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Abstract: This study introduces a new geographic framework, phenological classification,
for the conterminous United Statebased on Moderate Resolution Imaging
Spectroradiomete(MODIS) Normalized Difference Vegetation IndeX@VI) time-series
data and a digital elevation mod&he resulting phenolass maps comprised ofi0 phene
classes, each having unique phenological and topograpti@aracteristics
Crosscomparison of the pherclasses with the 2001 National Land Cover Database
indicates that the new map contamdditional phenological and climate information. The
phenaclassframeworkmay bea suitable basis fahe development adin Advanced Very
High Resolution Radiomete(AVHRR)-MODIS NDVI translation algorithmand for
variousbiogeographic studies.
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1. Introduction

Phenology is the study of the timing of reangrbiological event$l] and examines the causes and
consequences ofidiic and environmental interaction®henology is usually influenced by
photoperiod, precipitation, soil and air temperature, solar illumination, and otharotifeolling
factors[2-4]. The phenology of ecosystenand its connection to climate is a key to understanding
ongoing global climate and land surface chan@sPhenology has historically been studiesing
groundbased observations of the timing of vegetatnd animal phenghases such as germination,
flowering, hibernation, and bird migratiorSatellite observations provide continuous spatial and
temporal coverageenabling scientists toassess and modekeasonal dynamicand phenological
variability of lands@apes acrosdarge area[6-16]. Time seriesof NDVI dataderived from visible red
and neatinfrared band$17] have been used to calculateenological metricgl2,13,1518].

Regionalization is a geographic or spatial type of classification that identifies, generalizes, and
maps landscape patterfis9,20]. The outcome of regionalization is a geographic framework that
reduces the complexity of the domain to something that is more manageable and understandable. Fc
example, the United States has been subdivided into ecord@i@2]. The United States was also
classified into land cover classes by the National Land Cover Database (NRERjsing Landsat
Thematic Mapper datdBoth approaches produced very different geospatial characterizations of the
same landscape, and both have proven toabgakle to the user communityet another way to
subdivide, generalize, and charactetemedscapes is by using phenology. Recently, Wtital. [24]
developed a global phesregion database as a geographic frameworksfodying global climate
changeWhite et al.[24] used8-km AVHRR time serieNDVI data (19821999)in conjunction vith
an eightelement monthly globatlimatology to generate global pheregions representing regions
with a minimized probability of nowlimatic forcing. Hargrove et al. [25] recently derived 15
phenological ecoregions based duasteringthe similarities infive years (20022006) ofcumulative
MODIS NDVI data Each year consists of 22 cumulative NDVI images based on the 23 composite
periocs per year.

AVHRR NDVI data have been proven to be valuable inputs for operational monitoring (e.g., fire
danger monitoring, phenology, and drougiif2,2627]. Although the MODIS mission (aboard Aqua
and Terra pldorms) is primarily research oriented, a similar opportueiysts to use these data
streams for monitorin{8,29]. MODIS datahave high spectral and spatial resolutions pryide an
important bridge to thepcaning Visible/Infrared Imager Radiometer Suite (VIIRS) misgi80,31]
because of the very similar radiometric characteristics between these two s@mswecterizing
multi-sensor longerm timeseries vegetatiomdex data and crosensor continuity is importafi32]
for monitoring climate impacts on vegetation response (eegetation drought monitorifgSatellite
vegetation monitoring oftemelies on establishindpaselines fromNDVI time series to measure
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seasonal andinterannual variability as deviations (or anomalies) from the established
baseline$7,27 33].

Phendogical classfication, which characterizes and stratifitee land surface based on similar
phenological patterns, may be a logical choice and suitable basig foulti-sensor (e.g.,
AVHRR-MODIS) NDVI datatranslation algorithmo seamlessly extertthie U.S.NDVI data record
This translation algorithm considers interannwariability and seasonality of biotic responses to
adjust the crossensor continuity translatioaquations and requires information about the spatial
heterogeneity of a representative range of land surfdtestranslation algorithm will be based on
eachphenaoclassandwill be used to extend the MODIS data record back to 1989 by tying it to the
AVHRR NDVI data record. The resulting extended time sedas be implementedvithin an
operational vegetation drought monitoring syst88]. He r e , we use -dlhas steesrom
describe the regions identified by similar phenological patterns. These-plasses have unique
spectral and temporal signatures.

The main goal of this stydis to introduce a new geographical framework that identifies a set of
regions with similar phenological patterns (or phetasses) based on land surface phenological
metrics(timing andmagnitude of NDV) and elevatiomgradients A similar approach by Bfrgrove[25]
created fewer phendasses and isased on statistical clusterin five years of seasonalmulative
NDVI values without usg explicit timing metrics We first describeéhe methodology for generating
the phenaclassmap for the conterminous United States. Then we evaluate the characteristics of the
new pheneclass map by comparing it tbe 2001 NLCD land cover m4p3].

2. Study Area and Datasets

This study focused on theconterminous United Stateend usedMODIS 16-day tkm surface
reflectance datdViOD43B4, Collection 4) for generating phenological variables and devel@pitne
phenoaclass map.The MODIS surface reflectancelata were obtained from the Land Processes
Distributed Active Archive Center [34]. NDVI values were calculated according tdhe
following equation

NDVI = I'nir ™ ! Red (1)
rNIR + rRed

where} regand} nir are thereflectancevaluesfor MODIS bands 1 (62670 nm) and 2 (84B76 nm),
respectively.The 16day NDVI composites were sequentially stacked to generdieeayear (2000
2004) time seriedNDVI time-series data werBltered by the bandjuality flags andhen smoothed
(i.e. filtered) using a weighted leastjuares approach to reduce any residual atmospherid8%jse

Because elevation and corresponding vegetation gradients strongly influence phenological
cycles [36/41], we incorpoated a USGS -km DEM data for the conterminous United States to
characterize topographic effects in our phenological classificdtaond cover type data were obtained
from the 200INLCD [23], which is lased on multiple Landsat data transforms, elevation data, and
ancillary data at a nominal resolution of 30 Anl1-km ecoregionmap generated fronthe Omernik
level Il ecoregion dat§21] wascompared with the newly developed phat@ssmap The ecoregion
framework divides the landscape into a series of geographic regions with similar ecosystems and
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environmental resources that were identified using both biotic (e.g., vegetatt wildlife) and
abiotic (e.g., climate, geology, hydrology, land use, and physiography) criteria.

3. Methodology

Our phenological classification methodology for the conterminous United $tateisted of three
steps.First, nine phenological metriegere derived fronthe five years (2000 2004) of 1-km MODIS
NDVI data We used software developed at the USGS Earth Resources Observation and
Science (EROS) Center to calculate these metrics. Second, principal component analysis (PCA) wa:
applied to the deved metrics and elevation values usiByVI software (ITT visual Information
Solutions).Finally, iterative seHorganizing data analysis (ISODATA) clustering was performed on
the six principal component (PC) bands to generate the pites® map.

3.1. Derivation ofPhenological Metrics

Land surface phenological variables were calculated based on the seasonality of the Ni3¥lidéisne
data using a delayed moving average (DMA) me{i@d.3]. The nne phenological metrics used in the
analysis were stadf-season time (SOST), startseason NDVI (SOSN),nel-of-season time (EOST),
endof-season NDVI (EOSN), maximum NDVI (MAXN), maximum NDVI time (MAXT), duration of
season (DUR), amplitude of NDVI (AMP), and seasonal time integrated NDVI (TIN). To reduce noise
and missing values (e.g., where no start of seagas identified in the data) and to charactetiee
Anor mal O ofpthe&andsurfacgvg calculated median valugem thefive years of data for each
of thephenological metrie

3.2. DataNormalization and Bncipal Component Analysis

Because bthe large variability of the units and ranges of the nine phenological metrics and DEM
data (e.g., the data for SOST ranges from 0 to 365 days and the data for the DEM ranges from O tc
14,018 ft), data normalization for tlmene phenological metrics aride DEM data was necessary to
allow these datasets to be comparahke, (in a similar scale). This also resulted in a more even
contribution of each input data layer into the principal component analbkisiput variables were
transformed to comparablinits using a-score:

z- score= 2% (2)
s
where x, x, and O represent each data value, dataset mean, and dataset standard deviation,
respectively.

In order to reduce noise and data dimensionality, we B§2Ito geneate new uncorrelated PC
variables for clustering37]. The PC bandsvith very low eigenvalues usuallepresat less data
variance and more noisessociated witlthe original dataln our analysis,He first six PC bandghat
contained more than 99% of the total variance were subsequeadyrusur classificatiarRegionsof

waterand areasutside of the contminous United States wengasked outn the six PC bands.
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3.3. PheneClassDerivation Using Unsupervised Isodata Technique

The ISODATA unsupervised classification is a widely used clustering technique that classifies all
pixels based on iteratively rdcalating the cluster meang8]. In this study, we applied the
ISODATA classifcation method to generate thegmaclass map for the conterminous United States
Since the number of classes created by ISODATA is a user specified input, criteria to determine that
number are helpful. We tested different numbers of plotssses (e.g.25, 30, 40, and 50) to
determine the optimum number of pheriasses.

3.4. Evaluation oDerived PheneClass Map

To evaluate the final U.S. pheftass map, we comparédto the 2001 NLCDmap[23] and he
Omernik ecoregions mag2lland computed Minnickébés coefficier
between the phenrdasses and vegetation cover clasbés.n ni ¢ k 6 s (Cg),omdi€hfepresere n t
the fraction of how much two classes overlap to overall union of the two ¢lésséso calculated to
identify individual class associatioft39,40]:

c - A/EB
" ACB- (AALB)

3)

where AAB is the intersection of classes A and B (common area) A@#lis the union of A and B
(areas in A or B as well as areas in both A and B).

4. Results andDiscussions
4.1. Examples of theive-Year Median Phenological Metric Maps

Figure 1 shows some examples of key phenological metrics (SOST, EOST, SOSN, and EOSN) and
the DEM map used to generate the phelasses. Specific phenological and DEM patterns within the
conterminous United Stataseapparent in §ure 1. For example, the median stafHseason time for
the winter wheat region in Oklahoma and Texas is commonly in December, and tbEseadon
time for this region ranges from May to June.

4.2. PheneClass Mapfor the Conterminous Uited States

Iterative testing of the number of phedasses indicated that many isolated points existed in the
western United States in the ISODATA classification when the number of jufesses approached

50. Conversely, onlyi3l pheneclasses represastt the eastern United States if the target number of
pheneclasses was less than 30. Based on the existing land cover patterns (2001 NLCD map) anc
abovetesting criterigvisually and qualitatively by balancing the number of phenoclasses in the United
Staks) we decided to use 40 phedasses withinthe conterminous United States fibis study.
Figure2 shows the final 40 phersdasses for theonterminous United Stat¢sne pheneclass is the
background) compared with the 2001 NLCD map and U.S. ecoregiong\maficeable feature is the
comparativelyhigh number of classes located in the western half of the United States cotopiued

east. A likely explanation for these two contrasting spatial patterns is the relatively large vaiiability
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elevation and cinate in the western United States. Elevation and corresponding vegetation gradients
strongly affect phenological cycl§36,41].

Visual comparisons between the phenological framework derived classes and the ZIDlaNd

cover classes show a number of similarities and differefr@@sexample, the Midwestern corn belt, a
region that is distinguished by both phenological and agricultural homogeneity, is similar in both
datasets. Conversely, differences can be seernht conifer forest class. As depicted by NLCD,
coniferforest is found across largeographic space and thrives in different environmental and climate
niches (e.g., southeastern loblolly pine forest angthswestern pinyofuniper forest). Our results
show that this one NLCD land cover clgge., conifer forest)contains multiple phenolasses. The

resul

ts

from our

i ntercomparison

and Mi

into the correspondence between phelasses and land cover classes (NLCD).

nni

Figure 1. Examples ophenological metri& maps derived fra MODIS NDVI time-series
data between 2000 and 2004. The DEM was used as a proxy for cl{g)aBOST and
EOST; (b) SOSN and EOSN; (c) TIN and DEM maps.
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Figure 2. US phenoclass mapderived fom the median of the &ear (20002004) of
phenological meics. The2001 NLCD mapwas used to guide theumber of ISODATA
classes. (a) Uphenaclass map(b) 2001 NLCDmap; (c) USecoregion map delineated
on theUS pheneclass mapn black.
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Figure 3. Mean values of ninphenologicalmetrics andthe DEM datafor representative
phenaclasses 7, 17, 27, and.3he rine phenological metrics includestartof-season
time (SOST) startof-season NDVI (SOSN)endof-season time (EOSTEnd-of-season
NDVI (EOSN), maximum NDVI (MAXN), maximum NDVItime (MAXT), duration of
season (DUR)amplitude of NDVI (AMP) and seasonal time integratd®VI (TIN). (a)

NDVI-based phenological metrics; (b) timibgsed phenological metrics and DEM.
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Some examples of thenique phenological and DEM features for several random selected
phenaoclasseqdi.e., pheneclasses/, 17, 27, and 37are shown in Figure 3. Thaean valuegor nine
phenologicalmetrics andDEM show both the characteristics and the basis for separating these classes
in this geographic framework. More -@epth analysis results for certain phatasses will be
presented in section 4.4.

Visual comparisons betweehet pheneclass map and the U.8coregions were performed in this
study. The ecoregions within the conterminous United States are delineated in black on the
pheneclass map in Figure 2c. Resultsos/ both the consistency and the differences between these
two maps. Foexample, phenalass 32, which represents the Midwestern corn belt in the plias®
map, is related to ecoregions A¥dstern Corn Belt Plaifls54 (CentralCorn Belt Plaing and 55
(EasternCorn Belt Plaing demonstrating the consistenafythese two maps. On the other hand, many
ecoregions contairmultiple pheneclasses (Figure 2c), revealing the differences between these
two frameworks.

4.3 Intercomparison oPheneClass and Land Cover

To provide further explanation of the phenol@iclasses, we performed amtercomparison
between the phendass map and the 2001 NLCD. The concurrent geographic overlaps for the two
systemsi(e., the percentage of land cover types in each plotass) are listed in Table 1. Percentage
ranges 2650% 51i 75%, and 76100% are highlighted in yellow, aqua, and pim&spectively.
Results from Table 1 demonstrate again treg land cover type will be represented by many different
phenaoclasses. For example, the main land cover type for pbkasses 8 ah17 is shrub/scrub cover
(~80% for each phendass). However, these two pheclasses have distinctly different phenological
and elevational characteristics (Figure 4). The geographic locations of these twecjassies are also
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shownin Figure 4. Thisllustrates how a single land cover class can exhibit multiple phenological
responses to environmental conditipnbmate variability, plant communities, and topography. As a
result of these differences, phedasses 8 and 17 (scrub/shrub cover) areraggghfrom each other

by this methodology. We deduce that tpkeencclass map providesnique information that can
augment that provided lifie 200LNLCD map

Table 1. Each phenalass represents a range of different land cover types, which are
expressed saa percentage of each coinciding land cover area over the total ies®
area.Percentage rangesiZ®%, 51 75%, and 76100% arehighlighted inyellow, aqua,

and pink, respectively.

Land Barren Lang Grassland
cover/ | Open|Perennia/Developed| (Rock/ |Deciduous Evergreer] Mixed | Shrub/ Herbaceol Pasturel Cultivated| Woody | Emergent
Phene |Water lce/Snow Urban are§  Sand/ Forest Forest | Forest| Scrub s Hay Crops |Wetlandg Herbaceol
class Clay) s Wetlandy
1| 0.0 0.0 10.4 9.4 14.4 13.1 3.1 4.3 54 3.9 5.6 7.6 22.4
2| 0.0 0.1] 0.4 3.7 0.0 38.1 0.1 515 4.9 0.2 0.8 0.1 0.1
3| 0.0 0.4 0.1] 4.4 14.5 49.9 1.1] 14.3 12.8 1.5 0.0 0.5 0.3]
4| 0.0 0.1] 0.3 1.8 0.6 75.7 0.1 142 6.8 0.2 0.0 0.1 0.1
5/ 0.0 0.0 0.7 2.9 0.0 9.8 0.0, 66.2 19.0 0.3 0.9 0.1 0.1
6| 0.0 0.0 0.9 1.5 0.6 22.1 0.0 48.7 23.8 1.3 0.3 0.3 0.5
7] 0.0 0.1] 0.2 1.2] 0.2 36.7| 0.0 51.2 9.5 0.4 0.3 0.1] 0.1]
8| 0.0 0.0 0.1] 0.4 0.1] 10.4 0.0 l 6.6) 0.4 0.3 0.1] 0.3
9] 0.0 0.0 0.2 2.4 0.0 4.2 0.0 9.1 0.4 0.3 0.1] 0.1]
10| 0.0 0.0 1.1 6.1] 0.0 1.6 0.0 70.4 18.0 0.6 1.6 0.3 0.2
11) 0.0 0.0 0.4 0.3 5.7 30.1 0.2 38.2 20.3 2.8 0.7 0.5 0.9
12 0.0 0.0 0.2 2.3 0.0 11.0 0.0 -1 7.2) 0.4 0.7, 0.1 0.1
13] 0.0 0.0 0.6 0.3 0.3 10.5 0.1 475 31.3 2.5 6.2 0.4 0.4
14 0.0 0.0 0.6 0.6 0.0 3.4 0.0, 35.8 48.2 1.6 9.1 0.3 03
15| 7.4 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0
16| 0.0 0.0 0.3 4.3 0.0 2.1 0.1 10.2 0.5 1.8 0.1 0.1
17 0.0 0.0 0.2 4.2 0.0 8.4 0.1] ‘ 6.1] 0.4 1.1 0.1] 0.1]
18] 0.0 0.0 4.3 4.8 0.2 3.3 0.5 74.5 5.9 0.9 5.1 0.3 0.3
19| 0.0 0.0 0.7 0.3 0.3 4.6 0.4 37.2 23.3 1.1] 31.9 0.1] 0.2
20| 0.0 0.0 3.3 2.3 0.2 7.0 0.3 58.7 17.4 0.5 9.9 0.2 0.2
21y 0.0 0.0 0.7 0.6 0.1] 2.0 0.0 20.1 56.2 0.6 19.2 0.3 0.2
22| 0.0 0.0 1.4 0.3 0.0 4.0 0.0 19.3 51.4 1.8 20.7 0.5 0.5
23] 0.0 0.0 0.8 0.4 4.3 37.3 0.1 15.0 15.5 7.1 17.1 1.3 1.2
24( 0.0 0.1] 0.5 0.8 0.3 72.9 0.2 12.2 4.2 0.3 8.2 0.1] 0.2
25 0.0 0.0 0.7 0.2 2.2 2.4 0.1] 5.4 61.0 2.8 24.2 0.5 0.5
26| 0.0 0.0 1.5 0.9 0.4 38.0 0.5 421 5.2 0.3 10.9 0.2 0.1
27| 0.0 0.0 0.8 0.2 3.7 69.6 2.5 17.2 3.3 0.9 1.2 0.7 0.2
28| 0.0 0.0 4.8 0.4 2.1 12.3 2.5 25.7| 16.5 12.3 20.2 2.0 1.3
29| 0.0 0.0 8.2 0.3 6.2 16.5 3.4 14.1 14.1 17.8 10.5 7.4 1.4
30 0.0 0.0 14.4 0.4 9.9 4.9 0.9 8.5 18.8 13.4 24.5 3.1 1.0
31 0.0 0.0 0.8 0.1] 13.8 2.2 0.9 0.9 33.8 8.8 36.3 1.0 1.3
32| 0.0 0.0 1.0 0.1] 4.8 0.3 0.1] 0.1 3.3 7.1 - 1.2 1.9
33 0.0 0.0 5.4 0.2 15.9 5.1 2.4 1.1 2.5 13.9 45.5 6.6 1.5
34( 0.0 0.0 9.9 1.3] 1.2 17.8 0.9 26.0 7.7 7.7 11.3 10.9 5.2
35 0.0 0.0 5.7 0.4 6.6 36.0 5.8 7.0 5.8 8.0 7.6 15.0 2.2
36) 0.0 0.0 5.8 0.2 26.1 14.7 5.2 4.0 4.0 23.1 6.1] 9.7| 1.1]
37| 0.0 0.0 4.5 0.1] 46.3 3.8 3.5 0.9 6.00 204 8.5 5.6 0.5
38| 0.0 0.0 1.6] 0.1] 58.2 2.2 2.4 0.6 6.1 10.5 11.9 5.0 1.4
39| 0.0 0.0 2.7 0.8 0.6 1.3 1.1] 16.5 40.1 5.5 29.8 0.4 1.1]
40, 0.0 0.0 0.8 2.8 0.1] 25.1 0.3 59.6 7.0 0.2 3.4 0.3 0.2
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Figure 4. Mean values of the nine phenological metrics and the associated elevation data
for phenaclasses 8 and 17. The geographic distributions of locations for these twe pheno
classes are also shown in the figieg.NDVI-based phenological metrics; (b) timing

based phenological metrics and DEM.
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