growing season of differeatural vegetation of UK
3.4.3. Length of Growing Season

On the basis of the different start and end of dhewing season (in terms of weeks) of the different
vegetation types, a similar pattern in the lendgtgrowing season was seen amongst different yéigie ¢

16). The “needle- leaved evergreen forest” hasoat ghiterval of growing season (35 weeks) as compar

the “broad- leaved deciduous forest” and “mosaitoodfst with either shrub land or grassland” (3&ks.

The “grassland” has a relatively longer intervabodwing season reaching up to 40 weeks. Similtepa

of longer interval of growing season was also seiin the case of the “mixed broad- leaved neediedt

(40- 45 weeks). Due to the different end of thengng season between 2003, 2004 and 2005, as d resul
the length of growing season was more reaching apl@ weeks in 2005 than in 2003 and 2004
respectively.

. —a—Needle- leaved EF1
Length of growing season

Needle- leaved EF2
48 q

—=#— Mosaic FSG1
41 , —=— Mosaic FSG2
38 1 k —e— Grasslandl

33 4 Grassland2

—4— Mixed Broad- leaved
Needle Forestl
Mixed Broad- leaved

23 Needle Forest2

Broad- leaved DF1

28 A

18

—4— Broad- leaved DF2

2003 2004 2005 2006

Years

Fig. 16: Length of growing season of different matwegetation of UK
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34.4. Integrated MTCI Composite Value

According to the figure 17 as below, the “needéaved evergreen forest” varies with an integrat&dCM
value of approximately 80 from 2003 to 2005 (fiphdt). In the second plot, it varies from 76- 94nr
2003 to 2005. However, the “mosaic of forest witther shrub land or grassland” varies with a higher
integrated value of 82- 85 (2003 to 2005) in thstfplot and 78- 98 in the second plot from 2002Q05.
The “grassland” produces the MTCI value rangingrfro5- 99 (2003- 2005) in the first plot while a lew
value of 63- 58 (2003 to 2005) in the second pltie lower MTCI Values of 70- 65 (2003 to 2005) and
58- 70 (2003 to 2005) are found in the “mixed brokhved needle forest” respectively. The “broad-
leaved deciduous forest” produces a comparativeeldntegrated MTCI Values of 45- 68 (2003- 2005)
and 59- 65 (2003 to 2005) in the two plots. Thugspective of the vegetation types, a higher nategl
MTCI values were observed in 2005 than in 2004 2003 (lowest range) was observed as a result of
longer length of growing season in 2005.

Integrated MTCI Composite
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110.00 Needle- leaved EF2

100.00 —=— Mosaic FSG1

—=— Mosaic FSG2
90.00
—e— Grasslandl
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Needle Forestl
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— Needle Forest2

Broad- leaved DF1

Integrated MTCI Values

60.00 1 -

50.00
—— Broad- leaved DF2

40.00

2003 2004 2005 2006
Years

Fig. 17: Integrated MTCI composite of differentunrat vegetation of UK
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3.5. Comparison of vegetation productivity derived from PnET model and the time- series
integrated MTCI values

The predicted annual foliage net primary producfmm‘needle- leaved evergreen forest” in the UKjioa
ranged from 43- 639 gftyr for the three years. But, the model could predp to 671 g/ilyr annual NPP
foliage for “mosaic of forest with either shrub ¢har grassland”. The relationships between the tetiga
productivity derived from PnET model and the tinseries integrated MTCI Values were assessed by
performing correlation analyses on temporal scdfesm the figure 18 as shown below, the correlation
between the monthly NPP foliage derived from PnEideh and the time- series integrated MTCI values of
the “needle- leaved evergreen forest” was signifiqa® = 0.65) in 2003. But in 2004 and 2005, this
relationship was fairly weak{ = 0.22) andi = 0.07) respectively. Hence, a strong positivatiehship
between the NPP foliar derived from PnET model #mel time- series integrated MTCI values was
observed for only 2003. But this significant redaship does exist only with the NPP Foliar whodeeés
less than 54 g/fryr., and becomes saturated with the integrated M&QLies once the PNnET NPP Foliar
exceeds this value. The calculated integrated MV@lues ranged from 60 to 114 on an average.
However, a weak positive relationship was also okeskbetween the NPP Total derived from PnET model
(i.e., sum of foliar and wood) and the time- sentegrated MTCI in 2003, 2004 and 2005 respedgtivel

Yy =0.16x +32.91
Needle- leaved Evergreen Forest R =065

54 y =0.10x +39.74
ae R'=020

y =0.05x +43.82
R2=007

* 2003
= 2004
2005
—— Linear (2003)
—— Linear (2004)
42 —— Linear (2005)

PnET NPP Fol (g/m 2.yr)

40 T T T T T T T l
40.00 5000 60.00 70.00 80.00 90.00 100.00 110.00 120.00
Integrated MTCI Values

Fig. 18: Relationship between PnET model derived® ¥Bliage with Integrated MTCI Values for 2003,
2004 and 2005.

3.6. Analysing theinfluence of Temperature anomalies on vegetation phenology

For the analysis of the influence of the tempemtparameters on the forest phenological variables,
approximately 50 samples (representative pixelsheé&dle- leaved evergreen forest” were plotteceas
on correlation analyses against the Monthly Averglggimum Temperature for 2003, 2004 and 2005.

3.6.1. PnET model
Using the PNET model, the net primary productiyfliage, wood and total) of different forest types.,

“needle- leaved evergreen forest” was estimatedisTthe phenological parameters derived from PnET
model were statistically examined with the MontAlyerage Maximum Temperature as shown below:
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3.6.1.1. Spring season:

From the figure 19 as shown below, the correlatietween the net primary productivity (i.e. foliddeP)

of the “needle- leaved evergreen forest” and pasispring Monthly Average Maximum Temperatures of
2003 was significantrf = 0.45) in April and 1¢ = 0.44) in May respectively. On the other handeay
weak correlation was also observed between thd N&tR of the “needle- leaved evergreen forest” tued
spring anomalies with? = 0.17. This suggests that in 2003, the warmer ézaipre (in case of anomaly)
does correspond with the NPP (foliage only) withieedle- leaved evergreen forest”. Thus, a sigaiftc
positive relationship between the PNET NPP Folageg monthly average maximum temperature variable
was seen in spring season for the “needle- leaveyeeen forest”.
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x
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Fig. 19: Relationship of Monthly Average Maximummijgerature (spring) with Needle- leaved evergreen

forest NPP for 2003 (a) PNET NPP Foliage (b) PnFPPN otal

The correlation between the net primary produgtiyite. foliage NPP) of the “needle- leaved eveegre
forest” and positive spring Monthly Average Maximidiremperatures was weak & 0.27) in the month of
May as shown in Figure 20. Similarly, a weak catieh was also observed between the Total NPPeof th
“needle- leaved evergreen forest’ and the springmaies withr? = 0.02 in the month of March.
Therefore, in 2004 the warmer temperature (in @dsEnomaly) does not correspond with the NPP (both
foliage and total) in the case of “needle- leavedrgreen forest”. Hence, a weak positive relatigmsh
between the net primary productivity (PnET modek) &emperature variable was seen in spring season f
the “needle- leaved evergreen forest”.
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Fig. 20: Relationship of Monthly Average Maximummijgerature (spring) with Needle- leaved evergreen
forest NPP for 2004 (PnET NPP Foliage)
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From the figure 21 as shown below, the correlatietween the net primary productivity (i.e. foliaddeP)

of the “needle- leaved evergreen forest” and pasiSpring Monthly Average Maximum Temperatures
was strong € = 0.67) in April and ¢ = 0.72) in May respectively. Using the PnET NPRal,0a weak
correlation was observed between the spring anemalithr?= 0.22 (in April). This suggests that in 2005,
the warmer temperature (in case of anomaly) doeggjgond with the NPP (foliage only) in the case of
“needle- leaved evergreen forest”. Hence, a strpogitive relationship between the net primary
productivity (PNnET NPP Foliage) and temperatureaide was seen in spring season for the “needle-
leaved evergreen forest”.

Needle- leaved Evergreen Forest y=0.07x+6.18
RP=0.41

18.00 y =0.13x +5.40
R =0.67

y =0.14x +7.06
RE=0.72

16.00
14.00
12.00
~ 10.00
~ 800

& March
u April
6.00 Vay
4.00 Linear (March)
Linear (April)
Linear (May )
35 40 45 50 55 60 65 70

PnET NPP Fol (g/m 2.yr)

2.00
0.00

Monthly Average Max Temperature

Fig. 21: Relationship of Monthly Average Maximumnierature (spring) with Needle- leaved evergreen
forest NPP for 2005 (PnET NPP Foliage)

3.6.1.2. Autumn season:

From the figure 22 as shown below, the correlatietween the net primary productivity (i.e. foliddeP)

of the “needle- leaved evergreen forest” and pasiiutumn Monthly Average Maximum Temperatures
(i.e., Sept, Oct and Nov) was stromg£ 0.52,r* = 0.48 and? = 0.37) respectively. But, a weak correlation
was observed between the Total NPP of the “nedeédared evergreen forest” and the autumn anomalies
with r>= 0.23 in the month of September. This suggestsitha003, the warmer temperature (in case of
anomaly) does correspond with the NPP (only foljagethe case of “needle- leaved evergreen forest”.
Hence, a strong positive relationship between #teprimary productivity (PNnET NPP Foliar) and mdwpth
average maximum temperature variable was seen timauseason for the “needle- leaved evergreen
forest”.

y =0.23x +6.06
Needle- leaved Evergreen Forest R =052

25.00 y=olss4zz

y=0.12x+4.45
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PnET NPP Fol (g/m 2.yr)

Fig. 22: Relationship of Monthly Average Maximumnierature (autumn) with Needle- leaved evergreen
forest NPP for 2003 (PnET NPP Foliage)
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The correlation between the net primary produgtiyite. foliage NPP) of the “needle- leaved eveegre
forest” and positive spring Monthly Average Maximiramperatures was strong € 0.39) in September
and ¢? = 0.42) in October respectively (figure 23). Oe tther hand, a weak correlation was observed
between the Total NPP of the “needle- leaved eeemyforest” and the autumn anomalies wfth 0.09 in

the month of September. Thus in 2004, the warnmapégature (in case of anomaly) does correspond with
the NPP foliage only in the case of “needle- leaes@rgreen forest”. Hence, a significant positive
relationship between the net primary productivRynET Foliage) and temperature variable was observed
autumn season for the “needle- leaved evergreestfor
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Fig. 23: Relationship of Monthly Average Maximumriijgerature (autumn) with Needle- leaved evergreen
forest NPP for 2004 (PnET NPP Foliage)

From the figure 24 as shown below, the correlatietween the net primary productivity (i.e. folidgeP)

of the “needle- leaved evergreen forest” and pasiiutumn Monthly Average Maximum Temperatures
was significanti¢ = 0.65) in September and’(= 0.70) in October respectively. But, a weak datien
was also observed between the Total NPP of thedieedeaved evergreen forest” and the autumn
anomalies with i€ = 0.30) in November. This suggests that in 2008, \tlarmer temperature (in case of
anomaly) do correspond with the NPP (both foliagd #otal) in the case of “needle- leaved evergreen
forest”. Hence, a strong positive relationship kesw the net primary productivity (PNnET Foliage) and
temperature variable was seen in autumn seasahddneedle- leaved evergreen forest”.
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Fig. 24: Relationship of Monthly Average Maximumnigerature with Needle- leaved evergreen forest
NPP for 2005 (a) PNET NPP Foliage (b) PnET NPPITota
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3.6.2. Time- seriesMTCI composite

Using the time- series MTCI composite, the differphenological variables of “needle- leaved evezgre
forest” (start, end, length and Integrated MTCI &) were statistically examined with the Monthly
Average Maximum Temperature as shown below:

3.6.2.1. Spring season:

3.6.2.1.1. Start of growing season

From the figure 25 (a) as shown below, the cori@labetween the “greenness onset” of the “needle-
leaved evergreen forest” and positive spring Mgntkderage Maximum Temperature of 2003 was strong
(r? = 0.51) in March andrt = 0.54) in May respectively. But, a weak relatioipswas observed in 2004
with (r? = 0.28) in April- May andrf = 0.32) in May, 2005 (figure- (b) and (c)). Tlsisows that in 2003,
the warmer temperature (12- 17 °C) favors an eastart of growing season of the needle- leavedispe

in spring by end- February (within 8 weeks) in #r@maly zones as described in section 3.2. Butt ofos
the needle species initiate its greenness after Mach. However in 2004, the process of greenmess
even earlier by January. It was worth to desctifag¢ tost of the needle- leaved species in the tHfissits
greenness between mid- February and mid- April0@52on the basis of the temperature extremes. Kence
a strong negative relationship between greennesst amd Monthly Average Maximum Temperature was
observed in spring season within the “needle- |dageergreen forest” in 2003 but a weak negative
relationship was witnessed in 2004 and 2005.
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Fig. 25: Relationship of spring monthly average mmam temperature with start of growing season in
Needle- leaved evergreen forest (a) 2003 (b) 2004(& 2005.
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3.6.2.1.2. Integrated MTCI values

According to the figure 26 as shown below, the @ation between the integrated MTCI values of the
“needle- leaved evergreen forest” and positive ngpriMonthly Average Maximum Temperature was
insignificant ¢ = 0.10) in April 2003, 1 = 0.17) in March 2004 and?= 0.17) in March and May, 2005
respectively. This suggests that as the temperatareases (between 8- 14 °C) in spring seasof@3 2o
2005, a higher integrated MTCI value was observedhe range of 60- 100 for the “needle- leaved
evergreen forest”. Therefore, a weak positive iatahip between the integrated MTCI values and hignt
average maximum temperature was seen in springisdasthe case of the “needle- leaved evergreen

forest” irrespective of the years.
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Fig. 26: Relationship of Temperature with integda®TCl values in spring season in Needle- leaved

evergreen forest (a) 2003 (b) 2004 (c) 2005

38




3.6.2.2. Autumn season:
3.6.2.2.1. End of growing season

The correlation between the end of growing seasahev“needle- leaved evergreen forest” and pasitiv
autumn Monthly Average Maximum Temperature wasginiicant (2 = 0.04) in November, 2003 (Figure
27). Similar weak relationship was also observeditober, 2004 withr¢ = 0.02) and in 2005. This
suggests that the higher temperature of autumn 8668 not fit well with the dormancy season andchen
an earlier end of growing season of “needle- leagedrgreen forest” was observed in 2003 by late
November as compare to 2005 (mid- October to mikd¥nber). According to figure 26 (b), it was known
that even at higher temperature, the “needle- kameergreen forest” sets its dormancy from mid-
November to mid- December in 2004. Hence, it camlfasvn that the length of the growing season was
expected to be longer in 2004 than in 2003 and 2(@5to late end of growing season. Overall, a weak
positive relationship between end of growing seaand autumn season Monthly Average Maximum
Temperature was observed in all the three yearimihe “needle- leaved evergreen forest”.
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Fig. 27: Relationship of autumn monthly average imaxn temperature with start of growing season in
Needle- leaved evergreen forest (a) 2003 (b) 2004(& 2005.
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3.6.2.2.2. Integrated MTCI values

The correlation between the integrated MTCI valokethe “needle- leaved evergreen forest” and pesiti

autumn Monthly Average Maximum Temperature wastikay stronger with * = 0.22) in November,

2004 (figure 28). Otherwise, a weak positive relaship was seen during the autumn season of 2083 an
2005. This was evident with the monthly average imarn temperature between 7- 9 °C in November,
The integrated MTCI Value#th 60- 100 range was observed to be common
between the three years at 6- 16 °C monthly avemspémum temperature. Hence, a relatively stronger
positive relationship between the integrated MT@&lues and autumn season monthly average maximum

2004 (figure 28- (b)).

temperature was observed in 2004 with the “neddéered evergreen forest”.
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Fig. 28: Relationship of Temperature with integdai¢TCl values in autumn season in Needle- leaved
evergreen forest (a) 2003 (b) 2004 (c) 2005
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4. Discussion
4.1. Temperature Anomaly Zones from the M eterological data

This study presents that the interpolated map famthly mean temperature of 2003, 2004, 2005 andyt.on
Term Average using the 450 weather stations wastaldetect the anomalies across the United Kingdom
Accordingly, eight positive and two negative angynabnes were identified in 2003, 2004 and 2005 (Fig
6). However, four such positive anomalies were atetk during the spring season and another founen t
autumn season with +1.5 to + 3.0 °C in 2003, 20@#12005. In this study, two negative anomaliesrayri
the autumn season with -1.5 °C to -2.0 °C in 20082004. The first positive spring season anomalg w
detected in the whole of UK in March and second\pril 2003. The other two spring anomalies were
identified in April, 2004 and March, 2005. With ags to the autumn season, positive anomalies were
observed in November, 2003 and November, 2004.r€h®ining two positive autumn anomalies were
identified in September and October, 2005. In theecof the negative anomalies, the month of Octwber
2003 and 2004 were identified.

However, when the monthly average temperature bigsa(maximum, minimum and mean) of 2003, 2004
and 2005 were compared with the Long- Term Averd§d6- 1999) the results showed that they all were
well above the LTA observations both in spring antumn seasons (Fig 7; Fig 8 and Fig 9). Furtheemor

a higher prominent temperature was observed ihitjfeer latitudes (towards North England and Scafjan

in the duration of the study period. This findirgndoe related to the observations made by the NfeteO
and Perry and Hollis, 2005) confirming that usihg Long — Term Average Temperatures could detect
both the spring and fall anomalies within the coyrdnd such anomaly zones can be easily detected.
Therefore, the different temperature variableswéerifrom the weather stations offer an importanirce

for deriving the anomalies for various investigatioincluding the vegetation- climate seasonal
relationships.

4.2. Impacts of Temperature Anomalieson Vegetation Phenological Variables
The impact of the temperature anomalies on vegetathenological variables is discussed separately a
spring and autumn anomalies within the “needlevddaevergreen forest”.

4.2.1. Thelmpactsof Spring Anomalieson Vegetation Phenological Variables
4.2.1.1. PnET Modée

The predictions of the net primary productivity foeedle- leaved evergreen forest’ using the PniBdeh
was almost similar for the three years in the ramige3- 639 g/rfiyr. but the impact caused by the spring
anomaly was different. The predicted annual foliageprimary production for “needle- leaved eveegre
forest” in the UK region was fairly in agreementlwthe result as described by Ollinger et al., 8)9%
was reported that such predictions are highestimitie broad- leaved deciduous species than thediae
leaved evergreen forest” as a result of higher gaotthetic activity. Regarding the relationshiphaihe
spring anomaly, the model output predictions of fP foliage was in agreement with the change én th
temperature pattern. It was observed that theioaktiip was significant meaning that as the meanthhp
temperature increases; relatively small increasehen NPP yield was also observed due to positive
relationship. Or, in other words, an increase ithitbe maximum and minimum temperatures results to
extension of the length of growing season, thumarease in NPP was expected (Aber and FedereR)199
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This causal relationship between the model predietgetation productivity- climate was even strarige
2005 than in 2003 and in 2004 respectively. Henliehese results support the findings of this gttat
detecting the relationship between the model ptedidblPP and the spring Temperature anomaly.

4.2.1.2. Integrated MTCI Composite

The phenological variables for “needle- leaved green forest” in the spring season anomaly resufted
an early onset of growing season. In general, tiw of the greenness within the natural vegetatypes

in UK ranges from 1- 30 weeks (i.e., January tg)Jubepending on the location of the anomaly zomg a
year, this advancement of the greenness was varieerms of weeks (i.e., 1- 20 weeks). In the gprin
anomaly zone in the higher latitude (Scotland) timset of growing season of few “needle- leaved
evergreen forest” advanced by mid- January in 20@82004 than in 2005. Otherwise, this forest sitst
greenness by mid- March later in 2004 and end of M&005 in other parts of the UK. This suggehbt t
the occurrence of the spring anomaly in 2003 migghtesponsible for the advancement in earlier gprin
Additionally, in 2005, this forest initiate its grmeness earlier (end March) than in 2003 and 200i. hay

be in conjunction with the positive spring anomellgich was observed in March, 2005. However, eelitt
bit earlier spring was also observed in 2003 tle#0d04 (in April) in different locations. Thus, aarlier
spring (start) was seen in 2005 than in 2004 a8 28spectively (figure 14).Moreover, a relativstyong
and inverse relationship was observed betweenptiegsanomaly temperature and the onset of gresnnes
in 2003 and 2005.

The above results can be related to various asgumspand findings while dealing with this type of
vegetation. One such reason for the variabilityhie start of greenness could have been due to ateget
classification scheme adopted in this study, asléssification was based on broad physical chariatits
forming a particular class. A detailed land covapmgiving the distribution of the species (eApjes
spp.,Pinus spp.) may allow for a finer estimation of phendglagithin this type of forest (Guyon et al.,
2006). The second reason could be due to the taflee from the understorey vegetation becausevof lo
Leaf Area Index in the needle- leaved species, x@dnsignal could have occurred. Due to the relbtive
low seasonal variations in photosynthetic biomasdthinv the coniferous forest when compared with
deciduous forest, the varying incident angle ofithath sun — linked with slope could be another osas
Keeping the note in context for the estimation teé growing season for coniferous forest, a readenab
ground- truth data are required to determine fadidator on remote sensing data.

The location of the anomaly zones could be anateson for such a variation in the start within shene
forest. It has been strongly observed that thetimean terms of latitudinal gradient play a majote the
way the vegetation type responds to warming. Famgte, an estimated variation of 2 Julian daysiSer
latitude was observed on an average in Europedspanses to warming in different vegetation types
(Zhang et al., 2004). This was due to the greennesst moving towards northward and spreading of
dormancy in the southwards direction. Since, thenaalies were in different locations; this factoulb
contribute to the variation in the spring greenngibin the same vegetation type. For instance, tduée
latitudinal gradient across the country, a reldyivearlier onset of greenness (say early Februafyhe
needle- leaved evergreen forest was observed isdbth parts of UK, followed by mid- April onset of
greenness in the North of England and finally i éimd- May (parts of Scotland and adjoining).

Due to the spring anomaly occurrence in the studs and relatively earlier onset of greenness, eddm
have a longer length of the growing season in th@ferous forest type. But this forest has a reédyi
short length of growing season as compare to therotegetation types. Thus, the lengthening of the
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growing season was a direct consequence of thg eadet of greenness due to the spring anomaly.
Regarding the different years, as a result of ifferdnt end of the growing seasons between 200842
and 2005, a longer length of growth was seen irb2903- 4 weeks than in 2003 and 2004 respectively.
These results were in line with the studies, wtheespring anomaly causes a longer length of grgwin
season by varying magnitude of 2- 16 Julian daysedding on the species and location (Menzel, 2000;
Menzel et al., 1999; Zhang et al., 2006). This oleton can be supported with the higher influeatéhe
high monthly average temperature in spring seasam the other season (Chmielewski and Rotzer, 2001)
However, the retrieval of the onset of greenness mare difficult in forest dominated by needle-viea
evergreen forest than the broad- leaved speciesdtie presence of the photosynthetic needle-ekav
throughout the year (Delbart et al., 2005).

Regarding the Integrated MTCI composite valuesaitges from 20- 210 unit less across the different
vegetation types. The “needle- leaved evergreessfodoes exhibit a fairly low integrated MTCI valu
range across the UK. This was due to the shortttenfj entire growth as compare to other vegetation
types. Because of the strong and inverse relatipnisétween the earlier springs (start) and thengpri
monthly average maximum temperature in 2005, thBeeapring (start) and associated longer growing
season promote greater net primary productivi®das than in 2004 and 2003 respectively (Almonal et
2007). Additionally, the higher latitudes (Northdtand and Scotland) tend to have later springsefoofs
greenness) with shorter growing season and lowepmmary productivity than the lower latitude (Wes
and Midlands).

The results of this study stress on the responbékeo“needle- leaved evergreen forest” to thergpri
anomaly temperature is within the range of theltedound using the long- term climatic parameters
the influence of the global warming on terrestriabetation phenology and productivity (Myneni et al
1997, Zhang et al., 2004 and Chen et al., 2005s@lstudies highlighted that in the higher latifjdbe
climatic parameter (especially temperature) hasuémiced the phenological pattern of the natural
vegetation with an advancement of the onset ofrgress by 4- 9 Julian days (Myneni et al., 1997)aisi
satellite data and in- situ observations on sped@gl in the UK region (Sparks et al., 2000)wis
reported that spring and the onset of summer @paties will expect a progressive earlier in the dile

to warmer temperature (Sparks et al., 2000). Thergemce of early European climate could be asudtres
of the North Atlantic Oscillation which enhanceg #itmospheric temperature, could be responsiblarfor
early start of onset of greenness in the UK regR®egarding the net primary productivity, the fingln
using the Integrated MTCI composite was in linelvitiose of the result using the radar dataset nvitie
evergreen forest (Kimball et al., 2004). It wasared that the annual productivity and distributiafithe
evergreen forest in the higher latitude are coladoby the start (onset of greenness) and lengtiafing
season. For example, earlier start and associatggi growing season promote greater productivitiim
the natural vegetation, while the delayed start@sgbciated shorter growing seasons promote thesapp
response. Moreover, this delayed start (spring) olaserved in the higher latitude with the assodiate
shorter length (growth), thus producing a lower prétary productivity than the lower sites. Bu@day
shift in spring greenness can induced change iptbéuctivity by 30% irrespective of the vegetatigpe
(Botta, 1999).

For this particular study, short- term data wereduand the results were being in line even usieddhg-
term climatic and remotely sensed data.
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4.2.2. Thelmpactsof Autumn Anomalieson Vegetation Phenological Variables
4.2.2.1. PnET Modée

As described earlier, the net primary productifidy “needle- leaved evergreen forest’ as predittgdhe
PnET model was almost similar in 2003, 2004 and52@3pectively. However, the influenced due to the
autumn anomaly was quite different in all the ye#&meping view of the agreement that the model doul
predict a lower NPP within the “needle- leaved gween forest’ when compared to the board- leaved
Deciduous Forest, the relationship with the aut@anamaly, was in a good agreement with the change in
the temperature pattern. It was interesting to ligghthat even during the autumn season; theiogiship
was very strongly correlated due to an increashenautumn temperature. It could be summarizedién t
way that due to the autumn anomaly, the end of glmving season was extended far beyond the
expectation within the ‘needle- leaved evergreaedt), thus a relatively increase in the NPP yietas
observed (Aber and Federer, 1992). Further, tHatiomship between the model predicted vegetation
productivity and the autumn anomaly was even se&omg 2005 than the preceding years and even more
than of spring anomaly. In general, the predictiohthe increasing NPP and growing season lengtm fr
higher to lower latitude was not fairly observedidg this study.

4.2.2.2. Integrated MTCI Composite

During the autumn season anomaly, the phenologiadbbles for “needle- leaved evergreen forest”
resulted in different end of growing season acthescountry. On the basis of the location of theraaly
zone and year, this phenomenon of the end of seaaswaried in terms of weeks. In the autumn angmal
zone in the higher latitude (Scotland and adjoinargas) the end of growing season of most of the
coniferous forest was found to be delayed by midvéidnber to end of December in different years. In
comparison, towards the south UK, a relativelyyearld of growing season was observed within most of
the vegetation types including the prominent “needitaved evergreen forest”. These observationg wer
also similar with those of other researchers wheeheommented that higher temperature in the autumn
season usually lead to delays in the end of grow@agon (Zhang et al., 2004, Maignan et al., 2008)s,

it has been reported that a delayed of end of tbeigg season in autumn season was observed b§ 2- 1
Julian days due to warming temperature (Maignaal.et2008).However, it was also found with other
studies that the plant phenological activity inuaah season was little understood. Due to the weak
correlation between meteorological factors and leafiescence, has made uncertainty over the plant
phenology in the autumn season (Menzel, 2002). Wewea link between the seasonal cycle of
atmospheric C@concentrations and the vegetation autumn senescgas also observed (Talyor et al.,
2007). All these cases, gave us an impression dheutarious uncertainties associated when dealitig

the autumn period for vegetation phenology.

For the length of the growing season in the autanomaly, the “needle- leaved evergreen forest”
establishes a close relationship with the montilgrage autumn anomaly in the UK region. The delayed
end of the growing season could be responsiblesdich an extension in the growth length. Thus, this
finding is also in conjunction with those of Mynegtial., (1997) and Menzel et al., (2000). But gethin

the end of the growing season is less pronounceshwbmpared with the higher temperature in thengpri
season (Menzel et al., 2000; Zhang et al., 2006).
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Regarding the relationship between the integratd@Mand the autumn anomaly, there was an incraase i
the integrated MTCI values during this period. Aseault of the early start and a delayed end afirant
season in the corresponding years, a longer leaftirowth was found in 2004 and 2005 due to the
autumn anomaly (Almond et al., 2007). As a resultirecreased integrated MTCI values were observed
within the “needle- leaved evergreen forest”. Thesult corresponds to the longer period where the
vegetation maintains a productive scale up to allaad stays for that period till the autumn staatsthe
integrated MTCI composite acts as a bio- indic&omet primary productivity (Curran et al., 200Thus,
higher vegetation productivity appears to be a tioncof earlier onset of seasonal growing seasons,
delayed end of growing season and summer air texhpes (especially for broad- leaved deciduoussfpre
and in addition increased photosynthetic leaf &nédch is difficult in the case of needle- leavegyreen
forest). This observation can also be related ¢ostindies done by different researchers who reghahtzt
global warming due to temperature anomaly and gpfrenomena such as Mt. Pinatubo effect let to an
increased net primary productivity (Keeling et1896, Lucht et al., 2002; Nemani et al., 2003).

Overall, as a result of autumn anomaly and asstiphenomena, has revealed that delayed in thefend
the dormancy season of the vegetation has causedgar length of growing season, thus net primary
productivity of the terrestrial vegetation incregiséMuch of the studies on the climate- phenology
relationship from regional to global scales werscdssed broadly within the advanced remote sensing
technology, ecosystem and climatology analysis (@dyret al., 1997; Zhou et al., 2001 and Nemani.et a
2003). All these studies were conducted usingdhg-lterm vegetation and climatic data (up to ntbex

3 decades) highlighting the need for a long- temaestigation of the complete phenological cycle asd
pattern. On the contrary, this particular study wassducted using the comparatively short- term gté3
years i.e., 2003, 2004 and 2005). Though, the teeané in the line with the above mentioned ingesdtrs
even using the short- term analysis. Most of thetselies posed a greater challenging in deriving the
different levels and magnitude for the vegetatiberwlogy (Piao et al., 2006). But, they all linkga their
results based on various assumptions and factafs as difference in temporal and spatial scales and
focusing on different species and different phegial variables such as Start, dormancy and leofithe
season (Walther et al., 2002).

4.3. Comparison of Vegetation Productivity from PnET Model and Integrated MTCI
Composite Values

The results regarding the relationship betweenvdgetation productivity using the PnET model angl th
time- series integrated MTCI Values showed a strpogitive relationship within the “needle- leaved
evergreen forest”. But both the productivity hasirailar relationship in both positive and inversighwthe
spring and autumn anomalies during the study pefiibis relationship could be counted as a resuthef
early start of onset of greenness during the smimgmaly and a delayed end of the growing seastimein
autumn anomaly (Aber and Federer, 1992). Thougheiationship between the two output maybe weak in
certain cases, both have a positive/ inverse oglshiip with the temperature anomaly. Hence, areass

in the net primary productivity was observed boithim the temperature anomalies and this maybetdue
the longer length of growing season (Zhang e2804).
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5. Conclusion and Recommendations
51. Conclusions

There is an increasing demand for understandingramwitoring the plant phenology using the satellite
remote sensing technique when highlighting itsratBon with the large scale impacts of global elien
scenario on terrestrial ecosystem. These have pesimsubstantial new scientific investigations in
seasonal- to- decadal scale dynamics in terresteigétation and are gaining importance in the ocdraé
global change. Space- borne measurements providegthanism to study in different spatial and terapor
observations from plant- specific to global scemafi vegetation phenology. Due to the increasingrast
amongst the scientific community in context to glblivarming, there is an increase in the accurate
estimation and capturing of the vegetation phericldgycles. Keep view in this context, this pantar
study aimed to highlight the short- term tempemtanomalies using the meteorological data and to
determine their influence on natural vegetationnoiiegy and its productivity as captured by remotely
sensed data in the parts of the United Kingdom.

In this the objectives have been addressed in aeseq order. The first objective was to estimage th
vegetation phenological variables and its proditgtiusing composite MTCI time series from 2003 to
2005. The different phenological variables (stdrigmwing season, end of growing season, length of
growing season and Integrated MTCI Values) werémegéd for the natural vegetation types such as
“needle- leaved evergreen forest”, “mosaic of fosdsub land and grassland” and “grassland”. Hseilt
shows that the “needle- leaved evergreen fores#sdexhibit a fairly low integrated MTCI value range
across the UK. This was due to the short lengtgrofving season but a higher net primary produgtivit
was observed in 2004 and 2005 both in spring andnau seasons than in 2003 due to early start of
greenness and delayed end of growing season dinergfudy period.

The second objective of this study was to compatevéen the vegetation productivity derived from the
composite MTCI time- series and the PnET modelnfeedle- leaved evergreen forest. The results ef thi
particular study highlighted that a strong positredationship does exists between the integratedCMT
composite values and the PNnET NPP foliage.

The final objective of this study was to investeahe impact of the Temperature anomaly on the
productivity of “needle- leaved evergreen foresérided from PnET model and the time series MTCI
Composite. The temperature anomaly and its zoreditot were derived from the meteorological records
of Met Office, the UK. Eight positive anomalies atweb negative anomalies were identified in the regpri
and autumn seasons across the country. The resehls that the relationship between the modeliqgest]
monthly NPP foliage and the positive anomalies waty strong in 2005 than the preceding years it bot
the spring and the autumn anomalies.

When compared with the Integrated MTCI time- sedegositive relationship does exist with the spring
and autumn anomalies and a higher net primary ptodiy was observed in 2004 and 2005 than in 2003
for both the spring and autumn anomalies due tiieeatart and delayed end of growing season.

Further, investigation within the “mosaic of foresgith either Shrub land or grassland” will be cadriout
and looked into the responses by different vegatdiipes.
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In conclusion, the findings can be summarized as:

= The estimation of vegetation productivity using egrated MTCI time- series
(Composite) data was successfully possible.

= A strong positive relationship exists between th&™P derived net primary productivity
of foliage and the integrated MTCI / net primarpguctivity.

= Short- term temperature anomalies resulted in ®ogmt influences on vegetation
phenological variables (led to an early start @fegmess, delayed end of growing season,
extended growing season length and increased odtgtivity).

= However, the vegetation phenological variables wedTemperature anomalies follow a
similar trend between them. For instance, durirggiring anomaly, there was an earlier
start of onset of greenness within most of the tagm type in all the years and
similarly, a delayed in the end of the growing seawas observed in the positive and
negative autumn anomaly, but the magnitude wasr@ifit in different years.

47



5.2. Recommendations

This particular study reveal that the short- teemperature anomaly have a considerable impacts on
vegetation phenology/ productivity that are in eogtion with those using the long- term global mean
temperatures.

These findings are encouraging but the particulatysmay have the following limitations.

= Phenological Variables: The method for estimatimg different phenological variables is
not validated with the reference ground data, #asimed to be not perfect as of now.

= Model Limitation: Some of the parameters such asops variables (leaf N
concentration, FolReten) and Site Variables (sushSaowPack, Water and Carbon
components in wood/ bud/ plant) were not considenexberly but are used as it is per
the model guideline due to lack of ground data.rEvlee Atmosphere/ Deposition
Scenarios (Ozone, Gowere also not considered equally.

= The vegetation type/ species — specific in the redes not perfectly defined in this
study.

= There are spatial inaccuracies amongst the ingatfdathe PNnET model.
= The soil data for estimating the water holding ciiyavas quite course for such study.

= There is a limitation in the model output equabtdy 2000 pixels, otherwise would have
produced a spatial NPP Foliage map of the UK f@32@004 and 2005 respectively.

Thus, there is a need for improvement on the almitesl limitations in order to meet the demand for
accuracies.

Furthermore, certain points are also encouragethéfuture work keeping view of the present firgdin

= A detailed and broad perspective studies that taketo account all the climatic
parameters (temperature, precipitation, frost aoil sonditions), ensuring that the
observed in the vegetation phenological variables iafact only due to the extreme
temperatures.

= Investigating the response of vegetation phenolqg@ductivity with the Integrated
MTCI time- series, model output and ground datdnhie climatic anomalies, in order to
capture the predictive model.

= Investigating the response of vegetation in terfnph@nology/ productivity for future
climate change scenarios using the predictive émuaterived from ecosysytem model
simulation.
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