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Abstract
Phenological records constructed from global mapping satellite platforms (e.g. AVHRR and MODIS) hold the potential to be valuable tools for
monitoring vegetation response to global climate change. However, most satellite phenology products are not validated, and field checking coarse
scale (≥ 500 m) data with confidence is a difficult endeavor. In this research, we compare phenology from Landsat (field scale, 30 m) to MODIS
(500 m), and compare datasets derived from each instrument. Landsat and MODIS yield similar estimates of the start of greenness (r2 = 0.60),
although we find that a high degree of spatial phenological variability within coarser-scale MODIS pixels may be the cause of the remaining
uncertainty. In addition, spatial variability is smoothed in MODIS, a potential source of error when comparing in situ or climate data to satellite
phenology. We show that our method for deriving phenology from satellite data generates spatially coherent interannual phenology departures in
MODIS data. We test these estimates from 2000 to 2005 against long-term records from Harvard Forest (Massachusetts) and Hubbard Brook (New
Hampshire) Experimental Forests. MODIS successfully predicts 86% of the variance at Harvard forest and 70% of the variance at Hubbard Brook; the
more extreme topography of the later is inferred to be a significant source of error. In both analyses, the satellite estimate is significantly dampened
from the ground-based observations, suggesting systematic error (slopes of 0.56 and 0.63, respectively). The satellite data effectively estimates
interannual phenology at two relatively simple deciduous forest sites and is internally consistent, even with changing spatial scale. We propose that
continued analyses of interannual phenology will be an effective tool for monitoring native forest responses to global-scale climate variability.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Phenology; Interannual variability; Landsat; MODIS; Onset; Remote sensing; New England; Hubbard Brook Experimental Forest; Harvard Forest
Experimental Forest

1. Introduction
Observations of the interannual changes in the seasonal growth
and senescence of vegetation show strong couplings to climate
(Lechowicz, 1984; Cannell & Smith, 1983; Myneni et al., 1997)
and net ecosystem productivity (Keeling et al., 1996; Barr et al.,
2004). Subtle interannual changes in the length of the growing
season appear to alter forest carbon storage (Goulden et al., 1996;
Arora & Boer, 2005). Yet, our understanding of climate forcing on
phenological phenomena is largely limited to the relatively sparse
locations in which extensive phenological records exist. The
casual climate–phenology models developed at these sites are
often non-transferable (Badeck et al., 2004; Fisher et al., in press),
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and connecting records across space still present difficulties
(Schaber & Badeck, 2003; but see Schwartz et al., 2006). One
promising avenue for observing phenology is through the use of
satellite time-series (Reed et al., 1994; White et al., 1997; Jenkins
et al., 2002) in tandem with ground-based phenological
observations (Badeck et al., ibid).
Spatially extensive observations of phenology and seasonal
productivity have yielded a remarkable amount of information
about vegetation responses to climate forcing. Myneni et al.
(1997), Hicke et al. (2002), Potter et al. (2003), and Goetz et al.
(2005) have all noted an increased arctic greening over the last
two decades from satellite data, while Post and Stenseth (1999)
and Scheifinger et al. (2002) found a close link between regional
patterns of ground-based phenology and global climate variability. However, one of the most significant hurdles in using satellite
phenology is the insofar poor relationship between ground- and
satellite-based observations, primarily due to data-limitations at
each scale.
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Despite the insights gained from satellite observations of
seasonal cyclicity, efforts to connect interannual phenological
observations with concurrent ground observations have had a
low success rate. Partially, this is a function of scale, quite
literally seeing the forest for the trees. Even within a single tree
species in a confined area, phenotypic variability and local
adaptations create a wide window of phenological response
(Badeck et al., 2004; Schaber & Badeck, 2003). The coarse
scale of satellite measurements render ground validations
difficult. As most satellite studies of phenology are at scales
≥ 1 km (e.g. Jenkins et al., 2002; Reed et al., 1994; White et al.,
1997), the chance that the entire forest will represent changes
observed in a small cohort of trees is relatively small. This
problem is compounded by infrequent satellite observations and
cloud cover (Jönsson & Eklundh, 2002; Viovy & Arino, 1992).
While ground-based phenologies are usually recorded from
discrete events (such as bud break, leaf emergence, or first
flower), current technology limits satellite observations to
continuous functions of canopy cover (Goetz & Prince, 1996).
Although field phenologies are generally reliable and replicable
(with quantifiable errors, see Schaber & Badeck, 2003),
derivations of phenology from satellite analyses have created
a diverse set of non-comparable datasets (reviewed in Beck
et al., 2006). A criterion by which we might start to understand
the accuracy of satellite datasets while expanding the reach of
field studies is through validation across instruments and scales,
and between satellite and field data.
We propose a basic set of criteria for comparing groundbased and satellite phenology:
• The phenological metric should be observable from both
ground and satellite perspectives
The phenological metric is the temporal marker which
indicates the growing season has begun, is progressing, or has
ended; it is ideally consistent and discrete relative to canopy
development such that interannual variability in the metric is
meaningful and robust at both field and satellite scales.
• The phenological metric should have a similar meaning from
both ground and satellite perspectives
A nadir-viewing satellite captures integrated canopy and
understory greenness, which may differ from observed
closure rates of the canopy as observed from the ground. The
degree to which a canopy fills in completely may be a
function of both stem density and cover type, and thus
greenness at any given time is relative to minimum and
maximum greenness, metrics which may not be traditionally
recorded in ground observations.
• Spatial phenological heterogeneity may create discrepancies
between satellite and ground observations
Satellite datasets present a trade-off between spatial
resolution and repeat frequency; observing comprehensive
time-series at high resolutions is often not feasible; however,
research has shown that the timing of phenological
development is heterogeneous at fine spatial scales (e.g.
Schaber & Badeck, 2003), even within contiguous deciduous forests. Therefore, when comparing coarse satellite data
to ground observations, highly variable landscapes (such as

those with significant sub-pixel topography, see Fisher et al.,
2006) may pose a difficulty for cross-comparisons. Errors
from averaging, aggregation, and non-representative sampling may be expected.
In this paper, we present and expand on a methodology for
deriving phenological metrics from satellite observations,
compare the average phenology derived from two independent
satellite sensors, and validate interannual phenological estimates
against observations from two experimental forests in New
England. We specifically confine our study to New England
deciduous forests to understand the accuracy of a satellite model
in a relatively homogenous (Foster et al., 1998), seasonal,
temperature-limited, and extensively-studied ecosystem. The
Harvard Forest (Massachusetts) and Hubbard Brook (New
Hampshire) Experimental Forests in New England, USA, provide
unique opportunities to validate satellite phenology. Incremental
measures of deciduous canopy development have been tracked
every year at these two long term ecological research (LTER) sites
from before the launch of the satellites in this study.
1.1. Structure of a satellite-based phenology
There are a variety of mechanisms by which to derive
phenological metrics from continuous satellite data, which have
been formulated to work around infrequent observations,
stochastic cloud cover, and poor spectral quality in older
satellite systems. Researchers have aggregated over time or
space to reduce satellite noise (Holben, 1986; Viovy & Arino,
1992), but deriving phenological behavior from raw satellite
data (e.g. Jenkins et al., 2002; White et al., 1997; White et al.,
2002) risks tracking non-random satellite noise. Curve-fitting
dampens noise and relies on ensemble time-series behavior
when spatial aggregation is not desired (Jönsson & Eklundh,
2002; Bradley et al., 2007). Fitting functions (including the
mechanism described here) simplify time-series, but may
introduce new errors and dampen important phenological
features. Researchers have taken different approaches to fitting:
Jönsson and Eklundh (ibid) model the shape of a phenological
profile with fused half-Gaussian functions, Zhang et al. (2003)
substitute sigmoid functions in a similar methodology, and
Bradley et al. (2007) use Fourier and weighted splines to
capture a wide variety of phenological behaviors (including
bimodal seasonality).
Fisher et al. (2006) and Beck et al. (2006) model the entire
growing season (emergence through senescence) as two
sigmoid logistic growth curves governing greenup and
senescence, respectively, a six-parameter technique used in
this study. This method carries the explicit assumption that the
amount of green vegetation cover observed at the top of the
canopy is a function of the chlorophyll concentration in
individual leaves (greenness) and the spatial coverage of the
leaves (opacity).
• Greenness:
Through the early growing season each leaf retains full
photosynthetic capacity, and so canopy greenness at leaf
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onset is a function only of canopy (and understory) opacity.
At the end of the growing season, leaf photosynthesis is
gradually reduced through senescence.
• Opacity:
In a deciduous system, the canopy can be considered
transparent prior to bud break, rising rapidly with leaf growth
to a maximum determined by the total leaf area index (LAI).
Opacity remains high until leaf abscission.
In simple deciduous systems, the combination of these two
factors through the growing season yields a phenological
profile, the shape of which we represent with sigmoid logistic
growth (Dixon, 1976; Zhang et al., 2003; Fisher et al., 2006).
The form of the equation (modified from Zhang et al., 2003) in
Fisher et al. (ibid) is:


1
1
ð1Þ
vðtÞ ¼ vmin þ vamp
−
1 þ em1 −n1 t 1 þ em2 −n2 t
where v(t) is the green cover observed at day of year (DOY) t,
vmin and vamp are the background greenness value and total
amplitude, respectively. Parameters m1,2 and n1,2 are fitting
parameters controlling phase and slope for both greenup (m1, n1)
and senescence/abscission (m2, n2). This representation appears
to respond to seasonal structural changes, is relatively insensitive
to noise, and provides a basis for the prediction of canopy
greenness in deciduous forests.
The date of leaf onset is defined in this study as the date at
which the sigmoid reaches its half-maximum value (similar to
White et al., 1997, but departing from the inflection metric of
Zhang et al., 2003; see Fisher et al., 2006). The date of halfmaximum greenness (calculated as m1 / n1) has several unique
properties which make it suitable for tracking changes in
phenological behavior over time. The half-maximum is the
steepest point on the symmetric sigmoid, or the peak of the first
derivative, similar to a Gaussian probability density function.
The half-maximum can be envisioned as representing the date
when most leaves are likely to emerge. This point is temporally
stable when the absolute values of the asymptotes at 0 and ∞
fluctuate; we suggest that even forests with different maximum
canopy closures or small amounts of conifer cover (or high
minimum greenness) can still be compared at the date of onset.
The onset point is constrained by the entire shape of the
phenology, and minor variability or noise in the extreme
portions of the curve minimally impacts the timing of onset.
Although we model the entire calendar year, we focus on the
date of onset in this study. Greenup is understood to be sensitive
to accumulated winter and spring temperatures (Cannell &
Smith, 1983; Lechowicz, 1984); the convolved senescence and
leaf abscission signals are poorly understood in comparison,
and may be sensitive to temperature, day length, precipitation,
and storm events as well (Dixon, 1976). Evidence suggests that
the timing of greenup is closely linked with seasonal
productivity; Chen et al. (1999), Goulden et al. (1996), and
Barr et al. (2004) find interannual carbon flux is more closely
related to greenup than autumnal offset.
Satellite phenologies hold valuable information for describing the joint coupling of climate and vegetation (Jolly et al.,
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2005; Lotsch et al., 2005). Accurate assessments of phenology
from satellites will be an important step in understanding
climatic influences on phenological variability at broad scales.
1.2. Study design
We developed a theoretical framework for understanding the
temporal pattern of phenology over deciduous or partially
mixed pixels. Within this framework, we test three sets of
independent data in two cross-comparisons. In the first, we test
the date of onset derived from two independent satellite data
sets: the stand-observing scale of Landsat TM and ETM+
(30 m) and the coarser Moderate Resolution Imaging
Spectrometer (MODIS) instrument (500 m). In the second,
interannual variability of onset derived from MODIS (2000–
2005) is tested against continuous measures of canopy
development as recorded at Harvard Forest and Hubbard
Brook Experimental Forests.
2. Methods
2.1. Landsat data: preprocessing and data extent
Fifty-seven Landsat scenes (WRS p12 r31) were collected
from 1984 to 2002 over a wide distribution of day of year
(DOY) acquisitions (see Fisher et al., 2006 for additional
information on this dataset and following methods). The scenes
encompass Rhode Island, eastern Connecticut, and eastern
Massachusetts, and incorporate the urban areas of Boston and
Worcester in Massachusetts, and Providence, Rhode Island. In
addition, the scene overlaps Harvard Forest Experimental
Forest and Martha's Vineyard, Massachusetts (see Fig. 1).
Land cover in this region consists primarily of contiguous
deciduous and coniferous forests interrupted with compact
urban and suburban development and small agriculture.
Primarily deciduous forests in the south–east transition to
mixed deciduous–coniferous stands in the northwest. The relief
is relatively subtle glacial topography.
Landsat spectral data in time series were processed to derive
an average date of green leaf onset for each pixel according to
methods summarized here and described in more depth in
Fisher et al. (2006). The 57 scenes were co-registered,
georeferenced to sub-pixel accuracy (≤ 30 m), and spectrally
corrected with empirical line estimations to match reflectance
derived in a reference scene (June 7th 1999). In each scene, total
vegetation aerial abundance was calculated from a spectral
mixture analysis (SMA) with generalized endmembers (Small,
2004) of vegetation, soil, urban cover, and non-photosynthetic
vegetation (Elmore et al., 2000). A shade (or scaling)
component was not included in the SMA in order to reduce
the number of required parameters. By not requiring the
endmember fractions to sum to unity, fractional abundances
were not forced to take unrealistic values, and mixtures with
unknown components were implicitly allowed. For example, an
early spring scene with green vegetation in partial snow would
return an accurate vegetation abundance value without
erroneously fitting snow cover with non-snow spectral
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Fig. 1. Landsat and MODIS study extent in southern New England, USA. The Landsat scene falls completely within the MODIS scene. Harvard Forest
(Massachusetts) and Hubbard Brook (New Hampshire) Experimental Forests are indicated. Letters correspond to specific features referenced in the text. From north to
south: (G) Green Mountains extend to MA, (A) Adirondack Plateau, (W) White Mountains, (B) city of Boston, MA, (W) city of Worchester, MA, (K) Catskill
Mountains, (P) city of Providence, RI, (C) Cape Cod, (M) Martha's Vineyard island, (N) New York City, and (L) Long Island. River valleys with significant
phenological features are also indicated.

endmembers. Vegetation fractions were compiled into time
series at each pixel, stacked by DOY (example in Fig. 2A).
The phenological time series curve fitting mechanism
(described below) accounts for the reliability of each data
point using a weighting factor. Under snow and cloud cover, the
SMA returns erroneous vegetation abundance estimates, which
lend minimal value to the phenology curve-fit. Zhang et al.
(2003) use a snow index and cloud data flags to remove
potentially erroneous data. Here, we choose to use the spectral
and thermal signal of each data point to calculate a reliability
index, or weighting. At each pixel, a total root mean square
error (RMSE) was calculated between the original spectra and
the re-mixed endmember fractions to determine the reliability
of the SMA. In addition, land surface temperatures (calculated
with an assumed perfect emissivity, e.g. Fisher & Mustard,
2004) were arranged by DOY and fit with a maximum envelope
sinusoidal function to find thermal residuals (indicative of
cloud cover). The thermal residual was combined with the
RMSE to calculate a reliability index, used as the relative
weight of the data point in the phenological fit (for details, see
Fisher et al., 2006).

2.2. MODIS data: preprocessing and data extent
MODIS 500 m bi-directional reflectance corrected spectral
data (MOD09A1) was obtained from the NASA Distributed
Active Archive Center (DAAC) on ISIN tile h12 v04 for the
dates spanning February 26th 2000 to October 16th 2005, a total
of 257 scenes. The MOD09A product is produced in 8-day
‘maximum quality’ composites in 500 m pixels, choosing
observations with minimal cloud cover, low solar zenith angles,
and near-nadir views. The dataset includes ancillary day of
acquisition and quality control meta-data. The scene was
clipped to greater New England, extending from approximately
40–44°N and 69–76°W (Fig. 1). Lake Ontario, central Maine,
and eastern Pennsylvania bound the NW, NE, and SW
respectively. The MODIS region includes the significant
topography of the Adirondack, Catskill, Green, and White
Mountain ranges as well as the agricultural Hudson and
Connecticut River valleys. The scene encompasses the Harvard
Forest (Massachusetts) and Hubbard Brook (New Hampshire)
Experimental Forests, two unique sites monitoring seasonal
canopy development.
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Fig. 2. Schematic fit of logistic growth sigmoid for (A) Landsat average phenology, (B) MODIS average phenology, and (C) MODIS interannual phenology. Axes are
day of year (DOY) against aerial fractional vegetation abundance from spectral mixture analysis (SMA). Points are weighted by spectral RMSE and thermal properties
(Landsat only). In this schematic, darker points have higher weights such that white points have ≤ 1% the weight of a black point in the curve-fit. Onset and offset (half
maximum greenup and senescence, respectively) are marked with vertical lines and labeled.

MODIS scenes were resampled to UTM 19N (WGS 84) and
stacked by wavelength and by the date of the composite period.
Best possible general image-based endmembers of full flush
green vegetation, non-photosynthetic vegetation, and urban
cover were chosen from identifiable relatively homogenous
areas, and an SMA analysis was run on each scene with these
endmembers, yielding vegetation abundance time series for
2000–2006. The vegetation endmember was extracted from a
late-spring fully flush deciduous forest, non-photosynthetic
vegetation from a fully senesced deciduous forest, and urban
cover from central Providence, Rhode Island. A weighting
factor, similar to the Landsat method described above, was
calculated from the SMA RMSE (no thermal component).
The date of acquisition for each composite acquisition period
is recorded in an ancillary data file produced in tandem with the
MOD09A product. These files record the DOY of acquisition
for each individual pixel in a composite image. The date files (at
500 m) were manipulated similarly to the spectral data files and
stacked by date of compositing period. Finally, time series
vegetation abundance were created at each pixel, stacked by
DOY (Fig. 2B) and date of acquisition (Fig. 2C).

was fit with Eq. (1) in a damped non-linear least-squares sense
(Menke, 1989) to derive the date of onset (see Fig. 2 for
schematic). The non-linear fitting mechanism requires initial
parameter estimations, given in Table 1. The fitting mechanism
was halted either after 10 iterations, or when marginal improvements in the fit fell below a threshold (ΔRMSE b 10− 4).
2.4. Landsat and MODIS average phenology cross-comparison
The multi-year average greenup onset derived from Landsat
and MODIS are based on the same set of physical seasonal
changes in southern New England deciduous forests, and should
yield similar results. The Landsat data, derived from 18 years of
observations, may not replicate MODIS onset characteristics
derived from six consecutive years of observations, but if there
are strong local dependencies in phenological behavior, these
two derivations may share broad similarities. The Landsat data
Table 1
Starting parameters for logistic curve (Eq. (1)) fitting phenology of Landsat
green leaf SMA (spectral mixture analysis), MODIS SMA, and MODIS NDVI
(normalized difference vegetation index)

2.3. Deriving average and interannual phenology
The analysis of phenological development and the subsequent
derivation of onset were similar for both Landsat and MODIS.
The analysis is performed at each pixel, independently of
neighboring dynamics. The data points along a pixel's timeseries were assigned a temporal value and an associated reliability
weight. In the MODIS and Landsat average phenology, the
temporal value is the DOY of acquisition (year independent),
while in MODIS the temporal abundance of data allows an
analysis in the six years spanning 2000 to 2005. Each time series

vmin
vamp
m1
n1
m2
n2

Landsat (SMA)

MODIS (SMA)

MODIS (NDVI)

0.15
0.53
37.0
0.270
24.0
0.082

0.15
0.53
37.0
0.270
24.0
0.082

0.30
0.40
14.0
0.100
27.0
0.100

The parameters for the SMA fit remain consistent for both sensors, but the
parameters are adjusted to conform to the shape of the NDVI curve (see Section
4.3 and Fig. 10). The non-linear inverse fit method requires starting parameters
within proximity to the final fit results. The starting parameters specify an
approximate first guess of onset = 137 (SMA) or 140 (NDVI).
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Fig. 3. Location of MODIS (500 m) validation pixels in (A) Harvard Forest and (B) Hubbard Brook Experimental Forests. Pixel locations were chosen to conform to
altitude, forest composition, and proximity to ground measurements of phenology. In Harvard Forest (A), pixels overlay at least 50% red oak and red maple. At
Hubbard Brook (B), topography and coniferous cover are significant considerations. The boundary of the experimental forest forms the edge of a watershed, with
drainage to the east. Experimental watersheds are outlined and regions with bare or recent cover are coded white.

was aggregated up to MODIS scale, and comparisons were
considered valid only in deciduous dominated MODIS pixels.
Previous results indicate that Landsat phenologies display
significant spatial heterogeneity (Fisher et al., 2006) of up to
two weeks of variability over less than 500 m, even in
contiguous deciduous stands. We inferred that minor registration errors might result in significant disagreement between
Landsat and MODIS onset values. Therefore, we aggregated
Landsat onset values within each MODIS pixel. The MODIS
onset product was re-sampled from 500 m to 28 m Landsat
resolution. An algorithm identified the community of non-water
Landsat pixels which fell under each MODIS pixel, and
recorded the onset mean, variance, and the number of Landsat
identified deciduous pixels within the community (see Fisher
et al., 2006 for methods to identify deciduous forests from
Landsat phenology). MODIS pixels containing at least 150
deciduous Landsat pixels (50% cover) were retained for
analysis. Of the retained 11,370 pixels, a random 10% (1140
pixels) selection was used to characterize the relationship
between MODIS and Landsat average onset.
2.5. Ground observations of interannual phenology

setts and New Hampshire, respectively. These records were
compiled such that optically meaningful phenological metrics
could be compared with the MODIS date of onset. It is important
to note that the phenological metrics described below differ from
the more conventional bud break or flowering data (Schaber &
Badeck, 2003; Chuine et al., 2000) in that they represent a
continuum of canopy development over the growing season
(Richardson et al., 2006). The measurement of these continuous
variables is partially subjective, and much of the interannual
consistency from these records is based on the observers'
experience (personal correspondence, A. Bailey and J.
O'Keefe). Both sets of metrics described below were assumed
to be continuous linear variables.
Harvard Forest (42°32′N 72°11′W) in central Massachusetts
(see Fig. 1) is a low relief northern hardwood forest dominated
by red oak (Quercus rubra) and red maple (Acer rubrum).
Phenological observations were obtained from eight species,
each represented by 4–5 individual trees in the Prospect Hill
Table 2
Measurement criteria for phenology index (Pindex) at Hubbard Brook
Experimental Forest
Pindex Description

The interannual phenology derived from the MODIS data set
should reflect physical changes as observed in ground observations. The relationship between green leaf canopy development
and bud break (a traditional phenological metric) has yet to be
characterized, but two long-term phenological observation sites
in New England have tracked canopy development for the
period of this study, and provide validation estimates. Groundbased phenological time-series were obtained from the Harvard
Forest and Hubbard Brook Experimental Forests in Massachu-

0
1
2
3
3.5
4

No change from winter conditions, unexpanded buds
Bud swelling noticeable
Small leaves or flowers visible, initial stages of leaf expansion, leaves
about 1 cm long
Leaves 50% of final length, leaves obscure 50% of sky as seen through
crowns
Leaves 75% expanded, sky mostly obscured through crowns, crowns not
yet in summer condition
Canopy appears in summer condition, leaves fully expanded, little sky
visible through crowns
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Tract. Several continuous and discrete phenological measurements are made on a roughly weekly schedule between
emergence and full maturity, including traditional metrics
such as bud break, flower emergence, and leaf emergence, as
well as estimations of leaf maturity and canopy cover. The
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record at Harvard Forest extended from 1990 to 2005, providing
six years of overlap with the MODIS instrument (2000–2005).
Data was obtained from the Harvard Forest website (http://
harvardforest.fas.harvard.edu) and filtered to examine only red
oak and red maple. Two continuous metrics, BBRK (percentage

Fig. 4. Average onset from (A) Landsat (1984–2002) and (B) MODIS (2000–2005). Colors indicate average day of year (DOY) upon which half-maximum canopy
growth is obtained (onset). The MODIS onset (B) conforms with the precepts of Hopkin's Law (later phenology at higher elevations and latitudes), with the exception
of coastal regions, Cape Cod, and Martha's Vineyard. The late regions in coastal Massachusetts in Landsat onset (A) are strongly correlated with scrub oak frost
pockets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Pixel-to-pixel regression of average onset from Landsat and MODIS,
constrained with a y = 0 intercept. The y-axis is the average of all Landsat pixels
which fall within the corresponding MODIS pixel. The mean variance (one SD)
within each MODIS pixel is approximately 5.7 days.

of broken buds) and L75 (percentage of leaves at 75% of their
final size) were fit with amplitude-fixed sigmoid functions
(increasing from 0 to 1, similarly to the DOY test of Richardson
et al., 2006). The date of half-maximum growth along the
sigmoid of each metric was recorded (PBBRK and PL75
respectively). Vegetation maps of the Prospect Hill Tract were
used to isolate MODIS pixels with ∼ 50% or more red oak and

red maple dominated stands (see Fig. 3A). The MODIS date of
onset each year was averaged across the selected pixels for
comparison against several ground-based metrics. The groundbased observations and the MODIS derived phenology were
regressed against each other to determine the ground-based
metric which most closely represents satellite observations.
The second site, Hubbard Brook Experimental Forest (43°56′
N 71°45′W) lies within the White Mountain National Forest in
central New Hampshire. Hubbard Brook is a topographically
steep (222–1015 m valley to ridge) northern hardwood forest
dominated at lower altitudes by sugar maple (Acer saccharum),
American beech (Fagus grandifolia), and yellow birch (Betula
alleghaniensis). Phenological observations track canopy-level
individuals of these three species at the base and top of selected
experimental watersheds (WS) from 1989 to 2005. The
phenological record at Hubbard Brook is a continuous
‘phenology index’ which varies from 0 to 4 (see Table 2) from
dormancy to full maturity, and can take a fractional value. At a
value of 3, the canopy is estimated to obscure half the sky, and
the leaves are half of their final expected length. Data were
obtained from the Hubbard Brook website (http://www.
hubbardbrook.org), and averaged across species to calculate
dominant species onset at each field site. The index data were fit
using a fixed amplitude sigmoid (from 0 to 4) and PIndex was
calculated as the day where the interpolated index crossed the
value of three (3). Observations at Hubbard Brook obtained in
2003 were determined to erroneous and discarded (personal
correspondence, A. Bailey). Due to the relatively large MODIS
pixel sizes, PIndex from individual trees at the base of WS 1, 4,
and 5 were averaged, as were individuals at the ridge of WS 4, 5,
and 6. Four MODIS pixels proximate to the ground-based
observations were manually selected at WS4B (bottom), WS1T

Fig. 6. Interannual onset departures from MODIS in 2000 through 2005 (A–F, respectively). Departures are calculated as the difference between the annual onset and
the average onset. Pixels which are earlier than average are blue, and pixels later than average are red. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(top), WS7B, and WS7T. Pixels were selected by approximate
altitude range, proximity to the observation point, and minimum
coniferous cover (see Fig. 3B). The interannual date of onset
from the MODIS record was compared to the date at which the
canopy was estimated to have surpassed 50% cover.
3. Results
3.1. Cross-validation of Landsat and MODIS average
phenology
Visual inspection of the average date of onset from Landsat
and MODIS data show a high degree of correlation (Fig. 4).
Across southern New England, the average date of onset from
Landsat and MODIS are observed to co-vary across multiple
scales. In both analyses, the lower Connecticut River valley (see
Fig. 1 for specific locations) is relatively uniform with dates of
onset near DOY 130. The urban regions of Boston, Providence,
and Worcester appear to develop a full canopy much earlier than
the surrounding landscape. Across the southern Massachusetts
and Rhode Island seacoast and extending into Cape Cod and
Martha's Vineyard, both analyses indicate a very late date of
onset (P N 150), reflecting a relationship with coastal proximity
(Wolfe et al., 2005).
A cross comparison between the aggregated Landsat data and
the MODIS average onset estimation (Fig. 5) indicates that the
data lie on the 1:1 line, and when forced to a zero intercept are
nearly 1:1 (slope = 0.992). This cross-scalar comparison is limited
by a relatively low in-scene variability, forming more of a cluster
than a line (r2 = 0.60). The variance bar represents the average
standard deviation of Landsat onset estimations within a single
MODIS pixel. The variance of 5.7 days indicates that there

Fig. 8. Hubbard Brook interannual onset from MODIS and ground-based
observations at four watershed locations. Ground-based onset calculated as the
estimated day at which the phenology metric obtains a value of 3, or 50%
canopy cover. Year 2003 is excluded from the ground observation for potential
observer error.

are high frequency behaviors which are as significant as low
frequency variability and cannot be captured in aggregation
(Rastetter et al., 1992). There are distinct features with very late
and very early onsets, but the majority of the Landsat scene
has more local-scale variability than regional scale variability.
Predicting MODIS with aggregated Landsat yields an RMSE of
3.25 days, indicating that the error in the cross-sensor comparison
is better than the uncertainty within a single MODIS pixel.
3.2. Spatial patterns of variability in MODIS interannual
phenology
The annually calculated date of onset for MODIS has broad
structural similarities from year to year. Interannual differences
are less pronounced than across-scene gradients due to topography and latitude. Subtracting the interannual onset from the
average phenology (such as in Schwartz et al., 2002) yields
annual anomaly or departure maps (Fig. 6A–F).

Fig. 7. Harvard Forest interannual onset from MODIS and ground-based
observations. PL75 (dark points, dotted line) is the date at which half the leaves
have reached 75% of their final size in red oaks and red maples, while PBBRK
(white points, dotted line) is the date at which half the buds have broken.
MODIS onset is calculated from a spectral mixture analysis (SMA) as well as the
normalized difference vegetation index (NDVI). The NDVI calculation includes
weighting factors which are calculated from the SMA root mean square error
(RMSE).

• In 2000 and 2004 (Fig. 6A and E), New England south coast
regions, the low-lying Connecticut, Hudson, and Mohawk
River valleys greenup near the average date, in contrast to
Cape Cod Massachusetts, New Hampshire, coastal Maine,
and the Adirondack mountains in New York, which leaf
out 5–10 days earlier than the 6-year mean. See Fig. 1 for
geographic references.
• In 2001 (Fig. 6B), the coherent spatial pattern occurs
primarily in agricultural regions and along topographic
gradients. The dendritic pattern in the hilly regions of
northern Pennsylvania and west of the Hudson River are all
topographic lows within relatively contiguous forest, while
the features on Cape Cod neck, Martha's Vineyard, and Long
Island coincide with coastal scrub oak (Quercus ilicifoli), a
typically late-budding species (Foster et al., 2002).
• The 2002 image (Fig. 6C) has a strong topographic and
latitudinal trend, where mountain ranges in New York, New
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Hampshire and Vermont appear up to a week later than
average, while the coastal plain of Rhode Island and
Connecticut leaf nearly a week earlier than average.
• Both 2003 and 2005 (Fig. 6D and F) appear to be influenced
by combinations relative topography and coastal influences
in southern Massachusetts and Rhode Island (2003) and
Maine (2005).
3.3. Validation of MODIS with ground-based phenological
observations
Validation of the MODIS date of onset is accomplished by
comparison with canopy dynamics as recorded at Hubbard
Brook and Harvard Forest Experimental Forests. Harvard
Forest phenological metrics (PBBRK and PL75) are plotted as a
function of year against MODIS interannual onset (Fig. 7). In
this six year comparison, the MODIS interannual onset tracks
P75 (r2 = 0.86) more than PBBRK (r2 = 0.23), suggesting that the
satellite platform is sensitive to overall canopy change rather
than the more species-dependant date of first bud opening.
In Fig. 8, the Hubbard Brook date of half-leaf growth (PIndex) is
compared at all four locations against closest possible MODIS
pixels. The ground data from 2003 has been excluded based on
potential observer error at Hubbard Brook (personal communication, A. Bailey, 2006). The dates of onset in both the ground and
at the satellite record earlier dates of onset in the lower elevation
WS 1,4, and 5 valley than at the ridge of WS 4, 5, and 6.
In Fig. 9, the differences between MODIS onset and ground
phenology measures are manifest primarily as temporal offsets:
PL75 offset of −8.25 days, and PIndex offset of 2.5 days. If it is
assumed that these metrics are only phase shifted, the MODIS
onset metric poorly explains ground-based variability (Harvard
Forest PL75 r2 = 0.38; Hubbard Brook PIndex r2 = 0.48). However,

Fig. 9. Scatter plot of onset calculated at Harvard Forest (HF — black) and
Hubbard Brook (HB — white) in comparison to 1:1 line. The offset from the
one-to-one line is acceptable for intrinsic differences between metrics at Harvard
Forest and Hubbard Brook. Both observations indicate damped response to
interannual variability (slope b 1).

allowing the relationship to be less than 1:1 yields a dampened
interannual signal relative to the magnitude on the ground
(Hubbard Brook: slope = 0.63 r 2 = 0.70; Harvard Forest:
slope = 0.56 r2 = 0.86), consistent with Schwartz and Reed (1999).
4. Discussion
4.1. Cross-validation of Landsat and MODIS average
phenology
Generally, the patterns of the average date of onset as
expressed by Landsat and MODIS are very similar (Fig. 4). The
same significant regional patterns appear in both products,
including cool-air drainage microclimates, late growth in
coastal regions, very early onset proximate to urban areas
(either an urban heat effect of Zhang et al., 2004, or suburban
lawn greening in Fisher et al., 2006), and progressively later
onset towards inland regions. The Landsat and MODIS onsets
are in agreement with notable exceptions at fine-scales (b500 m
spatially). The strong relationships between these two independent measurements of phenological change lead to several
conclusions:
• The average date of onset is a stable, replicable characteristic
of forest response to seasonal change (Fisher et al., 2006).
• On average, the timing of spring phenological development is
strongly tied to location (Schwartz et al., 2006). Interannual
variability is imprinted over a basic underlying physiological
response to seasonal cyclicity (Rötzer et al., 2004).
• The average date of onset is a functionally useful predictor
for any other year's onset. Interannual deviations on this
basic prediction may be forced by climate variability.
• Generally, the average pattern observed in both the Landsat
and MODIS data supports the 1918 Hopkin's Law empirical
relationship between the timing of spring growth, latitude,
longitude, and elevation (Fitzjarrald et al., 2001). However,
the longitude relationship appears less important in this
region then a coastal proximity relationship (Wolfe et al.,
2005).
Some of the disagreements between the MODIS and Landsat
onset estimates are attributable to fine-scale variability in
phenological response. In particular, Fisher et al. (2006) note
that cold air drainage and frost pockets may generate steep
phenological gradients over very small scales (15 days over
500 m). When aggregated up to MODIS resolutions, these
microclimates bias the onset measurement towards later DOYs.
In this study, the two most dramatic example of microclimate
bias occurs on Martha's Vineyard and along the Connecticut–
Rhode Island border.
In the spring, Martha's Vineyard island is cooler (and
therefore phenologically later) then the mainland, influenced by
the Atlantic Gulf Stream, which draws cooler ocean waters near
shore in the spring (Fisher & Mustard, 2004). At MODIS scales,
the south-central portion of the island appears to gain leaf
presence later then DOY 165 when, in fact, a closer analysis by
Landsat indicates that much of the south-central island is
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phenologically similar to the northern rim (DOY 140), except
for large tracts of mapped scrub oak communities frost pockets
which remain leafless for an additional month (DOY 175) after
the surrounding landscape (Foster et al., 2002; Motzkin et al.,
2002).
Similarly, cold-air drainage patterns throughout eastern
Connecticut and Rhode Island force later phenological development in shallow depressions (Fisher et al., 2006; Bolstad
et al., 1998; Pellikka, 2001). When aggregated up to MODIS
scales, the most extreme microclimates appear as spatial anomalies, while the less extreme microclimates average into the
whole, extending the apparent season marginally, but significantly. Ridges in this region reach onset at DOY ∼ 145 while the
valleys lag by nearly 7–15 days. A MODIS pixel over this
region would estimate an onset later than the ridge climate by
3–7 days. We might consider the ridge climate more indicative
of regional climate patterns while cooler valleys are relatively
anomalous.
4.2. Validating MODIS with ground-based phenological
observations
The validation of the MODIS onset product at Harvard
Forest and Hubbard Brook suggests that the satellite-derived
onset has a dampened response to interannual phenological
variability, displaying an attenuated dynamic range. Schwartz
et al. (2002) observes a similar pattern, and suggests an understory influence. We find that at Harvard Forest, the phenology most closely tracks the dominant red oak and red maple
rather than understory dynamics. The discrepancy will be
examined in future studies; we will need to determine if this
attenuation is a function of our fitting mechanism or reflects a
physiological process. There is an expected temporal offset
between MODIS onset and ground phenology at Harvard Forest
and Hubbard Brook. This lag is due to the fundamental differences between the observation techniques: MODIS onset is a
function of integrated canopy greenness, while the Harvard
Forest P75 metric measures the abundance of nearly fully
formed leaves and the Hubbard Brook PIndex metric is an
effective, but subjective canopy observation.
MODIS onset is possibly less effective at Hubbard Brook
overall due to the extreme topographic heterogeneity at the
LTER. The watersheds at Hubbard Brook are less than 1.5
horizontal km from base to peak (nearly 800 m), observed by
500 m MODIS pixels. In this steep topography, the large
MODIS pixel aggregates over a diverse topography and will
inevitably record a mixture of phenological responses.
In aggregate between the two field sites, MODIS records
phenology with reasonable accuracy (r2 = 0.734) and compares
favorably with previous work using the Advanced Very High
Resolution Radiometer over Harvard Forest with a best
predicted correlation of 0.473 (Schwartz et al., 2002).
4.3. Caveats and assumptions
The differences between the ground-observed and MODIS
onsets as displayed in Fig. 9 suggest a potential for systematic
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bias, introduced when comparing ground-based observations to
satellite phenology due to interspecies differences (Rötzer et al.,
2004). Leaf growth is thought to be governed primarily by the
accumulated temperature sum (heating degree days, or HDD)
during the early spring (Schaber and Badeck, 2003; Chuine
et al., 2000), and each species may be triggered at a different
HDD (Lechowicz, 1984). In warm years, accumulations occur
rapidly, and thus differences between species' HDD requirements will be muted. In cooler years, HDD accumulates slowly,
and thus the differences between species would be accentuated.
In a heterogenous landscape, an observer recording dominant
species phenology might record a particularly late greenup,
while the satellite would be most sensitive to the first canopy
greening, even if it is from a non-dominant (or understory)
species (Schwartz & Reed, 1999). These climatological nonlinearities are of particular concern.
Many satellite phenology models use the normalized difference vegetation index (NDVI) in time series (e.g. Goetz & Prince,
1996; Jenkins et al., 2002; Reed et al., 1994; White et al., 1997).
NDVI is a non-linear function of canopy cover, and may be
complicated by soil and litter during phenologically important
canopy transitions. Here, we derive phenology from SMA due to
its linearity with vegetation abundance (Elmore et al., 2000), its
robustness through seasonal differences (Fisher et al., 2006), and
because of the important spectral uncertainty estimate generated
in an SMA analysis (in the form of spectral RMSE). We note that
the phenological profile from SMA has a very different shape than
phenologies based on NDVI (Fig. 10; initial parameters for NDVI
fit in Table 1). Green vegetation abundance from SMA responds
to the opening of leaves, and displays a sharp greenup. By
contrast, the NDVI signal is highly dependant on the spectral
contrast of the red-edge (red to near-infrared transition in a
vegetation spectrum). The spectral properties of soil and litter
have a slightly higher NDVI than snow; NDVI increases while the
green vegetation fraction remains flat during snowmelt (personal
communication, F. Huemmerich). The cumulative effect may be

Fig. 10. Example phenology (over Harvard Forest) calculated from MODIS
interannual SMA (bottom line, diamonds) and NDVI (top line, squares).
Weights are calculated from SMA residual (see Fig. 2) for both NDVI and SMA.
NDVI shows consistently elevated values (due to fractional coniferous cover),
and smoothed greenup and senescence relative to sharper SMA result.
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an increasing NDVI profile earlier than the SMA solution. These
two profiles yield a similar date of onset in some locations, despite
the different shape of the curvature over the growing season. The
relationship between SMA, NDVI, and ground-observed phenologies requires further exploration. In particular, a rich phenological data source resides in the Advanced Very High Resolution
Radiometer (AVHRR), a dataset which is restricted to NDVI. To
exploit this dataset effectively, we require a better understanding
of the satellite signal's relationship to canopy dynamics.
The sigmoid model in this research was developed to find
phenological transitions in northern deciduous forests, but may
not be the most effective model for charting the full course of
phenological change. In particular, the model is only effective in
uni-modal phenology cycles, and may not reflect senescence
and leaf abscission correctly. These two end-of-season
processes are overprinted, and impact the canopy differently;
senescence and other color-changing mechanisms operate
relatively slowly in comparison to rapid abscission. In this
simplification, we reduce the number of fitting parameters but
may fail to capture important variability. However, this model is
only one type of solution. Other methods, including Jönsson
and Eklundh (2002), Zhang et al. (2003), and Bradley et al.
(2007) may offer other effective methods for capturing seasonal
variability.
5. Conclusion
The relationship between phenological development and
climate variability is a critical element in understanding current
and future impacts of global climate change. Numerous studies
have shown that phenological changes observed in temperate
and arctic environments are strongly related to global climate
change (Goetz et al., 2005; Myneni et al., 1997; White et al.,
1997). Variations in net primary productivity, both at the local
scale (Goulden et al., 1996) and globally (Keeling et al., 1996)
track phenological changes. We know that phenology is a
critical component in understanding ecosystem response to
climate variability, and we are compelled to understand its
drivers, mechanisms, and impacts to accurately model ecosystem futures. In this paper, we present several findings from the
relatively simple northern deciduous forests of New England:
• Average satellite phenology is scalable from fine to coarse
scales, but important fine-grain distinctions (such as
microclimates) are lost at coarser scales and may be readily
misinterpreted;
• Phenological variability recorded on the ground can be
observed from satellites, but the observational metric should
have compatible meaning (i.e. 50% canopy cover);
• Interannual phenological variability recorded from satellites
may be dampened by 40–50% relative to the amplitude of
interannual change recorded on the ground.
We demonstrate that a simple phenological model of greenup
captures spatial and temporal variability in full canopy deciduous
phenology in two independent satellite datasets and two intensive
field sites. The ability of the MODIS instrument to accurately

capture interannual phenological variability opens the door to
apply models relating climate and phenological development to
spatially expansive satellite data (such as the application of the
simple spring warming model to MODIS data at climate stations
in Fisher et al., 2006). Awealth of climate-phenology research can
guide the interpretation of phenology in a climatic context (e.g.
Cannell & Smith, 1983; Chuine et al., 2000; Lechowicz, 1984;
Schaber & Badeck, 2003). There is great potential in combining
the extensive knowledge generated by the ground-based
phenological modeling community to satellite data.
Acknowledgements
We would like to thank and commend the persistent work of
Amey Bailey at Hubbard Brook Experimental Forest and John
O'Keefe at Harvard Forest Experimental Forest in collecting,
cataloguing, and explaining their unique field phenology data,
generously provided by the two institutions. We extend our
thanks to the thoughtful and constructive comments of four
anonymous reviewers. The Landsat database was obtained
under grants from the University of Rhode Island/NOAA
Cooperative Marine and Education Research Program, the
National Oceanographic Partnership Program, NASA Land Use
and Land Cover Change, and the Rhode Island Department of
Environmental Management. The research was partially supported by a grant from the National Estuarine Research Reserve.
We are grateful for comments and feedback from Matthew
Vadeboncoeur, Steven Hamburg, Bethany Bradley, and K. Fred
Huemmrich. Maps of scrub oak on Martha's Vineyard, MA were
provided courtesy of The Nature Conservancy.
References
Arora, V. K., & Boer, G. J. (2005). A parameterization of leaf phenology for the
terrestrial ecosystem component of climate models. Global Change Biology,
11, 39−59.
Badeck, F. W., Bondeau, A., Böttcher, K., Doktor, D., Lucht, W., Schaber, J., et al.
(2004). Responses of spring phenology to climate change. New Phytologist,
162, 295−309.
Barr, A. G., Black, T. A., Hogg, E. H., Kljun, N., Morgenstern, K., & Nesic, Z.
(2004). Inter-annual variability in the leaf area index of a boreal aspen–
hazelnut forest in relation to net ecosystem production. Agriculture and
Forest Meteorology, 126, 237−255.
Beck, P. S. A., Atzberger, C., Høgda, K. A., Johansen, B., & Skidmore, A. K.
(2006). Improved monitoring of vegetation dynamics at very high latitudes:
A new method using MODIS NDVI. Remote Sensing of Environment, 100,
321−334.
Bolstad, P. V., Swift, L., Collins, F., & Régnière, J. (1998). Measured and predicted
air temperatures at basin to regional scales in the southern Appalachian
Mountains. Agricultural and Forest Meteorology, 91, 161−176.
Bradley, B. A., Jacob, R. W., Hermance, J. F., & Mustard, J. F. (2007). A curvefitting technique to derive inter-annual phenologies from time series of noisy
satellite data. Remote Sensing of Environment, 106(2), 137−145.
Cannell, M. G. R., & Smith, R. I. (1983). Thermal time, chill days, and prediction
of budburst in Picea sitchensis. Journal of Applied Ecology, 20, 951−963.
Chen, W. J., Black, T. A., Yang, P. C., Barr, A. G., Neumann, H. H., Nesic, Z., et al.
(1999). Effects of climatic variability on the annual carbon sequestration by a
boreal aspen forest. Global Change Biology, 4, 41−53.
Chuine, I., Cambon, G., & Comtois, P. (2000). Scaling phenology from the local
to the regional level: Advances from species-specific phenological models.
Global Change Biology, 6, 943−952.

J.I. Fisher, J.F. Mustard / Remote Sensing of Environment 109 (2007) 261–273
Dixon, K. R. (1976). Analysis of seasonal leaf fall in north temperate deciduous
forests. Oikos, 27, 300.
Elmore, A. J., Mustard, J. F., Manning, S. J., & Lobell, D. B. (2000).
Quantifying vegetation change in semiarid environments: Precision and
accuracy of spectral mixture analysis and the normalized difference
vegetation index. Remote Sensing of Environment, 73, 87−102.
Fisher, J. I., & Mustard, J. F. (2004). High spatial resolution sea surface
climatology from Landsat thermal infrared data. Remote Sensing of
Environment, 90, 293−307.
Fisher, J. I., Mustard, J. F., & Vadeboncoeur, M. A. (2006). Green leaf
phenology at Landsat resolution: Scaling from the field to the satellite.
Remote Sensing of Environment, 100, 265−279.
Fisher, J. I., Richardson, A. D., & Mustard, J. F. (In press). Phenology model
from surface meteorology does not capture satellite-based greenup
estimations. Global Change Biology.
Fitzjarrald, D. R., Acevedo, O. C., & Moore, K. E. (2001). Climatic
consequences of leaf presence in the eastern United States. Journal of
Climate, 14, 598−614.
Foster, D. R., Hall, B., Barry, S., Clayden, S., & Parshal, T. (2002). Cultural,
environmental and historical controls of vegetation patterns and the modern
conservation setting on the island of Martha's Vineyard, USA. Journal of
Biogeography, 29, 1381−1400.
Foster, D. R., Motzkin, G., & Slater, B. (1998). Land-use history as long-term
broad-scale disturbance: Regional forest dynamics in central New England.
Ecosystems, 1, 96−119.
Goetz, S. J., Bunn, A. G., Fiske, G. J., & Houghton, R. A. (2005). Satelliteobserved photosynthetic trends across boreal North America associated with
climate and fire disturbance. Proceedings of the National Academies of
Science, 102(38), 13521−13535.
Goetz, S. J., & Prince, S. D. (1996). Remote sensing of net primary production
in boreal forest stands. Agricultural and Forest Meteorology, 17, 149−179.
Goulden, M. L., Munger, J. W., Fan, S. -M., Daube, B. C., & Wofsy, S. C.
(1996). Exchange of carbon dioxide by a deciduous forest: Response to
interannual climate variability. Science, 271, 1576−1578.
Hicke, J. A., Asner, G. P., Randerson, J. T., Tucker, C., Los, S., Birdsey, R., et al.
(2002). Satellite-derived increases in net primary productivity across North
America, 1982–1998. Geophysical Research Letters, 29, L013578.
Holben, B. N. (1986). Characteristics of maximum-value composite images
from temporal AVHRR data. International Journal of Remote Sensing, 7,
1417−1434.
Jenkins, J. P., Braswell, B. H., Frolking, S. E., & Aber, J. D. (2002). Detecting
and predicting spatial and interannual patterns of temperate forest springtime
phenology in the eastern U.S. Geophysical Research Letters, 29, 54.
Jolly, W. M., Nemani, R., & Running, S. (2005). A generalized, bioclimatic
index to predict foliar phenology in response to climate. Global Change
Biology, 11, 619−632.
Jönsson, P., & Eklundh, L. (2002). Seasonality extraction by function fitting to
time-series of satellite sensor data. IEEE Transactions on Geoscience and
Remote Sensing, 40, 1824−1832.
Keeling, C. D., Chin, J. F. S., & Whorf, T. P. (1996). Increased activity of
northern vegetation inferred from atmospheric CO2 measurements. Nature,
382, 146−149.
Lechowicz, M. J. (1984). Why do temperate deciduous trees leaf out at different
times? Adaptation and ecology of forest communities. American Naturalist,
124, 821−842.
Lotsch, A., Friedl, M. A., Anderson, B. T., & Tucker, C. J. (2005). Response of
terrestrial ecosystems to recent Northern Hemispheric Drought. Geophysical Research Letters, 32(L06705), 1−5.
Menke, W. (1989). Geophysical data analysis: Discrete inverse theory. San
Diego: Academic Press.
Motzkin, G., Ciccarello, S. C., & Foster, D. R. (2002). Frost pockets on a level sand
plain: Does variation in microclimate help maintain persistent vegetation
patterns? Journal of the Torrey Botanical Society, 129(2), 154−163.

273

Myneni, R., Keeling, C. D., Tucker, C. J., Asrar, G., & Nemani, R. R. (1997).
Increased plant growth in the northern high latitudes from 1981 to 1991.
Nature, 386, 698−702.
Pellikka, P. (2001). Application of vertical skyward wide-angle photography and
airborne video data for phenological studies of beech forests in the German
Alps. International Journal of Remote Sensing, 22, 2675−2700.
Post, E., & Stenseth, N. C. (1999). Climatic variability, plant phenology, and
northern ungulates. Ecology, 80(4), 1322−1339.
Potter, C., Klooster, S., Myneni, R., Genovese, V., Tan, P. N., & Kumar, V.
(2003). Continental-scale comparisons of terrestrial carbon sinks estimated
from satellite data and ecosystem modeling 1982–1998. Global and
Planetary Change, 39, 201−213.
Rastetter, E. B., King, A. W., Cosby, B. J., Hornberger, G. M., O'Neill, R. V., &
Hobbie, E. (1992). Aggregating fine-scale ecological knowledge to model
coarser-scale attributes of ecosystems. Ecological Applications, 2, 55−70.
Reed, B. C., Brown, J. F., VanderZee, D., Loveland, T. R., Merchant, J. W., &
Ohlen, D. O. (1994). Measuring phenological variability from satellite
imagery. Journal of Vegetation Science, 5, 703−714.
Richardson, A. D., Bailey, A. S., Denny, E. G., Martin, C. W., & O'Keefe, J.
(2006). Phenology of a northern hardwood forest canopy. Global Change
Biology, 12, 1174−1178.
Rötzer, T., Grote, R., & Pretzsch, H. (2004). The timing of bud burst and its
effect on tree growth. International Journal of Biometeorology, 48,
109−118.
Schaber, J., & Badeck, F. W. (2003). Physiology-based phenology models for
forest tree species in Germany. International Journal of Biometeorology, 47,
193−201.
Scheifinger, H., Menzel, A., Koch, E., Peter, C., & Ahas, R. (2002).
Atmospheric mechanisms governing the spatial and temporal variability of
phenological phases in central Europe. International Journal of Climatology, 22, 1739−1755.
Schwartz, M. D., & Reed, B. C. (1999). Surface phenology and satellite sensorderived onset of greenness: An initial comparison. International Journal of
Remote Sensing, 20, 3451−3457.
Schwartz, M. D., Ahas, R., & Aasa, A. (2006). Onset of spring starting earlier
across the Northern Hemisphere. Global Change Biology, 12, 343−351.
Schwartz, M. D., Reed, B. C., & White, M. A. (2002). Assessing satellitederived start-of-season measures in the conterminous USA. International
Journal of Climatology, 22, 1793−1805.
Small, C. (2004). The Landsat ETM+ spectral mixing space. Remote Sensing of
Environment, 93, 1−17.
Viovy, N., & Arino, O. (1992). The Best Index Slope Extraction (BISE): A
method for reducing noise in NDVI time-series. International Journal of
Remote Sensing, 13, 1585−1590.
White, M. A., Nemani, R. R., Thornton, P. E., & Running, S. W. (2002). Satellite
evidence of phenological differences between urbanized and rural areas of
the eastern United States deciduous broadleaf forest. Ecosystems, 5,
260−277.
White, M. A., Thornton, P. E., & Running, S. W. (1997). A continental
phenology model for monitoring vegetation responses to interannual
climatic variability. Global Biogeochemical Cycles, 11, 217−234.
Wolfe, D. W., Schwartz, M. D., Lakso, A. N., Otsuki, Y., Pool, R. M., & Shaulis,
N. J. (2005). Climate change and shifts in spring phenology of three
horticultural woody perennials in northeastern USA. International Journal
of Biometeorology, 49, 303−309.
Zhang, X., Friedl, M. A., Schaaf, C. B., Strahler, A. H., Hodges, J. C. F., Gao, F.,
et al. (2003). Monitoring vegetation phenology using MODIS. Remote
Sensing of Environment, 84, 471−475.
Zhang, X., Friedl, M. A., Schaaf, C. B., Strahler, A. H., & Schneider, A. (2004).
The footprint of urban climates on vegetation phenology. Geophysical
Research Letters, 31, L12209.

