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The phenology of a landscape is a key parameter in climate and biogeochemical cycle models and its correct
representation is central to the accurate simulation of carbon, water and energy exchange between the land
surface and the atmosphere.Whereas biogeographic phenological patterns and shifts have receivedmuch atten-
tion in temperate ecosystems, much less is known about the phenology of savannas, despite their sensitivity to
climate change and their coverage of approximately one eighth of the global land surface. Savannas are complex
assemblages of multiple tree, shrub, and grass vegetation strata, each with variable phenological responses to
seasonal climate and environmental variables. The objectives of this study were to investigate biogeographical
and inter-annual patterns in savanna phenology along a 1100 km ecological rainfall gradient, known as North
Australian Tropical Transect (NATT), encompassing humid coastal Eucalyptus forests and woodlands to xeric
inland Acaciawoodlands and shrublands. Key phenology transition dates (start, peak, end, and length of seasonal
greening periods)were extracted from13 years (2000–2012) ofModerate Resolution Imaging Spectroradiometer
(MODIS) Enhanced Vegetation Index (EVI) data using Singular Spectrum Analysis (SSA).
Two distinct biogeographical patterns in phenology were observed, controlled by different climate systems. The
northern (mesic) portion of the transect, from 12°S, to around 17.7°S, was influenced by the Inter-Tropical
Convergence Zone (ITCZ) seasonal monsoon climate system, resulting in strong latitudinal shifts in phenology
patterns, primarily associated with the functional response of the C4 grass layer. Both the start and end of the
greening (enhanced vegetation activity) season occurred earlier in the northern tropical savannas andwere pro-
gressively delayed towards the southern limit of the Eucalyptus-dominated savannas resulting in relatively stable
length of greening periods. In contrast, the southern xeric portion of the study area was largely decoupled from
monsoonal influences and exhibited highly variable phenology thatwas largely rainfall pulse driven. The season-
al greening periods were generally shorter but fluctuated widely from no detectable greening during extended
drought periods to length of greening seasons that exceeded those in the more mesic northern savannas in
somewet years. Thiswas in part due tomore extreme rainfall variability, aswell as a C3/C4 grass-forb understory
that provided the potential for extended greening periods. Phenology of Acacia dominated savannas displayed a
much greater overall responsiveness to hydroclimatic variability. The variance in annual precipitation alone
could explain 80% of the variances in the length of greening season across the major vegetation groups. We
also found that increased variation in the timing of phenology was coupled with a decreasing tree-grass ratio.
We further compared the satellite-based phenology results with tower-derived measures of Gross Ecosystem
Production (GEP) fluxes at three sites over two contrasting savanna classes. We found good convergence be-
tween MODIS EVI and tower GEP, thereby confirming the potential to link these two independent data sources
to better understand savanna ecosystem functioning.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Phenology is the study and analysis of the life cycles of flora
and fauna and their interactions with climate and other seasonal
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environmental drivers (White & Thornton, 1997). Studies involving
species-level phenology as well as at community-level, ecosystem and
biome scales, are important in global land-surface change research. As
an integrative indicator of climate variability and vegetation growth
responses to climate change, understanding the timing and drivers of
phenological patterns is also required to better simulate the carbon,
water, and energy exchanges between atmosphere and land surface
(Running & Hunt, 1993).

Phenological studies of vegetation can be carried out at the species
level (bud break, flowering, leaf flush, etc.) using in-situ field tech-
niques (Menzel et al., 2006; Williams, Myers, Muller, Duff, & Eamus,
1997). However, remote sensing provides the only feasible means of
phenology monitoring over landscape, continental and global scales
(Ahl et al., 2006; Glenn, Huete, Nagler, & Nelson, 2008; Huete et al.,
2002; Stockli & Vidale, 2004; Zhang et al., 2003). Space-borne optical
sensors such as NOAA-AVHRR and NASA-MODIS provide daily mea-
surements of a variety of biophysical and biochemical satellite-based
parameters of the land surface (Friedl et al., 2002; Huete et al., 2002;
Tucker, Townshend, & Goff, 1985). These earth observation systems ex-
amine broader scale phenomena that allow retrievals of whole-system
phenological metrics, such as the timing and magnitudes of greening,
peak activity, and drying phases of the growing season (Zhang et al.,
2003).

Many remote sensing phenology studies have been conducted in
northern mid- to high-latitude temperate regions in which the timing
and duration of the growing season is tightly correlated with tempera-
ture (Chen, Hu, & Yu, 2005; de Beurs & Henebry, 2005; Piao, Fang,
Zhou, Ciais, & Zhu, 2006; White et al., 2009; Zhang, Friedl, Schaaf, &
Strahler, 2004). In contrast to temperature-driven patterns in vegeta-
tion phenology, there have been fewer studies conducted in tropical
water- or light- limited/driven ecosystems. The start of the rainy season
has been found to be the best predictor of the onset of vegetation green-
up in drier areas where water availability is the primary driver of vege-
tation growth (Brown, de Beurs, & Vrieling, 2010; Zhang, Friedl, Schaaf,
Strahler, & Liu, 2005). In light-limited areas of the Amazon Basin, the
green-up phenophase in rainforests was found to be synchronized
with the dry season, when sunlight availability increases (Huete et al.,
2006).

“Savanna” as an ecological term has various definitions (Gillison,
1981; Walker & Gillison, 1982; Frost et al., 1986; Scholes & Walker,
1993; Eamus & Prior, 2001). In this study, we adopted a definition
after Walker and Gillison (1982), who defined savannas as wooded
communities with a conspicuous perennial or annual graminoid com-
ponent. In an Australian context, such a definition has been further ex-
tended to include woodland savanna (single-stemmed woody) and
shrub savanna (multi-stemmed woody) ecosystems (Walker & Gillison,
1982). We adopted such a definition due to its recognition of varying
mixtures of trees, shrubs and graminoids that form a structural continu-
um (Walker & Gillison, 1982).

The tree-shrub-grass layers of savanna have distinct physiological
characteristics, expressed as multiple plant functional types with tree
and grass ratios of cover and leaf area index varying significantly
among different savanna classes (Scholes & Archer, 1997). The phenol-
ogy ofmixed physiognomy savanna ecosystems is distinct from those of
forests and grasslands. Themulti-stratumnature of savannas results in a
more complex and dynamic landscape with each layer exhibits unique
functional responses and interactions to seasonal rainfall and other
environmental variables (Scholes & Archer, 1997).

Savanna phenology has been investigated at species and commu-
nity scales (Seghieri et al., 2009; Williams et al., 1997). For example,
at a site near Darwin (Northern Territory, Australia), ground obser-
vations showed evergreen species continued to flush and produce
leaves throughout the dry season, and that leafing in brevi- and semi-
deciduous species commenced prior to the arrival of rainfall (Williams
et al., 1997). In contrast, the fully deciduous species displayed a range
of behaviors: some flushed before the first rain, while others flushed
after ~25 mm of rain had fallen (Williams et al., 1997). A study
conducted at Kruger National Park in South Africa identified two dis-
tinct phenological syndromes where leaf flushing of trees occurred
prior to rainfall but grasses flush followed the rain (Higgins, Cartay,
February, & Combrink, 2011).

At regional scales, savanna phenology has also been investigated
using remote sensing (Archibald & Scholes, 2007; Chidumayo, 2001;
Ferreira & Huete, 2013; Higgins et al., 2011; Ratana, Huete, & Ferreira
2005). In South African savannas, a model based on AVHRR and
MODIS observations can predict 86% of the onset of tree species
green-up from day length alone, while with the incorporation of soil
moisture the model could predict 73% of the grass green-up, both to
within an accuracy of less than one month (Archibald & Scholes,
2007). However, Seghieri et al. (2009) found the phenophases of most
Sahelian woody species to be correlated with temperature rather than
rainfall. In central Brazil, temporal profiles of vegetation indices over
the cerrado exhibited high wet-dry season contrasts, and variations
in seasonal vegetation indices (VI) were negatively correlated with
woody cover (Ratana et al., 2005). Hill et al. (2011) investigated the
utility of MODIS VIs to classify global savanna ecoregions based on
annual average phenological profiles. Based on in-situ survey and
satellite observations, Hüttich et al. (2009) classified savanna vegetation
in South Africa using phenological metrics. Donohue, McVicar, and
Roderick (2009) recognized the distinct seasonal contributions of the
tree and grass layers in Australian savannas and decomposed AVHRR-
NDVI (Normalized Difference Vegetation Index) into recurrent and
persistent components, as surrogates of the herbaceous understorey
and evergreen woody overstorey, respectively.

However, accurate and robust regional-scale retrievals of savanna
phenology metrics remain a challenge using remote sensing methods.
For example, in African savannas, Hmimina et al. (2013) found that
NDVI time series could not be modeled with sigmoidal functions, as
commonly applied to VI time series in temperate biomes (Soudani
et al., 2008; Zhang et al., 2003). This was attributed to irregular rainfall
driven temporal vegetation growth patterns in savannas, thus requiring
use of non-parametric methods, such cubic spline methods, to smooth
the VI time series for retrieval of phenology metrics (Hmimina et al.,
2013). Jin et al. (2013) coupled flux tower measurements of productiv-
ity with MODIS data and similarly found existing phenology retrieval
methods were highly unstable across different savanna woodlands
sites. These studies suggest a need to consider the limitations of cur-
rent methodologies and develop more robust and accurate remote
sensing methods to retrieve phenological information in savannas
landscapes.

Savannas are most commonly found in the tropics and sub-tropics
and are present in both mesic and xeric regions (Eamus & Prior, 2001;
Frost et al., 1986). Savannas typically experience highly seasonal rainfall
and prominent inter-annual climate variability, making them one of the
most dynamic global biomes (Frost et al., 1986). With their distinct
rainy season and pronounced dry season, they are also considered par-
ticularly vulnerable to climate change (Field, Lobell, Peters, & Chiariello,
2007). The biotic and abiotic controls on savanna productivity exhibit
high spatial variability and complex interactions that create consider-
able challenges to accurate simulation of savanna-atmosphere exchange
processes (Kanniah, Beringer, & Hutley, 2010; Whitley et al., 2011).

Savannas cover one eighth of the global land area (Scholes & Archer,
1997) and contribute approximately 30% of all terrestrial ecosystem
gross primary productivity (House & Hall, 2001). Most importantly,
savannas support a vast and ever increasing human population that is
supported by livestock grazing activities (Scholes & Archer, 1997).
Land degradation in savanna regions has resulted in altered species
composition and declines in productivity, which pose concerns for
their fate, functioning, and resilience under future climate change
(Scheiter et al., 2012), as well as their continued capacity to support
human livelihoods and biodiversity (Frost et al., 1986; Hanan &
Lehmann, 2011; Scholes & Archer, 1997).
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Despite the global importance and vulnerability to anthropogenic
influences of savannas, the detailed characterization of biogeographical
patterns in their phenological cycles is lacking, particularly at landscape
and regional scales. This greatly hampers an effective understanding of
future climate impacts on composition, functioning, and fire behavior of
savanna systems. There is mounting evidence that savanna systems
will be substantially modified by climate change (Scholes & Archer,
1997; Scholes & Parsons, 1997; Bowman et al. 2010; Bowman, Murphy,
& Banfai, 2010; Hill & Hanan, 2013), yet there is a lack of knowledge
and insufficient data to predict the nature of these changes. Advances
made here would have applications for mixed tree/shrub/grass ecosys-
tems globally.

In contrast to savannas in South America and Africa, Australian
savannas are largely ecologically intact with relatively low levels of
fragmentation (Beringer, Hutley, Hacker, Neininger, & Paw, 2011;
Woinarski, Mackey, Nix, & Traill, 2007), enabling a greater capacity
to understand the environmental determinants on their growth
and functioning. They provide an ideal “living laboratory” to investi-
gate the critical environmental determinants of their phenology
and biogeographical variations (Hutley, Beringer, Isaac, Hacker, &
Cernusak, 2011; Williams, Duff, Bowman, & Cook, 1996). In this
study, we utilized satellite observations to investigate the biogeo-
graphic patterns and inter-annual variations of vegetation phenolo-
gy across an 1100 km north Australian ecological rainfall transect
(known as NATT). This transect encompassed a transitional gradient
from coastal mesic Eucalyptus dominated forests and woodlands to
inland xeric Acacia dominated woodlands, shrublands and grass-
lands (Walker, Steffen, Canadell, & Ingram, 1999).

Numerous studies have been made across this transect involving
biogeography, soils, ecophysiology, meteorology and land-atmosphere
exchange processes (see review by Hutley et al., 2011). The use of
terrestrial transects has beenwidely adopted by the global change com-
munity as a method to assess spatial patterns of biogeochemical pro-
cesses (Koch, Vitousek, Steffen, & Walker 1995; Walker et al., 1999).
The spatial variation of long-term trends in precipitation and phenology
along transects can be used as surrogates for predicting future climato-
logical variations to understand the possible responses of ecosystems to
global change (Koch et al., 1995). Future climate is expected to exhibit
more inter-annual variability with increasing number of extrememete-
orological events (Easterling et al., 2000; Seager, Naik, & Vogel, 2013),
which are likely to impact on savanna phenology.

The objectives of this study were to (1) determine the variations in
timing and duration of key vegetation phenological phases along a rain-
fall gradient (NATT); (2) assess the interactions and relative roles of
vegetation structural classes and rainfall on savanna phenology; and
(3) investigate the inter-annual rainfall responses and variations of veg-
etation phenology to decadal rainfall variability.

2. Data and methods

2.1. Study area

This study focused on a sub-continental scale ecological rainfall gra-
dient of more than 1100 km in length, known as the North Australian
Tropical Transect (NATT) (Koch et al., 1995), that encompassed an
area of 1.38 million km2 between 12°S to 23°S and 128°E to 138°E
(Fig. 1). The NATT was conceptualized in the mid-1990s as part of the
International Geosphere Biosphere Programme (IGBP) (Koch et al.,
1995), together with the Kalahari transect in southern Africa and the
SALT (Savanne à Long Terme) transect in West Africa, these three
major transects have been used extensively in the study of global
savannas (Beringer, Hutley, Hacker, Neininger, & Paw, 2011; Bowman,
Wilson, & Dunlop, 1988; Cook, Williams, Hutley, O'Grady, & Liedloff
2002; Eamus, Boulain, Cleverly, & Breshears, 2013; Eamus, Cleverly,
et al., 2013; Hutley et al., 2011; Scholes & Parsons, 1997; Walker et al.,
1999; Williams et al., 1996).
The NATT region is characterized as having a classic monsoon cli-
mate pattern with reversal of flow from low-level continental-origin
easterlies during winter to low-level westerly flow during summer
(December-March) (Suppiah, 1992). Mean annual precipitation (2000–
2012) decreases from over 1700 mm in the northern mesic tropics to
about 300 mm in the xeric southern region. Inter-annual variations in
rainfall (2000–2012) range from less than 30% of the mean (coefficient
of variation, CV) tomore than 60% CV fromnorth to south. Soils are rang-
ing from Kandosol (Palexeralf in U.S. Taxonomy) and affiliated types at
the northern humid end of the transect (Hutley et al., 2011), to black
cracking clay soils or sandy soils at the southern arid end (Walker
et al., 1999). Extensive grazing and limited horticulture are the primary
land-use types (Hutley et al., 2011) and frequent fires occur annually
in the dry season of the higher-rainfall areas, associated with higher
fuel loads (Anderson et al., 1998).

Within this extensive transect study area, we selected six
well-characterized local sites, as described in Beringer, Hutley,
Hacker, Neininger, and Paw (2011), representing different vege-
tation structures/functional types and precipitation regimes, to
investigate variations in phenology across savanna vegetation classes
(Table 1). These sites include several eddy covariance flux towers that
can be used for the assessment of satellite observed vegetation season-
ality and retrievals of phenology events, from north to south: Howard
Springs, Adelaide River, Daly River, Dry River, Sturt Plains and Ti Tree.
We note that the Sturt Plains site, which is classified as tussock grass-
land, is not a savanna since crown cover of the woody components is
usually below 0.2% in this vegetation type (Walker & Gillison, 1982),
but we included it in our analysis as an extreme end-member of the
tree-shrub-grass continuum.

The vegetation of the entire transect study area follows a wet-dry
savanna gradient that transitions from Eucalyptus dominated forests and
woodlands in the northern areas to Acacia-dominated woodlands and
shrublands to the south. The northern tropical savannas are dominated
by an overstorey of evergreen Eucalyptus and Corymbia species, with
amiddle layer of pan tropical semi- to fully deciduous tree and shrub spe-
cies, and understorey of annual and perennial C4 grasses (Egan &
Williams, 1996; Hutley et al., 2011). The dominance of Eucalyptus species
declines sharply at around18°S, and transitions into drierAcaciadominat-
ed woodlands/shrublands, and hummock grasslands (Bowman, 1996),
with perennial grass species becomingmore abundant in the understorey
(Walker et al., 1999). This pattern of annual grasses at thewet end (How-
ard Springs) and perennial at the dry end (Alice Springs) is unique in the
world's savannas (Walker et al., 1999).

The herbaceous layer consists of tall grass (height N100 cm) genera
in northernmonsoonal areas, including Sorghum (annual), Themeda and
Heteropogon, which exhibit marked growth seasonality (McKeon et al.,
1990; Walker & Gillison, 1982). These grade into mid-size grasses
(30–100 cm) further south, in which Aristida pruinosa dominates the
understorey in Eucalypt woodlands (NVIS, 2007; Walker & Gillison,
1982). The tussock grasslands are dominated by annual Iseilema sp., pe-
rennial Astrebla sp. and legume forbs that exhibit less marked growth
seasonality (McKeon et al., 1990;Walker & Gillison, 1982). In the exten-
sive south andwestern areas, hummock grasslands (spinifex) are found
consisting of mid-size perennial grasses (hard-leaved Triodia spp. and
soft-leaved Plectrachne spp.) with less marked seasonality (Walker &
Gillison, 1982). In the most southern portion of the transect, Acacia
open woodlands and Acacia shrublands (Fig. 1) form a non-overlapping
mosaic with hummock grasslands (Nicholas, Franklin, & Bowman,
2011), the understorey grasses are dominated by mid-short C3 and C4
grasses such as Eragrostis sp., Aristida ramosa, Thyridolepis mitchelliana,
and Stipa sp. (perennial) with low seasonality in growth (NVIS, 2007;
Walker & Gillison, 1982).

Nine major vegetation groups are present in this study area
(Table 1), based on growth form, structure and floristic composition
(Australian National Vegetation Information System, NVIS, version 4.1).
The dominant classes were tropical Eucalypt woodlands, Eucalypt



Fig. 1. Spatial extent of the North Australian Tropical Transect (NATT) study area. Six local sites have been labeled on the figure.White solid squares show the 100 pixel samples (sized-up
for visualization) from Howard Springs (131.150°E, 12.495°S) to Ti-Tree (133.249°E, 22.283°S) along the NATT. Background is the Australian Major Vegetation Map (MVGs), provided by
Australian National Vegetation Information System. Right small panel shows the locations of the study area over Australian continent (image source: Google Earth).

100 X. Ma et al. / Remote Sensing of Environment 139 (2013) 97–115
woodlands, Eucalypt openwoodlands, Eucalypt open forests, hummock
grassland, Acacia forests and woodlands, Acacia open woodlands, and
Acacia shrublands (Table 2). The major difference between tropical
Eucalypt woodland and Eucalyptwoodland is the presence of tall annu-
al bunch-grass (notably Sorghum spp.) in the former, and more grass
and shrubs in the latter. Geographically, tropical Eucalypt woodlands
is primarily distributed in the north-west humidmonsoonal areaswith-
in 1200–1600 mmMean Annual Precipitation (MAP), and the Eucalypt
woodlands is mainly distributed more south and east, within 800–
1200 mmMAP (Fig. 1).

2.2. Satellite data

The Enhanced Vegetation Index (EVI) is widely used as proxy of
canopy “greenness”, which is defined as an integrative composite
property of green leaf area, green foliage cover, structure, and leaf chlo-
rophyll content (Glenn et al., 2008; Huete et al., 2002). In this study,
thirteen years (18 Feb 2000–22 Mar 2013) of MODIS EVI products
were obtained from USGS repository (ftp://e4ftl01.cr.usgs.gov): 16-
day 250 m (MOD13Q1; Collection 5, tiles H29V11, H30V10, H30V11
and H31V11 of MOD13Q1) and 0.05° spatial resolution (MOD13C1).
We used the 250 m resolution product to investigate site-level pheno-
logical patterns and the 0.05° resolution product to assess regional phe-
nological patterns. EVI was used as a vegetation index that optimizes
the combination of reflectance in the red and near-infrared (NIR)
bands, based on a 1st-order Beer's law application of canopy radia-
tive transfer that effectively reduces soil background influences and
atmospheric noise variations present over the N1100 km transect
(Huete, 1988; Huete et al., 2002, 2008). The equation defining EVI is:

EVI ¼ 2:5
ρNIR−ρred

ρnir þ 6ρred−7:5ρblue þ 1
ð1Þ

where ρNIR, ρred, and ρblue are reflectances in the near infrared, red and
blue bands respectively (Huete et al., 2002). For each site, to match the
footprint of eddy flux tower, a 3 × 3 pixel window (0.5625 km2) was
used to extract the EVI time series from MOD13Q1. Residual cloud
and aerosol contamination in the original EVI time series were filtered
out based on the quality assurance (QA) flags provided with the
MOD13Q1 andMOD13C1 products. Gaps remaining after QA filtering
were then filled by linear interpolation in the temporal dimension
but pixels with more than two consecutive gaps were excluded
from the analysis.

2.3. Phenology metrics retrieval

To reduce noise and uncertainties in the MODIS time series data,
we employed a data adaptive analysis method, the Singular Spectrum
Analysis (SSA), known to be well suited to the analysis of nonlinear
dynamics in geophysical datasets (Aban & Tateishi, 2004; Buermann,
2002; Elsner & Tsonis, 1996; Ghil et al., 2002; Kondrashov & Ghil,
2006; Wang & Liang, 2008).

The fundamental concept of SSA is to embed a time series F =
(f0,…fN − 1, fn ∈ R) into high-dimensional Euclidean space and identify

ftp://e4ftl01.cr.usgs.gov


Table 1
Summary of major vegetation groups in the NATT study area.

MVG Coverage
(%)

MAP ± σ
(mm)a

CVMAP ± σ
(%)a

Overstoreyb Understoreyb

Eucalypt open forest 4.21 1392 ± 237 27 ± 5 E. tetrodonta, E. miniata, E. nesophila Triodia spp., Plectrachne spp., Sorghum spp.
Tropical eucalypt
woodlands

8.07 1311 ± 259 25 ± 5 E. tectifica, E. tetrodonta, E.miniata,
C. dichromophloia

Sorghum spp., Triodia spp., Chrysopogon spp.

Eucalypt woodlands 20.79 1025 ± 228 32 ± 7 E. tetrodonta, E. miniata, C. dichromophloia,
C. polycarpa, C. bella

T. triandra, Heteopogon spp., Sorghum spp., S. fragile

Eucalypt open
woodlands

14.48 685 ± 251 42 ± 11 C. dichromophloia, E. tetrodonta, E. miniata,
C. terminalis, E. pruinosa

Sorghum spp., Heteopogon spp., Chrysopogon spp.,
Bothriochloa spp., Aristida spp.

Acacia forests and
woodlands

2.04 811 ± 98 36 ± 5 A. shirleyi, A. catenulate, A. aneura, A. cambagei,
A. harhophylla

Eremophila spp., Dodonaea spp., Atriplex spp.,
Triodia spp., Plectrachne

Tussock grasslands 7.57 596 ± 152 43 ± 9 Astrebla spp., Austrodanthonia spp., Austrostiha spp.,
Dicanthium spp.

Hummock grasslands 28.75 509 ± 111 49 ± 8 C. decaisneana, E. gongylocarpa, A. aneura Plectrachne schinzii, T. pungens, T. basedowii T. irritans
Acacia open woodlands 2.81 379 ± 59 60 ± 10 A. aneura, A. georginae, A. tephrina, A. cam bagei,

A. harpophylla
Atriplex spp.,Maireana spp., Sclerolaena spp.,
Triodia spp., Eragrostic spp.

Acacia shrublands 2.89 405 ± 92 55 ± 9 A. aneura, A. cambadgei, A. victoriae, A. brachystachya,
A. resinomarginea

Triodia spp., Atriplex

a MAP = mean annual precipitation, calculated using BoM gridded rainfall data for every pixel of each vegetation group and then aggregated to obtainMAP for each group.We used 12
hydrological years (2000.07.01-2012.06.30) precipitation data to calculate mean annual precipitation (Jones et al., 2007).

b Species information of overstorey and understorey of each vegetation group is cited from NVIS (2007).
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the sub-space corresponding to the component of interest from which
a reconstructed time series is generated (Alexandrov, 2009). The time
series data F was first decomposed into L × K matrix and a window
length Lwas defined, so the time series can be constructed to a trajectory
matrix X ∈ R, K = N − L + 1 (Hankel matrix) (Alexandrov, 2009).
Then Singular Value Decomposition (SVD) is applied to X, and j-th
eigenvalue λj and eigenvector Uj of XXT specify the j-th component of
the SVD (Alexandrov, 2009):

X ¼
Xd

j¼1

ffiffiffiffiffi
λ j

q
U jV

T
j ; V j ¼ XT

=
ffiffiffiffiffi
λ j

q
; d ¼ max j : λ j N 0 : ð2Þ

The SSA-based reconstruction then combines the selection of a sub-
group SVD components, hankelization of thematrix X from the selected
sub-group, and reconstruction of a time series from the matrix X into a
length N time series (Alexandrov, 2009).

The benefit of using SSA to reduce the uncertainties in a time series is
that thefirst few SVD components of thematrix containmost of the infor-
mation of the trend and periodicity of the time serieswhile the remaining
components contain most of the noise (Ghil et al., 2002). In contrast to
linear filtering or wavelet methods, SSA is not a local method because it
considers the whole time series while conducting the reconstruction
and is therefore, more robust to outliers (Alexandrov, 2009) that may
be present in the satellite data due to cloud or aerosol contaminations.

SSA implementation requires two important parameters to be
determined: the window length L and the selection of the leading
Table 2
Summary of six major NATT sites.

Site Longitude
(°E)

Latitude
(°S)

Elevation
(m)

MVG Overstorey

Howard Springs 131.150 12.495 64 Eucalypt woodlands E. miniata, E. chloro
T. ferdinandiana

Adelaide Rivers 131.118 13.077 90 Tropical eucalypt
woodlands

E. tectifica, P. carey
B. obovata

Daly River 131.383 14.159 52 Eucalypt woodlands T. grandiflora, E. te
E. latifolia

Dry River 132.371 15.259 175 Eucalypt open forests E. tetrodonta, E. dic
C. terminnalis

Sturt Plains 133.350 17.151 210 Tussock grasslands –

Ti Tree 133.249 22.283 606 Acaciawoodlands C. opaca, E. victrix,

a Cited from OZFlux website: www.ozflux.org.au.
b MAP = mean annual precipitation, calculated using BoM gridded rainfall data for each sit
components. In testing our dataset, an optimized window length of
37 composite periods (37 × 16 / 365 ≈ 1.6 years) was found to
best capture the periodicity and reduce most of the random noise.
We selected four leading components to reconstruct the EVI time se-
ries, with the first component contributing with information on the
long term trend and the remaining components contributing with
periodicities of declining frequency, which are important for re-
trievals of the phenological metrics. Lastly, the SSA reconstructed
16-day MODIS EVI time series was interpolated to daily values
using local polynomial regression before being used to derive the
phenological metrics.

The biological interpretations of satellite-based phenology for the
savanna classes in our study area differ from those used in temperate
forests and grasslands. The tree layer is predominantly evergreen
and functionally active year round (Hutley, O'Grady, & Eamus, 2001;
O'Grady et al., 2009), without a dormant period of below 0 °C tempera-
tures nor periods of significant leaflessness. The start, peak, and end of
seasonal vegetation cycles are therefore mostly associated with the
functioning of the recurrent grass and forb layers, consisting of C3 and
C4 annual and perennial species. The key phenologicalmetrics retrieved
with the MODIS time series data were defined as:

• Start of Greening Season (SGS): the beginning date of enhanced
seasonal vegetation productivity associated with one or more of the
vegetation strata;

• Peak of Greening Season (PGS): the date of maximum vegetation
productivity for the savanna vegetation assemblage;
Understorey Canopy
height (m)a

Soila MAP ± σ
(mm)b

stachys, Sorghum spp. 18.9 Red kandosol 1722 ± 341

a, Sorghum spp. 12.5 Yellow hydrosol 1692 ± 373

trodonta, Sorghum spp., H. triticeus 16.4 Red kandosol 1295 ± 334

hromophloia, Sorghum. spp., T. triandra,
C. fallax

12.3 Red kandosol 1063 ± 277

Astrebla spp. 0.1 Gray vertosol 778 ± 304
A. aneura P. latifolia, T. mitchelliana,

E. eriopoda, E. pulchella
6.5 Red kandosol 443 ± 222

e using data of 12 hydrological years (2000.07.01-2012.06.30) (Jones et al., 2009).

http://www.ozflux.org.au
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Fig. 2. Phenological methodology schematic diagrams. (A) Original MODIS EVI time series (solid light gray line) with SSA reconstructed time series (solid black line) for Howard Springs
from 2000.02.18 to 2012.02.18; (B) SSA reconstructed MODIS EVI time series of one growth cycle (2000–2001) from above time series; (C) One day lag difference (approximation of first
derivative) of 2000–2001 SSA reconstructed EVI time series. In panel (B), the phenologicalmetrics have been labeled on the graph. In panel (C), the inflection points,which represent some
critical points during a growing cycle, have also been labeled on the graph.
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• End of Greening Season (EGS): the end date of enhanced seasonal
vegetation productivity associatedwith one ormore of the vegetation
strata;

• Length of Greening Season (LGS): the duration of enhanced vegeta-
tion productivity, defined as the difference between the end and
start of the greening period.

The SSA method for retrievals of phenology transition dates is
presented diagrammatically in Fig. 2. An SSA reconstructed sample
time series shown alongside the original EVI time series for the Howard
Springs site is presented in Fig. 2A. The phenology metrics retrieved
(SGS, PGS, EGS, and LGS) are shown for a single year (2000–01) green-
ing cycle from the Howard Springs time series data (Fig. 2B). Their
derivations based on inflection points identified by the first derivative
of EVI time series are shown in Fig. 2C, which include several critical
points: the minimum EVI date prior to the growing season, the date
of the fastest growth rate during the green-up period, the date of
peak growing season EVI, the date of most rapid brown-down rate
(senescence), and the minimum EVI after the cessation of the
growing season (Fig. 2C). We assume that the onset of the growing
season should occur after the minimum EVI date preceding
the growing season, but before the fastest growing date during
the green-up period. The start of the greening season (SGS) date
is defined as the date halfway between the date of minimum EVI
and the fastest greening date (Fig. 2B). Similarly, the date for the
end of the greening season (EGS) is defined as the date halfway be-
tween the fastest brown-down date and minimum EVI date after a
growing season. The peak (PGS) is defined as the date of maximum
EVI during the growing season, and the length of the greening sea-
son (LGS) is the difference between EGS and SGS dates.

2.4. Meteorological and eddy covariance data

Gridded 0.05° resolution daily rain gauge precipitation data inter-
polated from ground station measurements were obtained from the



103X. Ma et al. / Remote Sensing of Environment 139 (2013) 97–115
National Climate Center, Australian Bureau of Meteorology (Jones,
Wang, & Fawcett, 2009) and were used to investigate the relation-
ship between rainfall and spatio-temporal patterns in vegetation
phenology. We used three flux towers along the NATT to analyze
and interpret the satellite-derivedmeasures of greening season activity.
These sites were located at Howard Springs (12.495°S, 131.150°E)
(Hutley & Beringer, 2011), Daly River (14.159°S, 131.383°E) (Beringer,
Hacker, et al., 2011; Beringer, Hutley, Hacker, Neininger, & Paw,
2011), and Ti Tree (22.283°S, 133.249°E) (Eamus, Boulain, etal., 2013;
Eamus, Cleverly, et al., 2013), representing the two most common sa-
vanna vegetation classes present in Australia: Eucalypt woodland and
Acacia woodland (Table 1). The original Level 3 data were provided
by the OZFLUX network (http://www.ozflux.org.au) and data pre-
processing was used to ensure consistency among sites and reduce
the uncertainties in computed fluxes; this included general quality con-
trol assessment, removal of outliers, and correction for low turbulence
periods. A second-order Fourier regression was fitted to the nighttime
Net Ecosystem Exchange (NEE) series, which is assumed to be a repre-
sentative of Ecosystem Respiration (Reco), using the method proposed
by Richardson and Hollinger (2005):

Reco ¼ f 0 ¼ s1 � sin Dπð Þ þ c1 � cos Dπð Þ þ s2 � sin 2� Dπð Þ
þ C2 � cos 2� Dπð Þ þ ε

ð3Þ

where in Eq. (3), f0, s1, c1, s2 and c2 are fitted coefficients, Dπ =
DOY ∗ 360/365 (DOY: Day of Year), and ε is the regression residuals.
We used this method because it had the advantage of minimal use of
environmental covariates to compute Reco (Richardson & Hollinger,
2005). Half-hourly fluxes of Gross Ecosystem Productivity (GEP) were
then derived as GEP = NEE − Reco.

As the intent of this study was to obtain a reliable time series of GEP
observations in order to confirm MODIS satellite retrieved phenology
metrics, we aggregated the half hourly flux data to match the 16-day
temporal resolution of the MODIS EVI observations.

2.5. Spatial and temporal analysis sampling

We analyzed the spatial–temporal dynamics in phenology across
our study area through the use of local site analyses, latitudinal transect
analyses, and whole region spatial analyses (Fig. 1). The latitudinal
transects pass through the major vegetation classes and include the
A)

Fig. 3. Phenological profiles for 6 flux tower sites from 2000 to 2012. “Wettest”means the seas
means the profile from the driest year (with the lowest annual precipitation) during 2000–
and hydrological year have also been labeled for each site.
local study sites and major field sites of the NATT (Hutley et al., 2011).
The transect consisted of one hundred 0.05° × 0.05°samples, from
12.495°S–131.15°S to 22.283°S–133.353°S. Within this transect, pheno-
logicalmetricswere extracted for each year and for each sample to inves-
tigate latitudinal gradients in phenology along theNATT. Data processing,
statistical analysis and visualization were conducted in R scientific
computation environment (version 2.15.3, R Core Team, 2013).

3. Results

3.1. Local site phenological profiles

Seasonal EVI profiles (SSA reconstructed) with key phenology tran-
sition dates during the wettest and driest years over the six local study
sites are depicted in Fig. 3. The seasonal EVI profiles varied inmagnitude
and timing of the key phenology dates, with the more tree-covered
northern mesic sites (Howard Springs, Adelaide River, and Daly River)
showing the highest amplitude EVI profiles (Fig. 3), and the southern
drier Acaciawoodland site (Ti-Tree) with the lowest overall EVI profiles
(Fig. 3A, B). The seasonal profiles for the tussock grassland site (Sturt
Plains), the mostly non-savanna area near the center of the transect,
were also low in amplitude, particularly in dry years (Fig. 3B). Themag-
nitude of peak greening season (PGS) values decreased along the rain-
fall gradient from north to south. Similarly, dry season minimum EVI
values, prior to the start of greening season (SGS), also decreased in
magnitude from north to south, reflecting a declining contribution
from evergreen tree and shrub cover, as there is no green herbaceous
presence during this late dry season period. Area-integrated integrals
of the EVI curves also decreased from north to south indicative of the
lower annual vegetation productivity across the savanna vegetation
classes from northern Eucalyptus woodlands to the Acacia woodlands
and grasslands to the south (Fig. 3).

Differences in phenology timing dates between northern mesic
savanna classes to the southern xeric classes approximately followed
the progression of the Australian summermonsoon (Fig. 3). On average,
the start of greening occurred earlier in the north andwas progressively
delayed to the south, with SGS dates ranging from September to
November, respectively. Similarly, the dates of peak greenness (PGS)
and the end of the greening season (EGS) occurred earlier in the north
and later into the south, lagging from January to April, and May to
August, respectively.
B)

onal EVI profile from the wettest year (with the highest annual precipitation) and “driest”
2012, for each site. SSA derived key phenology transitional dates, annual precipitation

http://www.ozflux.org.au
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Hydroclimatic differences in EVI seasonal profiles and phenological
transition dates between thewettest year and driest yearswere also ev-
ident (Fig. 3). The wettest year for all six sites was 2010–11, a La Niña
year, while the driest years were 200203 (Adelaide River, Daly River),
2004–05 (Howard Springs, Dry River, Sturt Plains) and 2007–08
(Ti Tree). During the driest years, the northern Eucalyptus forest/
woodland sites (Howard Springs, Adelaide River, Daly River and Dry
River) showed delayed trends in SGS, PGS and EGS from 5 to 30 days,
relative to wet years. The drought year influence on phenology was
more complex at the two southernmost sites, where the Ti Tree site
had no detectable greening season at all, and the non-savanna Sturt
Plains site showed an earlier, although considerable smaller, greening
season (Fig. 3A, B). Overall, the impacts of changing rainfall amounts
on the seasonal EVI profiles became more strongly felt from north to
south along the transect. Changes were minimal at the mesic savanna
site (Howard Springs), despite the considerable reduction in annual
precipitation from 2488 mm to 1158 mm (Fig. 3). This suggested a
A)

C)

E)

Fig. 4. Phenogram–inter-annual variations in vegetation phenology plotted with int
more energy-limited, rather than water-limited savanna class. In con-
trast, at the southern xeric end, seasonal EVI amplitudes decreased
from 0.27 to 0.18 in tussock grasslands (~33% decrease), and dropped
by 73% at the Ti Tree site Acacia woodland.

3.2. Phenogram

The inter-annual variations in the key phenological events are
shown in Fig. 4 for the same sites and major vegetation assemblages.
Inter-annual variations in phenology at the Eucalypt woodland and
tropical Eucalypt woodland sites (Howard Springs, Adelaide River,
and Daly River) were minimal, although there appears to be an
advancing trend in SGS, PGS, and EGS at Howard Springs and Daly
River sites in the last 5 years, from 2006–07 to 2011–12 (Fig. 4A, C).
Increases in inter-annual variability in phenology became apparent at
the Eucalypt open forest (Dry River) site, and became quite pronounced
in the tussock grassland (Sturt Plain) and Acacia woodland sites
B)

D)

F)

ra-annual EVI seasonality as background for six major sites from 2000 to 2012.



105X. Ma et al. / Remote Sensing of Environment 139 (2013) 97–115
(Ti Tree) (Fig. 4D, E, F). The extreme regional drought in 2004–05
resulted in dramatic and earlier advances in PGS, EGS, and subsequent
year SGS of 1 month at Sturt Plains, and the absence of a detectable
greening season at Ti Tree. The Ti Tree site also lacked a greening season
in 2007–08 and 2008–09 due to severe drought conditions (Fig. 4F).

3.3. Towards a realistic representation of xeric vegetation phenology

Subtle variations in EVI values in low rainfall areas with low green-
ness may not necessarily depict true vegetation growth dynamics, due
to the influence of noise in the satellite data associatedwith bidirection-
al sun/viewing angles and residual atmosphere aerosol and clouds
(Wang et al., 2012; Glenn et al., 2008). To minimize potential artifacts
in our retrievals, we applied a seasonal amplitude threshold value of
0.02 EVI units as our objective criteria of MODIS uncertainties in the
data, and defining our basis for phenology detection. In Fig. 5, the EVI
seasonal amplitude (peakminus baseline) is plotted against annual pre-
cipitation over the 13 year time period at the driest, Ti Tree site. EVI am-
plitudes variedwidely from 0.005 (2004–05) to 0.060 (2006–07), while
rainfall varied from 116 mm to 940 mm, i.e., both varied approximately
ten-fold. The resulting strongly significant positive correlation (R =
0.83, p b 0.001) suggests that variations in seasonal EVI may reflect ac-
tual vegetation dynamics driven by inter-annual variations in rainfall.
Nevertheless, at annual precipitation values below ~250 mm, the EVI
seasonal amplitude drops below 0.02 EVI units, which is within the
mean uncertainty of the MODIS EVI product, and hence all pixel-years
with EVI seasonal amplitudes lower than 0.02 were excluded from phe-
nology retrievals, and treated as ‘null’ values with no detectable green-
ing seasons.

3.4. Biogeographic patterns of phenology

Region-wide phenology maps were generated to assess spatial vari-
ability and inter-annual variability in the timing and length of seasonal
greening over the NATT study area (Fig. 6). Four individual years are
depicted to illustrate the impacts of inter-annual rainfall variability
Fig. 5. Relationship between annual precipitation and EVI season amplitude (peak-
baseline) for the south arid endmember of NATT, Ti Tree (Acacia woodlands), over
2000–2012 period. Horizontal red dashed line indicates the mean uncertainty of
MODIS EVI product (0.02 EVI unit). Vertical blue dashed line indicates the minimal
requirements of annual rainfall for reliable phenology detection at Ti Tree site. Red
shaded area indicates the low annual rainfall region with EVI seasonal amplitudes
lower than MODIS data error such that reliable phenology could not be retrieved.
on vegetation phenology, including a relatively normal rainfall year
(2001–02), an anomalous drought year (2007–08), and two relatively
wet years (2005–06 and 2010–11), based on the standard precipitation
anomalies (Fig. 6A). Large spatial variations in the timing and occur-
rence of key phenology transition dates are readily observed over the
study area (Fig. 6B, C, D). There is an overall delaying trend in SGS,
PGS, and EGS from north to south with the greening season starting
earlier (between September and October) at the northern, mesic
Eucalyptus-dominated forests and woodlands, followed by gradual
delays to November and the subsequent February towards the southern
hummock grasslands and Acacia-dominated savannas (Fig. 6B). The
peak and end date of greening season (PGS and EGS) showed similar,
delayed trends from north to south, and shifted from January to May,
and June to December, respectively (Fig. 6C, D).

Large temporal variations in annual precipitation primarily im-
pacted vegetation growth in the southern region (Acacia-dominated
savannas and hummock grasslands) with the northern humid
regions (Eucalyptus-dominated savannas) more buffered to rainfall
variability (Fig. 6B, C, D, E).

Patterns in the length of greening season (LGS) weremore complex,
especially in the southern xeric areas where in some years a longer
greening season was observed relative to the northern savannas,
while in drought years depressed vegetation activity was particularly
evident in the south, such that no detectable LGSwas observed (Fig. 6E).

The latitudinal changes in phenology were more easily depicted in
the 1100 km transect plot (one hundred pixels, 0.05° × 0.05°) from
Howard Springs to Ti-Tree for dry and wet years (Fig. 7). Well-defined
latitudinal delayed shifts in SGS, PGS, and EGS were observed over the
northern half of the transect from 12.5°S to 17.7°S, which is the
approximate geographical boundary separating the northern mesic
Eucalyptus dominated forests/woodlands from the xeric Acacia
woodlands/shrublands and the hummock grasslands in the southern
portion of the study area (Fig. 7A). The SGS date varied from September
in the northern end of the transect to November at 17.7°S, after which
the delaying trend was replaced by a more fluctuating and variable
pattern with slight advancing trends in the southernmost portion of
the transect (Fig. 7A).

Phenology shifts in PGS and EGS followed similar latitudinal trends,
with PGS dates delayed from late January to late March and EGS dates
deferred from late May to early September from north to south
(Fig. 7A). The peak greening seasonal period (PGS) and end of the
greening season (EGS) also showed much higher latitudinal variability
and followed an advancing trend south of 17.7°S. Overall, the length of
the greening period was relatively stable throughout the northern sa-
vannas, and becamehighly variable south of 15.5°S, where LGS duration
became shorter or longer than LGS of the northern savannas (Fig. 7B).
Note that, despite the global spatial trends observed along the
1100 km transect, there were also local fluctuations present, related
to local-environmental controls (such as topography, soil type, rainfall
patterns), and vegetation structure and species composition.

In comparisons of thewet and dry years along the 1100 km transect,
the phenology of themesic savannas at the northern end of the transect
was stable and consistent across the wet and dry years, indicating that
greening periods (duration and dates) were relatively insensitive to
inter-annual variability in rainfall amount. The SGS, PGS, and EGS
parameters were fairly constant across dry and wet years, resulting in
a relatively constant LGS (Fig. 7B). However in the southern end of the
transect study area, the impact of dry and wet rainfall years became
more pronounced, particularly for the start of greening season (SGS)
in which significant advances in greening occurred in wet years while
large delays in SGS were observed in the dry years (Fig. 7A). SGS
sensitivity to dry and wet years was maximal between 17°S and
21°S (with a maximum difference of 46 days found at 18.3°S), which
approximately corresponded to the geographical extent of hummock
grasslands. On the other hand, PGS and EGS dates were much more
stable across years regardless of rainfall amounts (Fig. 7A).
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Fig. 6. Spatial patterns of vegetation phenology over the NATT study area alongwith rainfall anomalies across four representative hydrological years. (A) Standardized anomaly of annual
precipitation; (B) Start of Greening Season (SGS); (C) Peak of Greening Season (PGS); (D) End of Greening Season (EGS); (E) Length of Greening Season (LGS). Four representative years
we selected were: 2001–2002 (normal/light drought year); 2005–2006 (wet year); 2007–2008 (drought year); 2010–2011 (wet year). The filled pixels (gray shaded areas) are either
water body, low MODIS QA, or without detectable phenology.
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During the wetter years, LGS ranged between 240 and 280 days
across most of the northern portion of the transect (from 12°S to
15.5°S), which continued or increased in the southern portion of the
transect to around 300 days until 17.7°S, then kept decreasing to
280 days towards the south end (Fig. 7B). In contrast, during the drier
years, there were dramatic declines in LGS in the mid-south portion of
the transect (from 15.5°S to 19°S), with significant areas in which no
detectable greening season could be reliably assessed (Fig. 7B).
3.5. Phenology and precipitation averaged by vegetation groups

To examine co-varying influences of rainfall and savanna vegetation
class on observed phenology along the ecological rainfall transect, we
plotted the inter-annual variability observed in LGS with the mean
and variance in rainfall for all pixels within each of the nine major veg-
etation groups in the study area (Fig. 8).We observed, a strong negative
relationship between inter-annual variance in LGS and mean annual
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Fig. 7. Latitudinal gradients of vegetation phenology along the NATT from 12.5°S to 22.5°S. For each transect sample, to produce the wet average and dry average, we first ranked the
12 years based on annual precipitation and then averaged the phenological metrics of the three wettest years and three driest years to form “wet average” and “dry average”.
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precipitation (MAP) with very low LGS variance in the humid areas and
increasing LGS variance towards the southern xeric vegetated areas
(Fig. 8A). This increasing variance in LGS coincided with the transition
of vegetation groups from tropical Eucalypt forest/woodlands, tussock
grasslands, Acacia forests/woodlands, and Eucalypt open woodlands to
hummock grasslands, Acacia open woodlands, and Acacia shrublands
(Fig. 8A). The two most humid vegetation classes, Eucalypt open for-
ests (MAP = 1391 mm) and tropical Eucalypt woodlands (MAP =
1311 mm), exhibited the smallest temporal variations in LGS (5.2%
and 5%, respectively). The largest variation in LGS occurred over
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Fig. 8. Regional averaged (A) mean CV (coefficient of variance, %) of length of greening season (LGS) versus mean annual precipitation (PPT), and (B) mean CV of LGS versus mean CV of
PPT for nine major vegetation groups.
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the Acacia shrublands (80.9%), open woodlands (74%) and hummock
grasslands (71.9%), where MAP was 405 mm, 379 mm and 508 mm,
respectively.

There was a strong positive correlation (R2 = 0.8, p b 0.001) be-
tween inter-annual variances in precipitation and variance in LGS
(Fig. 8B). Variance in LGS showed a slow increase with increasing vari-
ance in annual precipitation up to CV-PPT values of 40% followed by a
rapid increase in LGS variability at higher CV-PPT up to a maximum
CV-LGS of 81% variance at values of CV-PPT that exceeded 55%
(Fig. 8B). The increasing trend in LGS variability followed changes
in vegetation structure, from dense tree cover classes (Eucalypt tropical
forest/woodlands) to lower tree cover (Acacia shrublands, open
woodlands, and hummock grasslands) (Fig. 8).
3.6. Eddy covariance flux measurements of photosynthesis

We compared the seasonal synchronies of the MODIS EVI retrieved
phenological timing events with in-situ flux tower measurements of
photosynthetic activity to independently assess our satellite phenology
retrieval methodology (Fig. 9). Overall, the seasonality of 16-day aggre-
gatedGEPwas consistentwith theMODIS EVI time series at theHoward
Springs and Daly River sites with good correspondence in retrievals of
phenological transition dates (Fig. 9 and Table 3). At Howard Springs
site, the RMSE between MODIS EVI retrieved phenology dates and flux
tower GEP based phenology were 12.2, 9.5, 11.1 and 13.8 days for
SGS, PGS, EGS and LGS, respectively (Fig. 9A and Table 3). At Daly
River site there was a relatively higher RMSE between the EVI and
GEP-based metrics (19.1, 10, 20.8 and 19.8 days for SGS, PGS, EGS and
LGS, respectively), although large gaps in the tower GEP time series
contributed to the higher uncertainties (Fig. 9C and Table 3). The EVI-
derived seasonal peak date (PGS) lagged the flux tower derived PGS,
indicating that peak photosynthesis activity precedes the appearance
of the chlorophyll-based, EVI greenness signal (Fig. 9C).

The highly variable Ti Tree site also showed a good seasonal corre-
spondence of photosynthesis with satellite-derived greening periods
(Fig. 9D). Most importantly, the GEP seasonal profiles confirm the
extended greening season periods in the semi-arid southern Acacia
woodland savannas. This site also demonstrated the highest uncertainty
in capturing flux tower GEP seasonal dynamics with the satellite phe-
nology measures. MODIS and flux tower PGS were generally consistent
in both years, however,MODIS PGS lagged tower-GEP by approximately
3 weeks (Fig. 9D and Table 4). The uncertainties in SGS and EGS be-
tween the two datasets were greater, particularly in estimating the
end of the greening season with MODIS EVI lagging GEP by as much
as 3 months.
Uncertainties in SGS and EGS can be partly explained by observed
hysteresis effects between greening (SGS to PGS) and browning
(PGS to EGS) phenological phases in MODIS EVI and flux tower GEP
(Fig. 10). The green-up and brown-down phase relationships be-
tween MODIS EVI and flux tower GEP at Howard Springs were in
close agreement with near-linear relationships and similar slopes
(Fig. 10A). Differences in these relationships became greater at the
Daly River site, with green-up and brown-down relationships show-
ing different slopes and some non-linearity evident in the brown-
down phase (Fig. 10B). The largest differences between the two
phases were observed at the Ti Tree Mulga site, with the brown-down
phase showing clear non-linear relationships between MODIS EVI and
flux tower GEP (Fig. 10C). This corresponded with the greater uncer-
tainties found in defining the end of the greening season dates.

4. Discussion

4.1. Ground interpretations of the remotely sensed vegetation phenology

In this study we characterized the biogeographical variability in
landscape phenology over a wide range of tropical savanna vegetation
classes (tree-shrub-grass assemblages) along a tropical mesic to semi-
arid rainfall gradient with 13 years of MODIS EVI data and a Singular
Spectrum Analysis (SSA) based algorithm for retrieval of phenology
dates. Before discussing our results, we first provide ground interpreta-
tions of the remotely sensed vegetation phenology in north Australian
tropical savannas. We assumed that seasonal variations (phenology)
in EVI should be primarily the result of changes in plant cover associated
with changes in understorey grasses and forbs. We support this as-
sumption through consideration of the following:

1. Field observations of leaf phenology of woody species (trees and tall
shrubs) at sites located at the north end of the NATT (Solar Village,
near Darwin, Northern Territory, Australia and Howard Springs,
near Darwin) showed that evergreen species expressed only small
seasonal fluctuations in LAI with a full canopy retained throughout
the year (O'Grady, Chen, Eamus, & Hutley, 2000; Williams et al.,
1997). This is attributable to their ability to access deep soil stores
of water and ground water (Borchert, 1994; Cook et al., 1998). The
two community dominants, Eucalyptus miniata and Eucalyptus
tetrodonta, account for approximately 80% of the standing tree
biomass, and are responsible for overall high projected canopy
foliage during the dry season (Duff et al., 1997; Williams et al.,
1997; O'Grady et al., 2000);

2. An EC flux tower based study located at Howard Springs showed that
tall grasses and shrubs contributed 70–80% of total ecosystem carbon
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Fig. 9. Inter-comparison of theMODIS EVI time series and flux tower GEP time series over three local sites. (A) Howard Springs (2001–2006); (B) Howard Springs (2008–2011); (C) Daly
River (2007–2011); (D) Ti Tree (2009–2012). Phenologymetrics computed for both EVI andGEP using same algorithm. Shaded areas indicate time periodswhich have continuousmissing
gaps presented in flux GEP data. These missing gaps were filled using linear interpolation and then used to calculate phenology metrics.
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fluxes during the wet season but contributed zero in the mid-to-late
dry season (Whitley et al., 2011), but transpiration rates of the
trees were found to be constant across wet and dry season (Hutley
et al., 2001);

3. At the southern semi-arid region of the NATT, field measurements in
the Acacia dominated woodlands (Ti Tree) found that Acacia aneura
(evergreen) shows only small variation in Leaf Area Index (LAI)
(Eamus, Boulain, et al., 2013; Eamus, Cleverly, et al. 2013). They
found that variations in ecosystem leaf area index were primarily
contributed by the understorey, which peaked during thewet season
(0.3) and were minimal in the dry season (0.05), therefore the vari-
ations in understorey LAI were assumed to be the predominant
driver of seasonal changes in canopy gas exchange at this Mulga
site (Eamus, Boulain, et al. 2013; Eamus, Cleverly, et al., 2013).



Table 3
Phenological metrics calculated using MODIS EVI and flux GEP for Howard Springs.

Pheno-metrics Data Hydrological year

2001–2002 2002–2003 2003–2004 2004–2005 2005–2006 2008–2009 2009–2010 2010–2011

SGS GEP 2011.09.19 2002.09.20 2003.09.25 2004.09.27 2005.09.18 2008.09.04 2009.08.25 2010.08.25
EVI 2011.09.27

(+8)a
2002.10.04
(+14)

2003.10.06
(+11)

2004.09.30
(+3)

2005.09.30
(+12)

2008.09.09
(+5)

2009.09.15
(+21)

2010.09.05
(+11)

PGS GEP 2002.01.23 2003.01.23 2004.02.03 2005.01.29 2006.01.22 2009.01.22 2009.01.11 2010.12.26
EVI 2002.01.22

(−1)
2003.01.23
(0)

2004.01.22
(−12)

2005.01.22
(−7)

2006.01.30
(+8)

2009.01.18
(−4)

2010.01.28
(+17)

2011.01.06
(+11)

EGS GEP 2002.06.08 2003.06.17 2004.06.25 2005.06.13 2006.06.05 2009.05.28 2010.05.29 2011.05.16
EVI 2002.06.12

(+4)
2003.06.11
(−6)

2004.06.06
(−15)

2005.06.13
(0)

2006.06.26
(+21)

2009.06.11
(+14)

2010.06.04
(+6)

2011.05.20
(+4)

LGS GEP 262 270 274 259 260 266 277 264
EVI 258 (−4) 250 (−20) 244 (−30) 256 (−3) 269 (+9) 275 (+9) 262 (−15) 257 (−7)

a Number within the bracket represents the difference between the phenological metrics (date or length) calculated using EVI and GEP. Taking SGSEVI and SGSGEP for example, if it is a
positive number, it means that SGS calculated using EVI delayed the SGS calculated using GEP, and vice versa.
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Based on these observations it is clear that the primary determi-
nant of the green-up and brown-down is defined primarily by the
dynamics of the understorey grasses and forbs, with a relatively
invariant evergreen-dominant tree seasonality. However, we also
note that thewoody species, despite primarily dominated by evergreen
species, also contribute to seasonal variations in EVI/flux because there
are some deciduous, semi-deciduous and brevi-deciduous trees present
in the northern mesic region of the NATT (Williams et al., 1997).
Similarly at Ti Tree in the southern region of the NATT, variation in LAI
of the Mulga (A. aneura) ranged from 0.2 to 0.3 (Eamus, Boulain, et al.
2013; Eamus, Cleverly, et al., 2013).

In this study, we focused on the timing of functional phenology
patterns at landscape scales, rather than partitioned physiognomic
landscape components. However, we acknowledge that it would be
worthwhile to decompose the EVI greenness signal into tree, grass,
and shrub contributions and further retrieve phenological metrics for
each layer. To date such physiognomic partitioning has not been accom-
plished by remote sensing observations at regional scales; nor has such
partitioning been accomplished with flux tower measurements at com-
munity scales. Therefore, this should be a common goal and research
challenge for both remote sensing and eddy flux communities in future
savanna research. For example, Guerschman et al. (2009) attempted to
improve the partition of photosynthetic vegetation, non-photosynthetic
vegetation and bare soil by incorporation of a shortwave infrared
(SWIR) band. Unique phenological characteristics between woody
species and herbaceous species in Australian savannas have also
been recognized and used for obtaining sub-pixel tree/grass parti-
tions (Donohue et al., 2009; Lu et al., 2003; Roderick et al., 1999).
Such partitions will benefit many scientific research and applications
such as forage resource management, hydrological cycle simulation,
fire fuel loading and modeling carbon and water exchanges between
land surface and atmosphere.
Table 4
Phenological metrics calculated using MODIS EVI and flux GEP for Daly River and Ti Tree.

Pheno-metrics Data Daly River

2007–2008 2008–2009 2009–20

SGS GEP 2007.09.23 2008.10.02 2009.10.
EVI 2007.10.01 (+8)a 2008.09.21 (−11) 2009.09.

PGS GEP 2008.01.17 2009.01.29 2010.02.
EVI 2008.01.26 (+9) 2009.01.25 (−4) 2010.01.

EGS GEP 2008.06.03 2009.06.25 2010.05.
EVI 2008.05.27 (−7) 2009.05.26 (−30) 2010.05.

LGS GEP 254 266 215
EVI 239 (−15) 247 (−19) 242 (+2

a Number within the bracket represents the difference between the phenological metrics (d
positive number, it means that SGS calculated using EVI delayed the SGS calculated using GEP,
4.2. Biogeographical patterns of vegetation phenology

Significant latitudinal shifts in vegetation phenology timing through-
out the northern half of the study area (from 12°S to approximately
17.7°S) were observed, coincident with the extent of the monsoonal
rainfall (Bowman et al., 1988). The start, peak, and end dates of the sea-
sonal greening periods were progressively delayed from north to south,
resulting in a relatively constant duration of the green season period de-
spite the large rainfall gradient of 1700 mm to 700 mm mean annual
rainfall for this northern portion of the transect.We also observed an in-
creasing trend in inter-annual variability of the timing of key phenology
dates from the northern mesic Eucalypt savannas to the southern semi-
arid Acacia savannawoodlands and grasslands. This followed a progres-
sively weakening influence of monsoon activity towards the southern
Acacia woodlands where more isolated convective storms with large
inter-annual variability become more dominant climatic influences
(Cook & Heerdegen, 2001).

The main determining factor of phenology in the northern mesic
tropical Eucalypt savannas is the timing of the onset of the monsoonal
rainy season, a response that is primarily attributed to the growth of
grasses that are limited by soil water availability. The low inter-annual
variability observed in phenological patterns in the northern savannas
was related to the low inter-annual variability in the timing of the
onset date of the rainy season (standard deviation of approximately
10 days) (Lo et al., 2007). Large inter-annual variations in precipitation
amounts had no observable effects on phenology timing in the northern
savannas, as the duration of rainy season is not related to the amount of
rainfall (Cook et al., 1998) and hence phenology was largely decoupled
from variability in the amount of precipitation.

In contrast to the northern savannas where duration of the rainy
season played a more important role than rainfall amount in dictating
seasonal growth, phenology was strongly coupled to the absolute
Ti tree

10 2010–2011 2010–2011 2011–2012

28 2010.09.29 2010.11.16 2011.08.28
24 (−34) 2010.09.18 (−11) 2010.11.13 (−3) 2011.12.06 (+100)
07 2011.02.07 2011.03.03 2012.03.13
31 (−7) 2011.01.22 (−16) 2011.03.26 (+23) 2012.03.31 (+16)
31 2011.06.07 2011.06.05 2012.05.25
24 (−7) 2011.05.11 (−27) 2011.09.09 (+96) 2012.09.05 (+103)

251 201 271
7) 235 (−16) 300 (+99) 283 (+3)

ate or length) calculated using EVI and GEP. Taking SGSEVI and SGSGEP for example, if it is a
vice verse.



A)

B)

C)

Fig. 10. Scatter plot between 16-day aggregated flux tower GEP and MODIS 16-day
EVI for three savanna sites. (A) Howard Springs (Eucalypt woodlands); (B) Daly
River (Eucalypt woodlands) and (C) Ti Tree (Acacia woodlands). Seasonal hysteresis
effect in the relationship between EVI and GEP was found maximum at Ti Tree Mulga
site, while the greenup phase showed near-linear relationship, but browndown
phase showed enhanced non-linearity. Greenup phase was defined as the period
from season start (SGS) to season peak (PGS), while browndown phase was defined
as the period from PGS to season end (EGS).
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amount of rainfall in the southern semi-arid areas (i.e. south of 15°S, the
southern limit of monsoonal tall-grass savannas). The relative contribu-
tion of temporally isolated extra-monsoonal rainfall events to both the
duration of the rainy season and the amount of rainfall increases toward
the south and is considered a critical determinant of many important
ecological processes such as seed germination of grasses and woody
species phenology (Eamus et al., 2001). Additionally, inter-annual vari-
ability of start and end dates of the rainy season lengthwasmuch great-
er in the southern region, where the standard deviation in the timing of
onset of rainfall exceeded 55 days (Lo et al., 2007) and coincided with
increased variation in phenology along the same direction. Therefore,
rainfall was more important for regulating phenology over the semi-
arid southern study area, thereby stimulating seed germination of the
herbaceous species and defining the length of the seasonal green period
(Fox, 1990).

4.3. Ground GEP comparisons

Seasonal in-situ eddy covariance flux measurements of GEP were
used to assess how well coarse resolution MODIS satellite observations
of vegetation greenness and retrieved phenology compared with
ground measurements of photosynthesis in savanna landscapes.
Such comparisons of flux data with remote sensing studies of phe-
nology have rarely been undertaken. MODIS EVI, as a spectral green-
ness index, was strongly correlated to tower GEP fluxes at three
tower sites representing two contrasting savanna vegetation classes:
Eucalyptus dominated woodlands and Acacia dominated woodlands,
along a gradient in mean annual precipitation from 1722 mm to
443 mm. The Pearson correlation coefficient (R) between MODIS
EVI and tower GEP was 0.83, 0.9 and 0.83 for Howard Springs, Daly
River and Ti Tree respectively (all p b 0.001).

The Ti Tree sitewas of particular interest because the observations at
this site (since September 2010) enabled an independent assessment of
the impacts of the 2010–2011 La-Nina event on vegetation functioning
at this dry end of the NATT. Rainfall during this period was doubled the
13 year average (442 mm), and almost tripled the long term average
(318 mm, 1981–2011) (Eamus, Boulain, et al. 2013; Eamus, Cleverly,
et al., 2013). The GEP pulse (4.67 g C m−2 d−1) was more than half of
themaximal GEP (8.7 g C m−2 d−1) at Howard Springs, demonstrating
the enormous productivity potential of the Mulga savannas in central
Australia. Most importantly, this GEP pulse was independently captured
by both flux tower measurements and MODIS observations.

However, there were important differences in the relationships of
MODIS EVI and flux tower GEP during the green-up versus the brown-
down periods at the Ti Tree site. This “hysteresis effect” has been previ-
ously reported in other regions and is caused by the fact that declines
in photosynthetic activity arising from low soil moisture content arise
rapidly through stomatal closure but the loss of LAI and chlorophyll deg-
radation are much slower processes (Huemmrich, Privette, Mukelabai,
Myneni, & Knyazikhin, 2005; Jenkins et al., 2007). Hanan et al. (2002)
suggested that “green” leaves seasonally vary in their photosynthetic ca-
pacity, and only the chlorophyll fraction of absorbed photosynthetically
active radiation will drive GEP fluxes. Thus the discrepancies between
EVI and GEP during the brown-down, senescence period may also be as-
sociated with the accumulation of non-photosynthetically-active mate-
rials of plants (e.g. litter and woody debris) (Asner, Wessman, & Archer,
1998).

We further note that determination of the minima in the EVI can be
difficult and consequently establishing the end of a greening season
may be difficult to assess under such conditions of gradual curing of
grasses with only a gradual fading of the green color and an increasing
accumulation of cured dry matter. Although not assessed in this study,
the evergreen Acacia tree leaves may also undergo fluctuating and
slowly decaying changes in leaf greenness, as it is known that evergreen
treesmay have periods ofminimal functioning even though their leaves
remain green in appearance (O'Grady et al., 2009).
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In summary, we conclude from the rainfall and flux tower compari-
sons, that the MODIS EVI-based retrievals of phenology at Ti Tree and
the other sites represent actual vegetation dynamics. Future studies
are needed to further investigate the biophysical causes of differences
between remotely sensed spectral indices and tower measurements of
carbon/water fluxes. Such studies will not only benefit from better
understanding of land surface phenology, but also facilitate the up-
scaling of flux tower data with remote sensing, which results in better
understanding of savanna ecosystem functioning and improved spatial
modeling of biophysical parameters, productivity, and phenology.

4.4. Phenology and climate variability

Rainfall amount variability was a major environmental determinant
of variability in vegetation phenology, especially within the intermedi-
ate and low rainfall regions of the NATT transect. Strong and non-linear
relationships were observed between the CV of length of greening sea-
son (LGS) and both mean annual precipitation (PPT) and inter-annual
precipitation variability (CV). Averaged by vegetation groups, the CV
of annual precipitation alone could explain more than 80% of the varia-
tion encountered in LGS. However, an associated and co-varying factor
that contributed to inter-annual phenologic variability was the relative
ratio of woody versus herbaceous cover. Decreases in woody tree from
the northern Eucalyptus to southern Acacia-dominated savanna classes
were also associatedwith increasing variability in the timing of phenol-
ogy events. Thus, decreases in total rainfall amount with increases in its
variability toward the drier southern study areas are associated with
lower overall tree/grass ratio and higher phenology variability.

In the semi-arid, southern end of the transect (MAP b 450 mm),
storm driven rainfall distributions and the high frequency of low inten-
sity rainfall events favor shallow rooted tree species that maximize
rapid uptake of soil moisture, thereby allowing quick vegetation re-
sponse to rainfall (Cook et al., 2002; Hutley et al., 2011). Greening pat-
terns in this area are determined by the grass dynamics that are more
dependent on rainfall to maintain ecosystem functioning, including
seed germination. In contrast, the northern savannas, which have a
higher tree/grass ratio, showed very little phenological variability,
even across widely fluctuating inter-annual rainfall amounts. Fur-
ther studies are needed to more critically evaluate the relative
roles of tree/grass ratio and rainfall variability on controls of
phenology.

Over the past 2–3 million years, the climate in north Australia has
become more seasonal and fire prone, with Eucalyptus and Corymbia
species evolving fire and drought tolerances (Bowman, Brown, et al.,
2010; Bowman, Murphy, & Banfai, 2010). In the southern portion of
our study area, hummock grasslands thrive over low-nutrient soils
(Beard, 1981) and extremely variable amounts and timing of rainfall,
thus capable of tolerating high levels of moisture stress (Griffin,
1984). The woody vegetation (Acacia) has adapted to the drying cli-
mate over the past 500 kyr (Martin, 2006; Morton et al., 1995), and
the tolerance and adaptability of Acacia and spinifex species have
prevented central Australia from becoming a desert. Thus, despite
the large inter-annual variability of the timing of vegetation phenol-
ogy over the southern areas, it is difficult to determinewhether these
regions are more sensitive to climate change andmore easily impact-
ed by future climate change and climate extremes than the northern
regions, given this strong adaptation over the last 500 kyr or more.
However, vegetation growth in these southern regionswas significantly
impacted by the recent, decadal region-wide drought (e.g. 2007–08), in
which certain periods demonstrated no vegetation seasonality/phenol-
ogy. It would be of interest to further explore the vulnerability or limits
of resilience of these highly adapted savanna communities to future de-
cadal or mega-droughts, as suggested recently by Ponce Campos et al.
(2013).

The future climate of north Australia is predicted to be warmer and
drier (Hennessy et al., 2004). Moreover, differences in future climate
between the northern and southern ends of the transect study area
are likely to occur. The dry season of the north may become wetter,
with most warming expected to occur in the southern end of
the NATT transect, where the climate is already very hot and dry
(Hennessy et al., 2004). Over the 20th century, the frequency of
extreme climate events, including extreme drought and heavy rain-
fall events, has already shown a statistically significant rising trend
over several places in Northern Territory (Darwin, Waterloo, Brunette
Downs and Tempe Downs), and this trend is expected to intensify in
the future (Hennessy et al., 2004; Suppiah&Hennessy, 1996). Extended
dry periods and associated increased VPD can reduce tree cover by
almost 30% due to enhanced tree mortality in Australian savannas
(Eamus, Boulain, et al. 2013; Eamus, Cleverly, et al., 2013; Fensham &
Fairfax, 2007) and such an outcome will impact on regional carbon,
water and energy balances.

Savannas are the most dynamic but relatively under-researched of
global ecosystems. A more accurate representation of land surface phe-
nology and vegetation dynamics across different savanna classes will
improve the predictability of climate and land surface models and im-
prove knowledge on the functioning of savanna ecosystems (Penuelas,
Rutishauser, & Filella, 2009). In the IPCC 4th Assessment Report,
Randall et al. (2007) noted that most climate models treat savannas as
a single vegetation type and are thereby not capable of adequately cap-
turing the variability of savanna structure, composition and function
(Beringer, Hacker, et al., 2011; Beringer, Hutley, Hacker, Neininger, &
Paw, 2011). These models are further unable to capture the seasonality
of fluxes in savannas, which is a result of the complex interactions
among rainfall, soil moisture, root distribution, and plant water uptake
(Pitman, 2003). There is a key need to couple landscape flux measure-
ments, remote sensing observations and ecological modeling towards
a better understanding of savanna ecosytem functioning (Hill et al.,
2011). Further investigations are needed to quantify these interactions
and feedbacks between environmental factors and savanna phenology.
5. Conclusions

In this study, we investigated spatial variability and temporal var-
iability in the phenology of savanna vegetation and relationships
among phenology, rainfall and vegetation types across an ecological
rainfall gradient (NATT). The validity of satellite retrieved phenolog-
ical transition dates was assessed at three sites through comparisons
with tower-based eddy flux measurements, confirming the utility of
remote sensing to estimate the highly dynamic patterns of phenolo-
gy in tropical mesic to semi-arid savannas.

Savanna phenological transition dates displayed different spatial
patterns between the northern (mesic) and southern (xeric) parts of
the study area. Along the northern transect study area, the start of the
greening season (SGS), peak date (PGS) and end date (EGS) showed
consistent but delayed trends from 12°S to 17.7°S. To the south of
17.7°S, this trend in the delay in phenology was absent and both spatial
and inter-annual variances of phenology increased significantly.

We found that the variability of annual precipitation alone could ex-
plain 80% of the variance in phenology, and inter-annual variability in
phenology was much higher in the larger southern semi-arid region.
The semi-arid Mulga woodland/shrublands and hummock grassland
showed the largest temporal variability, and were muchmore sensitive
to variability in the amount of rainfall.

A good overall convergence was found between coarse resolution
MODIS EVI and eddy flux tower measures of gross ecosystem produc-
tion (GEP). Seasonal hysteresis in the relationship between MODIS EVI
and flux tower GEP was particularly strong at the Acacia dominated
woodlands sites. Such hysteresis effects, requiring different relation-
ships during green-up and brown-down phases should be taken into
account when up-scaling photosynthesis and transpiration from tower
observations to regional scales using satellite observations.
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We also found that increasing temporal variability in phenology co-
incided with decreasing tree/grass ratios. These findings suggest that
the differential responses of savannas to climate variability may be a
function of woody to herbaceous biomass, in which larger woody
layer fractions promote higher stability and resilience to eventual future
climate change. The pronounced spatio-temporal variations in savanna
phenology encountered in this study strongly suggest that ecosystem
models must include phenology to be reliable for the prediction of
savanna ecosystem functioning.
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