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Abstract: Research on global climate change requires plant functional type (PFT)
products. Although several PFT mapping procedures for reseotEng imagery are being
used,none of them appeato be specifically designed to map and evaluate PFTs over
broad mountainous areas which are highly relevant regions to identifparatgzethe
response of natural ecosystenid/e present a methodology for generating soft
classifications oPFTsfrom remotely sensed time serigst arebased on a hierarchical
strategy by integrating time varyirigtegrated NDVIand phenological information with
topography: (i) Temporal variakiyi: a Fourier transform of a vegetation indét@DIS
NDVI, 2006 to 2010). (ii) Spatial partitioning primary image segmentation based on a
small number of thresholds applied to the Fourier amplit(d® Classification by a
supervised soft classificatn stepis based on anormalizeddistance metric constructed
from a subset of Fourier coefficients and complimentary altitude data frahgital
elevation nodel Applicability and effectiveness is tested for the eastern dibRlateau.

A classification nomenclatureis determined from temporally stable pixels in the
MCD12Q1 time seriesOverall acuracy statistics of the resulting classificatreweal a
gainof about7% from64 4% compared to 57.7% by the MODIS PFT product
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1. Introduction

Plant functional type (PFTs) aregrougs of plants defined according to several factors, including
their functiors at organismic level, their responses to environmentabfgactand/or their effeston
ecosystemgl]. This is particularly relevant for monitoringresent state angdossiblechangs in
mountainousareas which fisupport many different ecosystems and have among the highest species
richness globally. Furthermore in semi arid and arid regiorsf the Tibetan PlatealPFTsplay a
significant role in biospheric carbon storage and carbon sequestrBios it is not surprising that
these areas aexpected to experience most severe ecological impacts and, therefareursted as
highly vulnerablg 2].

Therefore, eliable information about the geographic distribution of major HRTeese regionss
necessaryTraditional land classificationsare biomebased andarbitrary products othe classifying
scheme rathethan exising natural units[3]. The key distinctionbetweenbiome versus PFT
classification is that the latter atterapd unmix mixed pixelsThat is,abiome classuch agisavanna
needs tobe decomposed into proportions of component plant types, grass, broad leafetcees
However,representing vegetatidoy patches of PFTs reducspecies diversity in ecological function
to a few key plant types whose leaf physiology and carbon allocateknown Thusanalyss of
composition and function of ecosystems in a changing envirorememossibleThisPFT concept has
gained favoralso amongt modelers who are trying to predict how vegetation will respond to the
effects of climate change.

At present there are three PFT classifications available: (i) Global PFT da@setbtained from
satellite based prodwgtthey are produced by the Moderate Resolution Imaging Spectroradiometer
(MODIS) Land Teani4]. (ii) PFTs are also extracted from already existing land cover datf8 $&i8]
and, finally (iii) PFTs are derived from Regional Scale Multisource Evidential Rea$8hingingremote
sensing technique® map higher accuracy regional PFFer appliciion to the complex structures of
mountainous areas like the Tibetan Plateau these mappingsiitatens as specified below.

PFT products are generated as one of the five MODIS Land Cover products, for which the decision
trees classification method issed. Several studies have demonstrated the utility and advantage of
decision trees in land cover classification from regional to global sfdeEl. Moreover,Strahler,
Muchoney, Borak, Friedl, Gopal, Lambin and Moddjynote that the International GeosphBiesphere
Program (IGBP) classes can bdabeled orficrosswalked to provide compatibility with current and
future land cover classification systems. However, Snal. (2008) indicate that the error
characteristis (such as magnitudes, spatial and temporal variation) of the MODIS PFT products have
not been fully characterizedn addition, detailed inbrmation on how tdicrosswalko to the PFT
classes are not releasgl®]. Finally, investigators extracting PFTformation from preexisting land
cover maps pioneered the development of PFT data sets over broad areas, andhsslinettod in
recent researclHowever, his PFT information from preexisting land cover mapgredominantly
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used inglobal scaleanalysesising relatively coarseesolution andinvestigators are frequently forced

to make assumptions about missing informafiba2]. When several land cover maps are requioed
producing PFT, compatibility among those maps will be an issue. Mameopdating such PFT data
sets could not be independent fropdating land cover maps. (iii) St al. (2008) present a method

of multisource mappingf PFTs using a suite &ODIS products which improve theverdl accuracy

and kappa statistif®]. However, they also note that evidence reasoning could not solve the issue of
incorporaing regional variations in the spectral and morphological characteristics of FRak s,

the method could nobbtain a classification procedurtor mapping over larger geographic areas
(like continents.

Representativenformation on the time evolution of remote sensing and vegetation datasdis
employedto characterize vegetation typesd therebyavoid climate induced phenological shsft
These ¢mporal trajectory analyses acenvenientlygrouped intdfour categorie§13]: (i) quantifying
differences in time series value@i) accounting for temporal correlation and rstationarity
(i) measuring temporal correlati@and, finally (iv) implementng a natural set of harmanmodes
This Fourier mode decompositiors advantageous areaswhere human activity is limitedyhere
strong periodicities existfThus it could be usetb filter nonsystematic nois@and to separate spatial
variations fromtemporal variability as demonstrated in applications to spectral satellite images or
derived vegetation indices and biophysical produetspécially Normalized Difference Vegetation
Index,see[14i 19)).

PFTs inmountainous areawhich, to our knowledgehave not been subjected to this analysis
techniqueis the focus of this study.hat is comprisinghierarchical and soft classificatigriacluding
digital elevation informationand appling suitable measures of similarifpetween candidate pixels
and eference typgslead toa novelcombinatorialapproachto map PFTs in mountainous regians
The methodology, data used and processing procedure is preségetian2, followed by an application
to the Eastern Tibetan Plate@e¢tion3), and aliscussion concludes the analySesd¢tiord).

2. Methods ofAnalysis

Datasets and the strategy of improving the PFT classificatienintroduced in the following
The scheme used in this study is similar as the one used in the standard MODIS PFTs produc
evergreen needle leaf trees (ENT), evergreen broad leaf trees (EBT), deciduous needle leaf tree
(DNT), deciduous broad leaf trees (DBT), shrub, gr&sseal crop and broadleaf crop are combined
to crop (CC) barren or sparse vegetation (Bt without snow and ice (Sl), urban and builp u
types, which are out of scope of the BEistribution For simplicity,thetypesusedwill be referred to
by their initials.

Three data sets are used as inputsch include five year of halmonth dataof MODIS NDVI
(MOD13A1, 2006 to 201)) five year of annual data of MODIS PFT (MCD12QA006 to 201))
andthe Shuttle Radar Topography Mission (SRT&gvation data: (i) MOD13A1l data is provided
every 16 days at 500 spatial resolution as a gridded le@eproduct in thesinusoidal projection.

These are global MODIS vegetation indiceslesigned to provide consistent spatial and temporal
comparisons o¥egetation conditionsThey areclosely related to percent green cquée fraction of
Photosynthetically Active Radiation (fPAR) absorbed by vegetation and, therefore, to gross primary
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productivity as demonstrated by satellitesed analyses of land sacé vegetation[20i 22].

(i) MCD12Q1, the MODIS Terralus Aqua500m resolutiorLand Cover Type producincorporates

five different land cover classification schemes, derived through a supervised d&eison
classification method. PFT product is generated as one of the five MODIS Land Cover products.
The PFT productis used for comparability and training afoft classification determined from
temporally stable pixels in the MCD12Q1 time series (temporalute®o of oneyear).(iii) SRTMis

a global digital elevation model (DEM)pearheaded by the National Geospdtitdlligence Agency
(NGA), NASA, the Italian Space Agency (ASI) and the German Aerospace Center (iattR0

meter resolutions for the wor[@3].

The SRTM dataset in this study is resized according to the spatial resolution of MODIS product by
nearest neighbor resampling in ENVI softwa@eme geostatiecal approach would probably generate
more accurate outcomes for relief data than neamdghinor resampling24]. But considering both
efficiency and specific study regions, we choose, insteadgefstatistical approach, nearest
neighborresampling Previous records support that the hierarchical approagém coupled with
coarse DEMnformation, is effective in increasing the accuracy of vegetation classification over very
rugged terrairj25].

The validation dataset are provided by theve get at i on Map of the Peo
(1:1,000000, field survey,andfor simplicity referred to as Chingegetation Map in the following
and by Makehe Forest Regionegetation map(1:50000, field surveycompleted in late 2009
see Section 3). The China Vegetation Map26], completed in late 2007, describes vegetation
distributiors, including 11 vegetation type groups (such as broadleaf forest), 55 vegetation types
(such as temperate deciduous broad leaf trees) and 960 vegetation species (such as pine, spruc
oak and smn), which are usuallused asestingdata (see, for examml[27,29).

Fourier transform: The first step of the hierarchicsbft classificatiormethodology is to transform the
original image time series into frequency domain using fast Fourier transform gE€Equation(1)).

Each pixellocationin the original imagecontains aime serieswhich is a periodic signal. ThEFT
decomposeshe periodic signal into a set of scaled sine and cosine waves that can be summed to
reconstruct the original signaind can be used to transform any egsiant discrete time series.ft
The Fourier transformed components of NDVI time series to segment remote sensing hard vegetatior
types are successfully reported in the previous res¢seehintroductionand is given by:
. 1 vt 2
0Q = 5 PzQ T Q)

0=0

wheret is an index representing NDVI layer numbkiis thet" time series valuek is the number of
Fourier componentor harmoni¢ andN is the total number of layers in the time series. According to
Euler's formuldd® = cos—+ "®in— Equation (1) can be dgcomposed 1nto a set of cosine (real part)
and sine (imaginary part) wave¥Q = %B&Ol“gz [cos(%) e Gb)]. The cosine and sine

o

pars, '@, = %B&Ol "Q? cos(z“oj) and"c= %BQ’F(} "Q? sin(z“bﬁ) provide amplitud®o= " + "G

Y
and phasé&gn = arctan (%29 of each harmonic.
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Classification: The classification procedurtollows a stepwise ikrarcly from broad spatial
partitioning to a detailed soft diagnastj which requires a metric tstenate the similarity between
reference anccandichte pixels.Similar to a topdown hierarchical classification, we consider a
multiple stage process in which broad categories are separated first and finer categoridsagithin
categories are further classifiafterwards

By setting a threshold value for the amplituiewe define broad categories (threshold values are
set according to the mean, standard deviation, and especially standard error of-ylearfid®dVI
avemlge, details ifSection3). Ay representgshe amplitude of the average NDMwhich is closely
related to the biomassformation of land surface vegetatiof29]. Similar amplitude Ay types are
separated first as broad categories and detailed PFTs Witad categories could be further separated
by different phenological and elevation information

The ®ft dassificationsatisfies characteristics 8FTswhich (compared with hard classes, such as
fisavann@) are proportions of componertdf plant types,grass, broad leaf treesic. Transforming
input time series into partitioning frequency regions is a critical step for combining simégrated
NDVI and phenological information. Due to its generality, the theory of transforming and partitioning
doesnot specify how to compute similarity measures of PFT9i®servingtheir soft attributes
Therefore,soft classificationis introduced in this studip enable a better mappidgehavior of land
surface PFTs, particularly regarding points that are challewggbecause they lie on transition or
mixed zoneq30]. In summay, soft PFT similarity measuresare implementedollowing the three
subsequent steps.

Stepl: Extraction of persistent PFT pixelBraditional reference selection requires ground truth or
visual interpretationbutwhich are untypical for the 5061 resolution MODIS products. Our reference
selection considers pike(from 2006 to 201MODIS PFTs produc)svhich consistently belong to the
same PFT over theyear period to be representatifée persistent pixels of each PFT selected in this
step are used as a mask to generate mean reference vectors of each PFT in the next step.

Step2: Reference vectsifor individual PFTsin this paper, each pixel ieferred to as candidate
pixel, conténing the same number of values as number of lay®ergector is introduced for each
candidate pixel to record those valu€bus the dimension of a vector equals to the number of layers.
Among candidate pixels, thod$er reference are persistent pixelexted fromStepl. A reference
vectoris amean vectomcludinga set of mean values, each of which represemean of a particular
PFTin ainputlayer, such as amplitud®&x, phaseé®HIx and elevationThe mean value for each layer is
computed byfirst summing all data value of the pixels corresponding to a BRd then dividing the
sum by the number of pixels in thatask For example, suppose we select the first 15 amplitAdes
and phasePHlI, include digital elevation data and the amplitddewe obtain 32 layers; that is, the
dimension of a mean vector for each PFT yields 32.

Step3: Similarity measure: The distance from each candidate vector to this mean vector of each
PFT clasgi) for each layer is calculated as:

Q= [ Do O DBUggn 12 @
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wherePVyy iayeriS the pixel value at locatiofx,y) on a particular layeMMEAN jayeris the mean value in

a PFTmaskon the same particular layer. In this way, each PFT is defined by a mean reference vector.
The distance metrics a scale insensitive metric whiehill not be over dominated by large range
layers such asA, and thedigital elevation modeldue tosubtracing a mean PFT vecton associated
spatial portioning regiong he measure of similarés betweera mean reference vectors and candidate
vectos are based amormalized distansgEquation(3)):

1
EELG O Gy = =21
U T Buun o )
Q

whered is the distance of a candidate pixel from the mean vector of a PFTi;atesmalized (¥ is
an indexdescribing the candidate pixel belonging to clagy converting distance to scaleO~1
If the vectors are identical (tlein Equation(2) is 0), in this casan such a case th@rmalizationof
Equation(3) is assumed to return 1.

3. Application of the Hierarchical Soft Classification: Results forEastern Tibet

The eastern TibetaPlateauFigurel) covers a large part of the Eurasian continent (25N to 38N,
88E to 105E); it comprises topographically, biologically and climatically complex areas. The
elevation ranges from 120 to more than 7200 m and the average altitude is &88@m. Several
major rivers originate there, including the Yanu Zangbo River, Lancang River, Nu River,
Yellow River, Yangtze River, Dadu River, Min River and Jialing River. Biologically, due to the
integrated influence from latitudinal, longitudinal aalttudinal zonality, land cover types show a rich
diversity (Figure 1).However,the Tibetan Plateau not only has unique climatic conditions and
physical environment, but is also sensitive to global change, which makes a very fragile environment
for vegeation growth.Climatically, high altitudes are associated with relatively temperatures and
very strong gradients31]. It contains five provinces of China, including the whole Qinghai province,
part of Xizang (Tibet), Sichuan, Gansu and Yunnan progince

Suitably employing the tools introduced in the previous section provides a two level hierarchical
classification scheme to stratify eastern Tibetan Plateau into smaller mapping categories and to
describe detailed variation of PFTs within smaller mappatggories.

First level classification (Fourier transform and spatial partitioningjfter Fourier based
decomposition, we define four broad categories (as first level) by setting thresholds for the amplitude
Ao according to the mean, standard deviation, and especially standard error of eadNaR&Tor
snow and ice (category®, < 0), these type are is should to show no vegetation, that is, the average
NDVI ~ Ag is supposed to be belo®; barren or sparse veigtion (category2, 0 &, < 1000); grass
and part of shrub (category3, 1000As < 4000); the rest (category4, > 4000) with five types
(see Figure 2a)Generally,standard deviation is a measure of dispersion within a data set whereas
standard errorsi considered to be the level of error (dispersion) of the data from a population mean.
Therefore, standard error in Figure 2a indicates that each PFT sample is representative for a
population. Besides standard error, Table 1 presents accuracy assessmgeandem points for the
four categories. Ther oducer 6 s and forhhe four sakegoles areaaused to Suppmt te s
selected threshold. FigurebiZ shows the spatial partitioning results according to the setting of



Remote Seng014 6 3517

threshold values, whichre generated to keep the detailed PFTs mapping from being dominated by
large range layers such Ag

Figure 1. Geographical setting of eastern Tibetan Plateau (China) including five provinces
of China: Qinghai province, part of Xizang (Tibet), Sichuan, Gansu and Yunnan provinces.
Several major rivers originate there, including the Yanu Zangbo River, Lancang River,
Nu River, Yellow River, Yangtze River, Dadu River, Min River and Jialing River.
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Figure 2. Spatial partitioning (first level of hierarchical soft tirapace classification)a) illustration of the mean standard deviatiamd
standard erroof amplitudeA; for each PFT{b) four broad mapping categories segmented by amplitude threshpI(§ categoryl with
nonvegetation;(d) category2 with barren or sparsely vegetatejirategory3 includes shrub or grafy;category4 includes the remming
five types. Vegetation types represented by initials: evergreen needle leaf trees (ENT), evergreen broad leaf treesd&®BiE) heedle leaf

trees (DNT), deciduous broad leaf trees (DBT), crop (CC), barren or sparse vegetation (BSV).
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Second level kassification: The following second level ohierarchical classification empte data
from the Eastern Tibetan Plateawithe stegby-stepbasisintroducedabove

(i) Selection of reference(persistent) samples for supervied classification is commonly
accomplished in three waysy (1) ground truthobservation(2) visual interpretation of thebserved
imageand(3) usinghigher spatial resolution satellite imagBefeence samples from ground truth of
complex topographylike the eastern Tibah Plateay lat x long & 13 x 17 degree} are untypical
Likewise, visual interpretatioof NDVI time series ificluding the digital elevation information)
is uncommonif only theinputs of this studyre usegfinally, reference samples selecteadm higher
spatial resolution satellite imagedten require aoo sophisticatedlata fusionprocess Therefore,

a novel procedureis introducedto oltain reference samplef®r complex nountainous regios)
which is flexible, robustand easy to applyAssume that the accuracy of those pixels persistently
belonging to the same PFT in five yearsudficiently high to represent the unique pattern of a distinct
PFT. Then dita fusion is nohecessary because both of the two prod(MDIS PFT and MODIS
NDVI) share the same spatial resolutiomorlinate systengndevensatellite In addition smoothing

by spatialaveraging(Section2) enhancs the ability for reference samples poovide a distirct and
representativé’FT. It appears that, amonifpe selected pixelsjone of thembelongsto Deciduous
Needle leaftrees. Thereforeit will not be considered in the detailed PFTs mapping proicesise
following case studyThe ranaining five @ sevenPFTs are taken as examplegich arerepresented

in terms oftheir most relevanFourierharmonicsandby their living elevation situatio(Figure3).

The following points are noted: (i) Harmonic mode represents complete cycles over theafive
time series. That is, the annual cycle shows large amplagdEigure 3a). (i) Vegetation elevation
attributes (Figure 3c) the altitude living order for PRi@M high to low levels: evergreen needle
leaf > deciduous broadleaf tree > evergreen broad leaf tree. (iii) Annuatasamal and onthird
annual crop modes are represented bystheamplitude component, thEOth amplitude component
and in thel5th amplitude omponent, separately (Figurgi3). (iv) The phase information shows a
large variability for each PFT, representing the large Haterual fluctuation in the phenological
profile of a specific PFT (due to different climatic conditiordifierent parts of the study area).

(i) Reference mean vectors (and representative layees)selected according to their ability to
discriminate different PFTs. First, integrated ND&inplitudeA,, contains information about the time
mean characterists of different PFTs. For example, in long time setles integrated NDVIof
evergreen broadleaf tre€gtegorydin Figure 2a) is greater than of deciduous broadleaf Negt,
the amplitudes of the annual, seamnual and onéhird annual modes providsupport for
discrimination of PFTs (see standard error, the level of dispersion, in Figuie &)is study area,
the semiannual vegetation mode appears to be sufficient. Finally, the digital elevation model can also
improve the accuracy of PFTs mapgi because each PFT may show a distinct upper and lower limit
of plant growth. Now, a reference spatial average for each PFT is determined from all representative
layers; the phase information is not considered due to the large spatial and/anmitakariability of
each PFT.

(i) The similarity measurés based on the differences of integrated NDVI, phenological and
altitudinal behavior between a reference mean vector of each PFT compared with the candidate vector
using the normalized distancEquaion (3)). Two vectors of better match in all layers have a greater
normalized distance value. It is worth noting that the study area is divided into four categories where
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potential vegetation type is different as demonstrated by the normalized distance of PFTs (Figure 4,
note thatCategory2 is assigned into a single Type, Categoryl is out of the scope of vegetation
classification, thus, both of them are not shhwn

Figure 3. Mean and standard deviation of each PFT{anamplitudeAs; (b) Phis; and

(c) DEM; Mean and standard deviation of different cropgdnAs; (€) Aio; (f) Aws. For
simplicity, vegetation types represented by their initials: evergreen needle ledENXGgs
evergreen broad leaf trees (EBT), deciduous needle leaf trees (DNT), deciduous broad leaf
trees (DBT), crop (CC), barren or sparse vegetation (BSV), annual cfppmsédiannual

crop (G), third annual crop (§. The amplitudes peak of the annuadms-annual and
onethird annual modes provide support for discrimination of PFTs (see arrows)
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Figure 4. Normalized distance between reference mean vector and candidate pixels of
Category4 (a) evergreen broad leaf tregt;) evergreen needle leaf tre€s) deciduous

broad leaf treeg(d) shrub;(e) cereal crop andf) broad leaf crop in category4g) grass
and(h) shrub.
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