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Abstract

In tropical areas, Dynamic Global Vegetation Models (DGVMs) still have deficiencies in simulating the timing of

vegetation phenology. To start addressing this problem, standard Fourier-based methods are applied to aerosol screened

monthly remotely sensed phenology time series (Enhanced Vegetation Index, EVI) and two major driving factors of

phenology: solar radiation and precipitation (for March 2000 through December 2006 over northern South America). At

1� 1 km scale, using power (or variance) spectra on good quality aerosol screened time series, annual cycles in EVI are

detected across 58.24% of the study area, the strongest (largest amplitude) occurring in the savanna. Terra Firme forest

have weak but significant annual cycles in comparison with savannas because of the heterogeneity of vegetation and

nonsynchronous phenological events within 1� 1 km scale pixels. Significant annual cycles for radiation and precipita-

tion account for 86% and 90% of the region, respectively, with different spatial patterns to phenology. Cross-spectral

analysis was used to compare separately radiation with phenology/EVI, precipitation with phenology/EVI and radiation

with precipitation. Overall the majority of the Terra Firme forest appears to have radiation as the driver of phenology

(either radiation is in phase or leading phenology/EVI at the annual scale). These results are in agreement with previous

research, although in Acre, central and eastern Peru and northern Bolivia there is a coexistence of ‘in phase’ precipitation

over Terra Firme forest. In contrast in most areas of savanna precipitation appears to be a driver and savanna areas

experiencing an inverse (antiphase) relationship between radiation and phenology is consistent with inhibited grassland

growth due to soil moisture limitation. The resulting maps provide a better spatial understanding of phenology–driver

relationships offering a bench mark to parameterize ecological models.
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Introduction

The Amazon region covers a significant area of the

global landmass and predictions indicate land-cover

or climatic change in this area could have regional

and global impacts on the Earth system (Houghton

et al., 2001; Silva Dias et al., 2002; Werth & Avissar,

2002; Asner et al., 2004; Salazar et al., 2007). Computer

models also predict, with some uncertainty, that climate

change may involve feedbacks that alter atmospheric

CO2 concentrations such as dieback in north-east Ama-

zonia contributing to increased CO2 emissions from soil

carbon stocks (Cox et al., 2000, 2004). A key factor in

modelling the biosphere–atmosphere interface is being

able to simulate vegetation activity, i.e. cycles of

dormancy, active growth and reproduction, referred

to as the phenology cycle. The correct representation

of tropical phenology in vegetation models remains

a research challenge particularly as most algorithms

have been developed with an understanding of tem-

perate climates e.g. the land surface model of the Joint

UK Land Environment Simulator (JULES, Best, 2005).

To improve Dynamic Global Vegetation Models

(DGVMs) a better understanding of spatial and seaso-

nal variation in phenology is needed. We begin to

address this challenge by exploring where, which

and to what extent climate factors, specifically solar
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radiation and precipitation, drive phenology in the

Amazonian tropics.

Around the Amazon region much of the knowledge

of annual vegetation activity has been gained from

point specific in situ measurements. Seasonal cycles of

vegetation activity have been calculated from flux tower

measurements in Brazil, where differences in wet and

dry ecosystem fluxes of CO2 and H2O have been

calculated (Miranda et al., 1997; Malhi et al., 1998;

Vourlitis et al., 2001, 2004). There have been direct

observations of seasonal vegetation activity from phe-

nology events like leaf and flower production across

various tropical forests (Wright & van Schaik, 1994);

flowering and fruiting observations at the Urucu river

central Amazonia (Peres, 1994); flowering, leaf flushing

and abscission in Purús, Amazonia (Haugaasen &

Peres, 2005) and litter fall collections across the Amazon

(Chave et al., 2010). In the surrounding savanna regions,

measurements of litter fall have also been made in the

Brazilian Cerrado (Valenti et al., 2008) and phenology

observations have been made in the Venezuelan savan-

na (Monasterio & Sarmiento, 1976). There have also

been synoptic observations of vegetation seasonality

using satellite data. These include measuring the am-

plitude of MODIS Leaf Area Index (LAI) for the whole

Amazon (Myneni et al., 2007); using time series profiles

of AVHRR Normalized Difference Vegetation Index

(NDVI) and Soil Adjusted Vegetation Index (SAVI)

(Ferreira et al., 2003); recording signatures of Cerrado

and forested areas in Brazil at high spectral resolution

(Ferreira & Huete, 2004); and estimating forest decid-

uousness from spectral mixture analysis and NDVI of

Landsat images in Panama (Bohlman, 2010).

In the Amazon region, with the exception of places at

high altitude, temperature is generally considered as being

high enough to not limit the seasonal growth of vegetation

(Nemani et al., 2003). On the ground, research shows that,

when precipitation has a strong seasonality, the phenology

cycle is constrained during the dry season (Reich &

Borchert, 1984) but also that phenology events can be a

response to peaks in solar irradiance (Wright & van

Schaik, 1994). Satellite evidence shows that in the Amazon

basin changes in LAI do not necessarily follow precipita-

tion gradients and the timing of net leaf flushing can be

driven by the seasonality of solar radiation (Myneni et al.,

2007). In Brazil increases in vegetation greening, measured

with the Enhanced Vegetation Index (EVI), correspond to

radiation increases and seasonally low precipitation

(Huete et al., 2006) and if the forest canopy has a low

density, productivity can be correlated with plant available

water and vapour pressure deficit (Brando et al., 2010).

The role of soil moisture in phenology cycles is

complex due to the spatial heterogeneity in the char-

acteristics of soils and soil profiles (Quesada et al., 2009)

and the variation in the soil water reserve due to

interannual variability of different meteorological con-

ditions, including drought (Phillips et al., 2009). Soil

moisture has been shown to have widely different

influences at individual research sites in Brazil: at

the Reserva Biológica do Cuierias, central Amazonia,

photosynthesis appears to be controlled by a lack of soil

moisture in the dry season (Malhi et al., 1998) while in

Pará State, eastern Amazonia, evapotranspiration of

trees can continue in the dry season because deep

rooting vegetation can penetrate down to available soil

water (Nepstad et al., 1994; da Rocha et al., 2004). The

advantage of deep roots has also been demonstrated

across several sites in Northern Brazil where during the

dry season forests with deep roots green up while

pasture with shallow roots do not (Huete et al., 2006).

Localized environmental conditions can also control

phenology by influencing local plant physiology and

adaptation. Malhado et al., (2009) found that the occur-

rence of small leaves may be related to water availabil-

ity. Fyllas et al. (2009) discovered that the presence of

certain leaf nutrients may have a positive relationship

with precipitation and a weak relationship to soil.

On longer time scales, interannual variation of con-

straining factors can influence vegetation activity.

Drought events have been linked to variations in vege-

tation greenness (Saleska et al., 2007; Oliveira et al., 2010;

Samanta et al., 2010, 2011) and death of some trees

(Nepstad et al., 2007). When Amazonian rain forests

were exposed to a longer and more intense moisture

deficit than normal, increases in mortality and de-

creases in growth induced losses in biomass (Phillips

et al., 2009) and from 2000 through 2009 net primary

productivity fell (Zhao & Running, 2010). On the other

hand, cloud cover can cause interannual and decadal

variations in tropical radiation budgets (Wielicki et al.,

2002). The results of Nemani et al. (2003) showed that

reduced cloud cover and increased tropical radiation

from 1982 through 1999 contributed to �2% of the

increase in global net primary productivity. If phenol-

ogy–driver relations remain poorly understood, these

variations could have significant impacts on the esti-

mates of global fluxes and emissions.

Despite the spatial and temporal variations of con-

trols between individual study sites, specific environ-

mental conditions can be linked to phenology cycles.

Haugaasen & Peres (2005) could divide the phenology

events of an area according to whether their study

locations were Terra Firme or seasonally flooded forest

and from the analysis of sites on the regional scale

correlations have been made between leaf litter season-

ality and rainfall seasonality (Chave et al., 2010). These

findings show that it should be possible to summarize

phenology controls according to the composition of
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Amazon forest which can occur in pockets (Coronado

et al., 2009), as old-growth, flooded and seasonal forest

(Chave et al., 2010) and evergreen and deciduous

patches (Bohlman, 2010).

Several approaches have been applied to identify

large scale variations in (leaf) phenology and its rela-

tionship to potential drivers on the basis of Earth

Observation (EO) time series. For example, (i) compar-

ing precipitation data to understand the onset of green-

ness and land cover variation in the Great Basin, United

States (Bradley & Mustard, 2005; Bradley et al., 2007);

(ii) to explore how different precipitation conditions

influenced plant phenology in Etosha National Park,

Namibia (Wagenseil & Samimi, 2006); (iii) to investigate

how landscape variables of soil and land cover type

influenced landscape variability in the Southern Great

Plains, United States (Jakubauskas et al., 2002) and;

(iv) vegetation–driver relationships have been investi-

gated to understand the relationships of precipitation,

radiation and vegetation globally (Nemani et al., 2003;

Zhao & Running, 2010) and in South America (Huete

et al., 2006; Myneni et al., 2007; Saleska et al., 2007;

Samanta et al., 2010, 2011).

Evidence suggests that Amazon vegetation may be

water limited (Zhao & Running, 2010) or conversely

dominated by solar irradiance, reinforced by greening

up during the 2005 drought (Huete et al., 2006; Saleska

et al., 2007). The extent and cause of greening has been

strongly contested with the revised and aerosol

screened MODIS collection 5 (c5) product. The results

of Saleska et al. (2007) are unrepeatable, there are no

links to solar irradiance and nonpersistent anomalous

greening can occur anywhere in any year (Samanta

et al., 2010, 2011). Furthermore, ground-based measure-

ments of increased tree mortality collected in 2005 do

not support greening (Phillips et al., 2009). Alternative

mechanisms that cause EVI increases during drought

have been put forward: leaf flushing and bud develop-

ment becomes synchronized (Brando et al., 2010); there

are structural changes in the canopy after leaf loss

(Anderson et al., 2010) and leaf loss in the tallest trees

reduces the shade fraction (Anderson et al., 2011).

In the largely inaccessible Amazon region, there is

still a lack of clarity for ecosystem modellers in the

timing of phenology events, the strength in seasonality

of phenology cycles and a spatial summary of the

influence and timing of the phenology driving forces.

Here we apply Fourier analysis to EO derived time

series of vegetation indices, radiation and precipitation

to identify where and when radiation and precipitation

interact with annual leaf phenology cycles. The overall

approach is to study average patterns observed in the

time series, as opposed to anomalous years or long-term

trends, to highlight the main phenology–driver relation-

ships. The specific aims are to: (i) map the spatial

heterogeneity of phenology cycles by calculating the

intensity in seasonality of the leaf phenology cycle and

(ii) map the spatial extent and timing of annual phenol-

ogy–driver relationships. We describe the most com-

monly observed relationships in more detail and

discuss how our results concur with the idea that

radiation drives Terra Firme rainforest. The outcome

of this research is a spatial benchmark of phenology

drivers to assist in the modelling of leaf phenology in

DGVMs.

Study area

We concentrated on the northern half of the South

American continent, Fig. 1, which includes a wide range

of vegetation types (Eva et al., 2004) and ecoregions

(Olson et al., 2001). Terra Firme humid forest makes up

the central area and this tends to be surrounded by

seasonal forest and savanna to the north, east and south.

Patches of flooded forest also exists in these areas. To

the west are the montane forests of the Andes which

grade into shrub and grasslands. Much of the west coast

is desert which we do not consider. The study area

extends beyond the Amazon basin covered by the map

of Myneni et al. (2007) (the map shows the distribution

of seasonal amplitudes of LAI), enabling us to show the

contrast between Terra Firme, savanna and grassland

regions while providing a more detailed perspective to

the global map of Nemani et al. (2003) (the map shows

the global geographic distribution of potential climatic

constraints to plant growth).

The humid forests are classified Koeppen Af-Am

tropical wet climates. Annual rainfall can exceed 2000–

3000 mm, with up to three months below 100 mm

(Sarmiento & Monasterio, 1975), for gradients see

Fig. 1, of Malhado et al. (2009). The savanna regions,

with the exception of isolated areas in the humid forest

belt, are classified as Koeppen Aw tropical wet and dry

climates. Annual rainfall totals are around 1000–

2000 mm yr�1, with a wet season of 5–8 months (Sar-

miento & Monasterio, 1975). In typical dry forest, e.g.

Cerrado, annual rainfall ranges from 1000 to 2000 mm.

In montane forests, totals can be 800–2500 mm depend-

ing on the altitude. Totals for grass and shrubland may

range from 400 to 1500 mm (Bradley & Millington, 2006).

Materials

The three EO time series analysed are EVI (phenology), solar

radiation and precipitation covering almost 7 years. The over-

lap of the time series was constrained from the first available

year of phenology data (2000) through to the last available year

of the radiation data (2006).
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EVI

For the leaf phenology, we used the product MOD13A3 c5 of

the Moderate Resolution Imaging Spectroradiometer

(MODIS). This product provides, among other parameters

and spectral bands, monthly composites of the EVI at

1� 1 km resolution (Huete et al., 2002). The EVI is calculated

from the blue, red and near-infrared channels:

EVI ¼ G� ðrNIR� rredÞ
ðrNIRþ C1� rred� C2� rblueþ LÞ ; ð1Þ

where red is the centre frequency of 6.45 mm; NIR the near-

infrared centre frequency of 8.65 mm; r the reflectance, G the

gain factor 2.5 and C1 and C2 are the coefficients of aerosol

resistances 6 and 7.5, respectively; and L the canopy back-

ground adjustment 1.0.

EVI is considered to be closely related to canopy structure,

type and architecture and has been shown to give improved

sensitivity than other vegetation indices, e.g. NDVI, in high

biomass regions, such as tropical forests (Huete et al., 2002) by

decoupling the canopy background signal and reducing atmo-

spheric influences. This VI is also considered to be appropriate

for the savanna regions since Ferreira & Huete (2004) found

SAVI, an index conceptually similar to EVI, dealt with canopy

shadow effects better than NDVI in the Brazilian Cerrado.

The c5 product was downloaded from the NASA LP DAAC

archive. To cover the study area, we needed 12 tiles (1200 lines

� 1200 columns): H10v08–H13v08; H10v09–H13v09; and

H10v10–H13v10. These tiles were processed using the MODIS

Reprojection Tool (MRT, 2008) to create monthly mosaics then

stacked chronologically to produce phenology time series from

March 2000 to December 2006. Using a monthly time series

reduces the impact of anomalous pixels by selecting the

Fig. 1 The study area covers approximately 10.4� 106 km2 between latitudes of 9.01N and 18.51S and longitudes 43.81W and 79.81W.

The main vegetation types are shown and are derived from subclasses of Saatchi et al. (2007) (subclasses in brackets): Terra Firme forest

(dense forest, open forest, bamboo forest, Liana/dry forest, seasonal forest); Savanna and grassland type (dense woodland, open

woodland, park/shrubland, grassland); Wetland type (closed forest, open forest, herbaceous, mangrove); Anthropogenic type

(secondary/degraded forest, nonforest pasture, crops/bare). Countries are marked except for Brazil where states are labelled in italics.

Location A, B and C are approximate locations of time series examples referred to in the text.
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maximum EVI value between the daily images of the same

month (Huete et al., 1999), for more detail see Anderson et al.

(2010). Additional screening of the data was made by elim-

inating pixels marked with the MODIS QA flags for clouds,

shadow, climatology, medium and high aerosols similar to the

procedures of Samanta et al. (2010, 2011).

Radiation

The time series of downward (incoming) shortwave radiation

are modelled estimates from the Centro de Previsão de Tempo de

Estudos Climaticos (CPTEC) GL-1.2 physical model (Ceballos

et al., 2004). The GL-1 model uses hourly measurements from

the GOES-8 geostationary satellite and estimates the radiation

budget in three broadband widths in the UV (mm not specified),

visible (0.4–0.7mm) and near-infrared (0.7–3.0mm). The final

radiation budget is calculated at several heights from the Earth’s

surface at a resolution of 0.4� 0.41. We used monthly averages of

the daily surface irradiation for the time period 2000–2006. The

advantage of this data set is that the hourly frequency of

observations account for daily cloud development. A disadvan-

tage is that surface reflectance, a function of the vegetation, is a

component of the radiation calculation which may put a small

bias on the vegetation–radiation relationships.

Precipitation

Precipitation time series from 2000 to 2006 inclusive were sourced

from the product 3B43v6, named as, ‘TRMM data and other

sources precipitation data set’ (NASA, 2006) derived mainly from

satellite data acquired from TRMM (Kummerow et al., 1998).

Monthly estimates at 0.25� 0.251 resolution were downloaded

from the Goddard Distributed Active Archive Centre. These data

are based on average rates of precipitation in mm h�1.

Vegetation map

We used the vegetation map of South America, downloaded

from the Distributed Active Archive Center (DAAC), (see Saatchi

et al., 2007 p821 and http://www-radar.jpl.nasa.gov/carbon/ab/

lclu_metadata.htm, last accessed July 2010) created from a hier-

archical decision tree based on biomass levels and seasonality

using fused optical (SPOT VEGETATION) and microwave

(GRFM JERS-1) remote sensing data. We merged the classes into

the following groups (Fig. 1): ‘Terra Firme forest’ classes (1–7,

forest types); ‘savanna and grassland’ classes (8 and 10, wood

and grassland); ‘wetland’ classes (11–15, various forest and

grasslands) and ‘other types’ which included anthropogenic

classes (16 and 17), high altitude shrub and grasslands (class 18).

Methods

The Fourier transform

The Fourier transform (FT), is a well established and efficient

methodology to analyse time series data (Jenkins & Watts, 1968;

Bloomfield, 1976; Priestley, 1981; Diggle, 1989; Weedon, 2003)

and can be used for the detection of regular cycles, even when

hidden in a noisy background. The extraction of information

from the output of the FT has previously been used on satellite

data to: classify land cover (Jakubauskas et al., 2001; Moody &

Johnson, 2001); clean image time series (Lunetta et al., 2006;

Hermance, 2007); track interannual variability of phenology for

different land cover classes (Jakubauskas et al., 2002; Wagenseil

& Samimi, 2006; Hermance et al., 2007); and characterize textural

patterns of Terra Firme forest in the spatial domain (Barbier et al.,

2010). The FT can be used to estimate a power spectrum that

indicates the average variance in a time series at different time

scales or frequencies. Standard linear detrending of the data

before application of the FT allows an analysis of a ‘stationary’

time series as the mean and variance should ideally be more-or-

less constant. At the frequency of the annual cycle, the power

spectra can be used to identify the presence, absence and

significance of a peak and this can be used as a measure of the

strength (amplitude) of the annual cycle. Spectral peaks that

exceed the 90% confidence level above the lag-1 autoregressive

spectral background model (AR1 or ‘red noise’ of Mann & Lees,

1996, e.g. see Weedon, 2003) are termed significant peaks here.

The power spectra were rescaled into relative power (i.e. the

power at each frequency divided by the power at all frequen-

cies). This rescaling has the advantage of allowing comparison of

spectral results between variables with very different absolute

ranges (e.g. EVI vs. radiation).

Cross-spectral analysis: coherency and phase

Cross-spectral analysis of remotely sensed time series has been

successfully demonstrated by Aragão et al. (2008), comparing

precipitation, fire counts and deforestation. Here we compare

phenology with radiation and precipitation. For locations where

there is an annual cycle in both the phenology time series and a

driver, cross-spectral analysis, is used to simultaneously esti-

mate the coherency (i.e. degree of correlation at specific frequen-

cies; range: 0.0–1.0) and timing difference (termed phase

difference or often simply ‘phase’). Phase spectra can be used

to establish the average relative timing or phase value (‘lead’ or

‘lag’) of the two variables at specific frequencies. Phase values

also have a phase error and the 95% confidence interval of the

phase error is related in a nonlinear fashion to the coherency

(Bloomfield, 1976). At the annual scale phase can range from �6

to 1 6 months. The weaker the coherency, the larger the phase

error and the more uncertain the phase value is (Fig. 4.16 of

Weedon, 2003). Phase and phase error can be recorded in

degrees or radians (18015 2p radians) and can then be converted

to the same time units as the original data. We express our

results in months, therefore at the annual scale a phase differ-

ence of 901 is equivalent to (90/360)� 12 months 5 3 months.

The key to identifying cycles which are significantly different

from noise is to have a time series of observations which is at

least five times longer than the period of the cycle of interest

given a data interval (or sampling rate) of the time series that is

small enough to avoid aliasing (Weedon, 2003).

Categorizing phase

The phase relationships were grouped into four categories, ‘in

phase’, ‘antiphase’, ‘leads’ and ‘lags’. The categorization used
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a range or ‘tolerance’ for identifying ‘in-phase’ relationship

(0 � 301 or 0.0 � 1.0 months) or ‘antiphase’ relationship

(� 180 � 301 or � 6.0 � 1.0 months). If the phase error

(95% confidence) of a value was statistically indistinguishable

from these classes, i.e. inside these ranges, then it was assigned

as ‘in phase’ or ‘antiphase’, otherwise the value became ‘lead’

or ‘lag’. The four categories are:

1. driver and the phenology are ‘in phase’: The phase value is

statistically indistinguishable (given the phase error) from

0 � 301 (or 0.0 � 1.0 months);

2. driver ‘leads’ the phenology: A positive phase that is between

1 301 (or 1 1.0 month) and 1 1501 (or 1 5.0 months);

3. driver and the phenology are ‘in antiphase’: A phase value that

is statistically indistinguishable from � 180 � 301 (or

� 6.0 � 1.0 months);

4. driver ‘lags’ the phenology: A negative phase between �301

(or �1.0 months) and �1501 (or �5.0 months).

We checked the robustness of this categorization for the � 1

month tolerance for the ‘in-phase’ and ‘antiphase’ categories

by tightening and relaxing the tolerance to � 0.5 months

( � 151) and � 1.5 months ( � 451). This method is a robust

statistical classification of phenology-driver phase differences

avoiding manual thresholds which were dependent on the

data set (Bradley et al., 2009).

Data processing

The processing involved four steps. First, the EVI data was

prepared for (i) the investigation into the seasonality of the

1� 1 km phenology time series, time series with more than

40% of screened points were termed ‘incomplete’ and ignored

[grey areas of Fig. 2a(i)]; and (ii) for the cross-spectral analysis, to

avoid a bias towards the presence of larger phenology ampli-

tudes all remaining 1� 1 km EVI/phenology points were aver-

aged, to the resolution of the precipitation (0.251) and radiation

(0.41) data. Secondly, standard linear detrending was carried out

on all time series and using the FT, we determined for each pixel

(i.e. image grid cell) the presence or absence of significant annual

cyclical behaviour (i.e. seasonality) in the phenology (at

1� 1 km, 0.4� 0.41 and 0.25� 0.251, Fig. 2a), radiation

(0.4� 0.41, Fig. 2b) and precipitation (0.25� 0.251, Fig. 2c) time

series and recorded the strength in seasonality. Thirdly, where

significant annual cycles occurred, the cross-spectral analysis

was used to compare pairs of time series to give a measure of

coherency and phase differences. Finally, the phase value and

phase error were used to categorize the phase relationships

between radiation and phenology, between precipitation and

phenology and between precipitation and radiation. These

relationships were then mapped (Fig. 3).

Mapping phase categories and vegetation types

The phase-relationship categories, one for phenology–radia-

tion and one for phenology–precipitation were mapped and

overlain with the modified Saatchi et al. (2007) vegetation map

of the Amazon region. The proportion of each phase relation-

ship category in each vegetation type was calculated to deter-

mine the proportions of each phase relationship in each

vegetation class. This allowed us to re-examine the theory of

a dominantly radiation driven Amazon (Huete et al., 2006;

Myneni et al., 2007).

Results

Strength of annual cycle – power spectrum

A large proportion of the Amazon and surrounding

area shows significant annual cycles in radiation, pre-

cipitation and phenology (Fig. 2a–c). These results are

reasonable since annual cycles, or seasonality, have

been observed at research sites across the Amazon

through a combination of precipitation, radiation and

leaf litter fall measurements, in tropical rainforest, (Malhi

et al., 1998; Huete et al., 2006), transitional tropical forest

(Vourlitis et al., 2001, 2004) and savanna (Miranda et al.,

1997). Figure 2a(i–iii) shows the distribution of the

strength of the phenology cycle across our study area

represented by the relative power for the annual cycle

of the EVI. Screening out incomplete time series in the

1� 1 km phenology analysis left 66.42% (6.9� 106 km2)

of clean time series, 58.28% (6.1� 106 km2) reach at least

the 90% confidence level in power, while 8.14%

(0.8� 106 km2) show no significant or detectable annual

cycle. Aerosol contamination is most acute in the Atlan-

tic countries and Para in the north-east of the study area.

Areas where the annual phenology cycle are the

strongest (i.e. good time series, significant and high

relative power of at least 0.15) are located to the north

in central Venezuela (the Orinoco Llanos), south and

south-eastern states of Brazil (the Cerrado) and in

southern parts of Bolivia and Peru (mainly the Bolivian

llanos), and cover �66% or 1.9� 106 km2 of the savan-

na and grassland class area. This is consistent with

ground observations of seasonality in savanna vegeta-

tion: Ferreira et al. (2003) found distinct wet and dry

season spectral signatures and vegetation indices for

Cerrado grass and woodland in Brasilia National Park,

1613000000S; 4717500000W; Valenti et al. (2008) observed

synchronized leaf litter fall from woody plants during

dry periods in São Paulo state, 2115801200S; 4715200100W;

and; Sarmiento & Monasterio (1975) noted a strong

seasonality in the phenology of the vegetation in many

of the different savanna types of South America.

Areas where the annual phenology cycle tends to be

weak (i.e. good time series, significant but low relative

power o0.15) cover �49% or 2.6� 106 km2 of the Terra

Firme forest class with the weakest power found in the

northern areas of Brazil and Peru and the southern

areas of Venezuela and Colombia. Approximately, 39%

(2.11� 106 km2) of the area defined as Terra Firme forest

have incomplete time series at 1� 1 km resolution.
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Fig. 2 (a–c) Spatial distribution and frequency distribution of relative power of the annual cycle for: (a) Phenology-EVI, (i) 1� 1 km

with bad time series screen (ii) 0.4� 0.41 and (iii) 0.25� 0.251; (b) Radiation-CPTEC; and (c) Precipitation-TRMM. Pixels that have

spectral peaks that fell below the 90% significance threshold for background noise but still have annual peaks are shown in maroon; areas

in black have no spectral peak at the annual scale.
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Allowing for resolution differences, the time series

aggregation, at the 0.4� 0.41 and 0.25� 0.251 scales, com-

pensated for large areas of data rejection in the north-east

in the primary 1� 1 km EVI data. We have confidence in

the strength of seasonality in the aggregated EVI maps

where time series were excluded as incomplete, because

Fig. 2a(ii and iii) generally replicate the patterns in the

analysed areas of Fig. 2a(i). In the north-east, seasonality

is moderate to low (0.03–0.18) and weak or no seasonality

occurs in patches mainly in the Atlantic countries and

Brazilian states Amazonas Roraima and Pará.

With respect to radiation, 86% of the land area has

annual cycles above the 90% confidence level (Fig. 2b).

The annual cycles are the strongest (i.e. highest power

values) in Colombia and northern Brazil, Pará, Roraima

and Amazonas, and gradually decrease to weak annual

cycles in south central Brazil, Mato Grosso and Goiás, to

the edge of the landmass between Ecuador and Guyana,

and straddling the Peru–Bolivia border on the north-east

flank of the Andes Mountains. Less than 1% of the area

has no peak at all and this is found scattered across the

Andean mountains.

For precipitation, the annual cycles above the 90%

confidence level cover 95% of the land area (Fig. 2c). Most

of the region shows a strong annual cycle with the excep-

tion of areas covering northern Peru, Ecuador and parts of

Colombia, where annual cycles are o90% significant or

have no peak at all. There is also an area of weaker but

significant annual cycles over the Atlantic coast countries.

Comparing pairs of time series – cross-spectral analysis

Figure 3 shows the results of the radiation-EVI (Fig. 3a–

c), precipitation-EVI (Fig. 3d–f) cross-spectral analysis

using � 0.5, � 1.0 and � 1.5 month tolerances. All

categories, in phase, lags, leads and in antiphase, were

represented. These categories of phase relationship vary

between and within vegetation classes informing us

that the timing between annual phenology cycles and

each driver is variable across the whole Amazon and

not necessarily specific to a particular vegetation type.

Where neither driver is coherent with EVI at the annual

scale, or where both drivers lag EVI/phenology other

regional and localized drivers, than local solar radiation

or precipitation, should be sought (see ‘Discussion’).

The grey areas of Fig. 3 show where at least one time

series had no significant annual peak and/or where

coherency is below the 95% confidence level (0.695). Using

the � 1.0 month tolerance, the areas of ‘incomplete’ time

series and nonsignificant peaks for the phenology–radia-

tion was 26.39% (2.74� 106 km2) with an additional 4.43%

(0.46� 106 km2) of noncoherent pairs mainly in the south-

east and north of the study area (Fig. 3b). For phenology–

precipitation, the areas of bad time series and nonsignifi-

cant peaks was 22.77% (2.35� 106 km2) with an additional

6.45% (0.67� 106 km2) of noncoherent pairs, mainly in the

north, north-west and the east of the study area (Fig. 3e).

The phase between precipitation and radiation (Fig. 3h)

is roughly divided across Amazonas state, which is in

antiphase in the north and east, and precipitation lags

radiation in the south and west. Within these areas

precipitation leads radiation in Guyana, Suriname and

parts of Colombia and Venezuela and there is a small area

where precipitation is in phase with radiation in the

south. The driver phase classes are not specific to a single

land cover type. Where the drivers are in antiphase,

single driver relationships with phenology are strongest.

Figure 4a–h show the percentage of phase distribu-

tion values for each phase category (using the � 1

month tolerance used in the rest of the paper) for each

variable–phenology (EVI) pair. The phase error criteria

divided the data into more-or-less unimodal phase

difference categories. There is a slight lead of approxi-

mately 1 month of each driver over phenology in the in-

phase category suggesting that there is always a slight

lag period when phenology responds to a driver, we

cannot reduce this as our time step is 1 month. The

tolerance range of � 1 month is wide enough to accom-

modate the slight lead and not pose a problem for the

phase difference classification and our interpretations.

Phase relationships and vegetation types

The statistics for the spatial distribution of the phase

difference categories in relation to vegetation are shown

in Tables 1 and 2. In the case of radiation–phenology

(Fig. 3b, Table 1), 16.8% of the area (�1.75� 106 km2),

falls into the in-phase category-1 of which 72.6% repre-

sents Terra Firme forest and 11.9% savanna and grass-

land cover types. The leads category-2 makes up 38.1%

(�3.96� 106 km2) of which 62.0% is Terra Firme forest

and 18.8% is savanna and grassland. The remaining

phase categories cover a small percentage of the area.

Overall, there is a widespread in-phase or leading

relationship between radiation and phenology mainly

associated with Terra Firme forest. When considering

precipitation–phenology (Fig. 3e, Table 2), 39.4% of

the area (�4.11� 106 km2) falls into the ‘in-phase’ cate-

gory-1 of which 38.0% is savanna and grassland and

37.7% is Terra Firme forest. 21.6% of the area

(�2.26� 106 km2) corresponded to the lags category-4

of which 80.5% is Terra Firme forest. All the other phase

categories cover small percentages of the area apart

from 36.7% of the leads category which coincides with

the shrub and grasslands land cover in the Andean

Mountains. Overall, there is a widespread in-phase

relationship between precipitation and phenology

which is largely associated with savanna and grassland
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and Terra Firme forest cover types. Where precipitation

lags or is in antiphase with phenology large proportions

of the area, 80.5% and 60.7%, respectively, are made up

of Terra Firme forest.

Combined radiation and precipitation phase differences

To the south-east of the Amazon basin in Fig. 5, there is

a large region where there is no significant annual cycle

in the radiation data (i.e. no significant spectral peak,

Fig. 2b). Consequently, it is not meaningful to use the

cross-spectral results with the other variables at the

annual scale in this region. Similarly, to the north-west

of the Amazon basin there are large patches where the

EVI and/or precipitation data do not show annual cycles

(Fig. 2a and c). Nevertheless, in the great majority of the

area studied, significant annual cycles in EVI coincide

spatially with annual cycles in precipitation and/or ra-

diation. In this section, we consider the phase categories

in areas where both of the drivers, radiation and pre-

cipitation, are coherent with EVI/phenology (i.e. the

coloured areas of Fig. 5a and b).

Where at least one of the drivers is in phase with

phenology (Fig. 5a) vegetation is responding to the

Fig. 3 (a–f) Phenology-driver phase categories at the annual scale in northern South America given � 0.5, � 1.0 and � 1.5 month

phase error tolerances. Using: (a–c) Radiation-EVI; (d–f) Precipitation-EVI; and (g–i) Precipitation-radiation.
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driver(s) within a month. Radiation in phase with

phenology (classes 4 and 5) mainly covers the Amazon

basin and corresponds to the Terra Firme forest. In class

5, the fact that precipitation lags or is in antiphase with

phenology while radiation is in phase, indicates that in

these regions phenology is probably radiation, but

certainly not precipitation driven. In class 4, radiation

is in phase, but precipitation leads phenology. In such

locations, the vegetation may respond to variations in

leading precipitation (i.e. occurring between 2 and 5

months), perhaps replenishing soil moisture deficits, as

well as to variations in solar radiation (e.g. inversely to

cloud cover) within the current month.

Precipitation is in phase with phenology (classes 1 and

2) to the south and central north of the study region; this

is mainly in savanna locations (Fig. 5a). In class 1 areas of

Fig. 5a radiation lags or is in antiphase with phenology

suggesting that the variation in precipitation is driving

the phenology. Of particular note is a part of class 2 that

occurs over Terra Firme forest in the south-west of the

Amazon basin where precipitation is in phase with

phenology and radiation leads phenology. This roughly

corresponds with seasonal forests and confirms that not

all the Terra Firme forest is solely radiation driven. If we

consider an area in the south-east of the study area

where there are no annual cycles in radiation (Fig. 2b),

shown as light grey in Fig. 5a which mainly coincides

with the hilly-mountainous area around Brasilia, preci-

pitation is coherent and in phase with and apparently

controlling the phenology (Fig. 3d–f). Statistically in-

phase radiation and phenology as well as precipitation

and phenology (class 3) only coincide in small patches to

the north, the west and south-west of the whole study

area; in most of the Amazon region only one driver is in

phase with phenology.

Figure 5b shows where neither climate driver is in

phase with the phenology indicating places where sig-

nificant delays between the drivers and vegetation re-

sponses occur. Phenology may have a delayed response

to precipitation to the west and south-west (classes 6 and

7) and a delayed response to radiation in the central areas

(classes 6 and 8). Some of the areas coloured in Fig. 5b

correspond to areas of anthropogenic disturbance, drai-

nage networks and mountain regions where other drivers

may be dominating phenology cycles.

To illustrate examples of the phase difference patterns

in Fig. 5, time series at three sites A, B and C, are shown

(Fig. 6 location on Fig. 1). Table 3 contains the relative

annual power, coherency and phase values calculated

for the time series (phenology, precipitation and radia-

tion) of the three sites using the � 1 month tolerance.

These examples have been chosen for clarity, as in many

cases the periodicity in the time series is concealed in a

noisy signal where weak yet significant periodic cycles

are still detected by the FT.

Location A (Fig. 6a) is situated in Terra Firme forest.

Here both phenology and radiation have significant but

weak annual cycles (i.e. low relative power values that

are above the 90% confidence level). There is high

coherency between phenology and radiation (0.83)

and the two variables are statistically ‘in phase’ at the

Fig. 4 (a–h): Phase difference characteristics for � 1.0 month

within each of the four classes, ‘in phase’, ‘leads’, ‘antiphase’ and

‘lags’ for radiation-phenology (a–d) and precipitation-phenology

(e–h). The concentric rings are percentages, and the scale on the

outer circle is the phase value in months.
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annual scale (1 0.13 � 0.63 months, Table 3). Precipita-

tion also has a strong annual cycle and coherency with

phenology above the 95% significance threshold (0.79)

but lags phenology (�4.13 � 0.88 months). In this par-

ticular case, the phenology cannot be driven by pre-

cipitation given the lagging relationship, but is in phase

with radiation. Location B (Fig. 6b) is positioned in the

savanna and grassland class. Both phenology and pre-

cipitation show strong annual cycles (relative power

above 0.24). The two variables have a significant coher-

Table 1 Location, area and land cover statistics for phenology–radiation � 1.0-month phase tolerance categories

Phase: (category)

and class Approximate location

Area

(106 km2)

Area

(%)

Terra

Firme (%)

Savanna

(%)

Wetland

(%)

Other

(%)

(1) In Central Bolivia, south-east and north-

east Peru, east Ecuador, southern

Colombia, Suriname, Amazonas,

Roraima and the west of Para state.

1.75 16.8 72.6 11.9 9.1 6.4

(2) Leads Bolivia, south and central Peru,

Brazilian states to the south and east

of Amazonas excluding Maranhão

and Tocantins.

3.96 38.1 62.0 18.8 5.5 13.7

(3) Anti Mainly in Brazil, Maranhão, Piauı́,

Tocantins and north and western

parts of the study area.

0.54 5.2 13.5 54.0 7.7 24.8

(4) Lags Parts of east Colombia, western

Venezuela, Roraima and Piauı́ states.

0.85 8.2 11.8 51.0 9.0 28.2

o 90% confidence

in peaks or

noncoherent

Mainly in Colombia, Venezuela,

Ecuador, Matto Grosso, Goiás and

scattered through Peru, Boliva,

Amazonas and Para states.

3.30 31.7 46.0 29.8 10.3 13.9

Total land area at 0.415�10.40� 106 km2.

Table 2 Location, area and land cover statistics for phenology–precipitation � 1.0-month phase tolerance categories

Phase: (category)

and class Location

Area

(106 km2)

Area

(%)

Terra

Firme (%)

Savanna

(%)

Wetland

(%)

Other

(%)

(1) In Bolivia, central Peru, northern

Colombia, south Venezuela, and

Brazilian states to the south and east

of Amazonas and Para.

4.11 39.4 37.7 38.0 9.3 15.0

(2) Leads Mainly confined to the Atlantic

countries and states to the north-

east, states to the south-west of the

study area and along the Andes

mountains to the west.

0.92 8.8 16.3 27.5 8.3 47.9*

(3) Anti Mainly confined to Suriname, Guyane,

and Brazilian states Roraimia and

north-west Para.

0.10 1.0 60.7 11.1 14.1 14.1

(4) Lags East Peru, south Venezuela, Guyane,

Brazilian states Amazonas, Para, and

Amapa.

2.26 21.6 80.5 8.1 6.1 5.3

o 90% confidence

in peaks or

noncoherent

Mainly in north Peru, Ecuador,

Colombia, east Venezuela, Guyana,

north-east Amazonas and central

Para.

3.06 29.2 59.8 21.7 7.1 11.4

Total land area at 0.2515�10.45� 106 km2.

*36.7% in shrub and grasslands.
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ency (0.97). Precipitation–phenology is ‘in phase’ be-

cause the phase error is within the 1.0-month limit

(1 0.45 � 0.29 months). Radiation has high coherency

with phenology (0.95) but the phase is statistically

indistinguishable from ‘in antiphase’ ( 1 5.75 � 0.39

months). In this case, the phenology is probably driven

by precipitation, but not radiation.

Location C (Fig. 6c) is situated in savanna. The radia-

tion lags phenology (�2.75 � 0.40 months) with very

high coherency (0.94). Precipitation leads the phenology

(1 1.96 � 0.63 months) with a high coherency (0.87).

Although there is a strong seasonality in all variables

and high coherency between the time series both drivers

are out of phase with phenology. Unlike Location A at

Location C probably precipitation, but certainly not ra-

diation given its lag, is apparently driving the phenology.

Discussion and conclusions

The relative power of phenology has similar spatial

patterns to the seasonal amplitude of LAI in the Ama-

zon basin (Myneni et al., 2007), but where the time series

are good we are able to define areas where the phenol-

ogy seasonality is weakest, not significant or is not

detectable. Surrounding the basin to the north and

south, the savanna, and to the west, the mountain

grasslands have a much higher relative power and

coincide with areas where there are marked wet and

dry seasons. High seasonal amplitudes of LAI in the

Amazon basin, 1.0–1.2 (Myneni et al., 2007), actually

represent rather weak signals in the context of the

whole Amazon region. The implications of finding that

the seasonality of Terra Firme vegetation is weaker than

that of savanna regions is that in Terra Firme areas the

annual cycle of radiation may not be as dominant as

suggested previously (Myneni et al., 2007) and only

drive a small change in phenology seasonality, i.e. weak

amplitude. Despite the weak seasonality and weak

annual cycles, precipitation still has a role to play in

the maintenance of Terra Firme phenology cycles be-

cause near continuous precipitation maintains constant

vegetation growth (and a relatively high EVI value)

reducing the seasonal impact of radiation to weak

seasonal cycles of phenology.

The results show structured patterns and gradients of

phenology relative power [Fig. 2a(i)] which are indica-

tive of underlying localized environmental controls.

The controls that could influence the strength in phe-

nology seasonality include, soil type and drainage:

topography; geomorphic units; prevailing environmen-

tal conditions; and previous disturbance. One or several

of these factors combined can influence leaf size (Mal-

hado et al., 2009) and foliar properties (Fyllas et al., 2009)

and given that soil characteristics can vary with depth

(Quesada et al., 2009) the locations where plants can

reach soil moisture (Nepstad et al., 1994; Malhi et al.,

Fig. 5 Major areas of the combined radiation and precipitation phase relationships with phenology, (a) Areas where phenology/EVI is

‘in phase’ with at least one driver, classes 1–5 and (b) areas where phenology/EVI is not ‘in phase’ with either driver, classes 6–8.
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1998; da Rocha et al., 2004; Huete et al., 2006) are difficult

to predict. It is also difficult to predict the complete

phenology cycle from a single driver since each phenol-

ogy event could be triggered by different drivers, for

example Coronado et al. (2009) show regional climate

and soil fertility can be related to the floristic composi-

tion of Terra Firme forests whereas Chave et al. (2010)

found that rainfall or soil type does not correlate well

with leaf litter fall. To complicate matters, Wright & van

Schaik (1994) have also observed that under the same

conditions the timing of phenology events can vary

between species, within species and on the crowns of

individual trees. Furthermore, the strength in season-

ality may be influenced by spatial patterns in produc-

tivity (e.g., Malhi et al., 2004; Aragão et al., 2009) and

biomass variation (Baker et al., 2009) and this may vary

in the temporal dimension as vegetation responds to

droughts (e.g. Nepstad et al., 2007; Phillips et al., 2009).

These combined factors have an impact on the detec-

tion of the precise timing of phenological events, such

as green up, litter fall and leaf abscission at 1� 1 km

resolution, however, given the localized variation in

drivers, the diversity of species and their different

phenological behaviour our satellite data can still be

used to identify statistically significant annual cycles at

this resolution in most of the Terra Firme forest. The

phenology cycle of all plant species in a particular pixel

will therefore be between two extremes, well synchro-

nized, where species and environmental characteristics

are similar, yielding significant power spectral peaks, to

poorly synchronized where species assemblages and

environmental controls are complex. The latter extreme

is probably at least partly responsible for the weakest

peaks, nonsignificant peaks and locations with no an-

nual phenology cycle.

We also have to consider that there is a vertical

dimension to phenology, and in situ observations sug-

gest phenology events may be staggered and tiered

between the forest canopy and understory. In the cano-

py of Terra Firme forest in central Amazonia, Peres

(1994) noted distinct seasonal flushing of leaves and

Haugaasen & Peres (2005) showed small but significant

seasonality in leaf abscission and leaf flushing. In these

areas, emergent trees and canopy closure trees can have

a tendency to be more deciduous and seasonal than the

lower stories which may cause seasonal structural and

shadow variations influencing EVI values (Anderson

et al., 2010, 2011). Since satellites observe from above,

the relative amplitude of EVI variations is likely to

relate more to phenology events in the upper canopy

in cases of high LAI. The relative power is reduced in

comparison to the savanna regions because green cover

is maintained in the lower strata of the forest. Consider-

ing all these aspects, the relative power of the phenol-

ogy is likely to be a combined function and observation

of three factors: (i) how well the phenology is synchro-

nized between all the vegetation inside a single pixel;

(ii) the proportion of deciduous vegetation in the pixel

and (iii) in dense forest an indication of events in the

upper canopy.

There is a scale limitation to our results, we cannot

see deciduousness in 30� 30 m pixels (Bohlman, 2010)

within 1� 1 km pixels, and for this reason we may not

always agree with in situ observations, e.g. precipitation

drives young leaf maxima (Peres, 1994) where we

predict that precipitation lags phenology. However,

our results convey a substantial amount of information

Fig. 6 Enhanced Vegetation Index (EVI), net radiation and

precipitation time series between 2000 and 2006 for locations

(Fig. 1): (a) A (radiation ‘in phase’ with phenology/EVI): (b) B

(precipitation ‘in phase’ with phenology/EVI); and (c) C (neither

‘in phase’ with phenology/EVI). The left hand axis is the EVI,

scale 0 to 1.0. The right-hand axis refers to net radiation (W m2)

and precipitation (mm month�1). Refer to Table 3 for statistics

from the cross-spectral analysis.
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at the continental scale beyond the footprint of in situ

localized investigations.

Examining the patterns of the phase relationships

with vegetation, we generally agree that many areas

of the Amazon are radiation driven in Terra Firme forest

(Nemani et al., 2003; Huete et al., 2006; Myneni et al.,

2007). These findings are consistent with many areas of

correlation coefficient �0.4 and above between radia-

tion and LAI calculations by Myneni et al. (2007). The

time series location A illustrates how these phase dif-

ferences work on an annual basis: on average while

radiation is ‘in phase’ with EVI, precipitation lags EVI.

Outside the area studied by Myneni et al. (2007), are

the savanna regions where the ‘precipitation in phase

with phenology’ category dominates, confirming that

precipitation is the main driver of the major savanna

regions (Sarmiento & Monasterio, 1975). Not surpris-

ingly, the ‘precipitation in phase with phenology’ sce-

nario is found over large areas in the south and south-

east and along the eastern Andes mountain range

where the vegetation is dominated by savanna, shrub

or grassland (e.g. location B). On the Nemani et al.

(2003) map most of northern South America is being

dominated by radiation with an increasing importance

of water around the limits of the study area. By com-

parison, our phase diagrams show that a smaller region

is likely to be dominated by ‘radiation in phase with

phenology’ and there are greater areas of ‘precipitation

in phase with phenology’ surrounding the Amazon

basin. We also discover an exception to the radiation

phenology–driver relationship. The south-western mar-

gins of the Terra Firme forests appear to be precipitation

driven and coincide with an area classed as seasonal

forest (Saatchi et al., 2007) which is a good indication

that our results are not an artefact of the vegetation

classes we used. Radiation and LAI correlations by

Myneni et al. (2007) tend to be high but concur with

zero correlation coefficients in the same vicinity of the

Amazon basin. Furthermore, observed reduction in net

primary productivity due to prolonged drought sup-

ports this area as water limited (Zhao & Running, 2010).

The in-phase category has established areas where

radiation and/or precipitation act as the phenology driver

with the vegetation responses occurring within a month.

Figure 3h shows that where the drivers are in antiphase

with each other in a belt running from north-west to

south-west in the north of the study area a single driver

explanation for phenology is strongest. Additionally, pre-

cipitation drives phenology in the highland region near

Brasilia in the south-east of the area where there are no

significant annual cycles in radiation. Overall, our average

conditions show that most of the Terra Firme forest area is

dominated by radiation in-phase or leading phenology

(e.g. Fig. 5, classes 3–6, 8). In the savanna and grasslands

region, phenology is typically in phase with precipitation.

Here radiation can coexist as a driver where it is in

antiphase. In savannas, radiation in antiphase with phe-

nology (e.g. to the south-east of class 8 areas in Fig. 5b)

could be considered a coexisting driver as this might

suppress grassland growth. High light levels could be

associated with drying of shallow roots and suppression

of photosynthesis (rather than more light encouraging

photosynthesis in well-watered Terra Firme forest e.g. at

location A). A simple correlation (cf. Nemani et al., 2003)

would not necessarily have identified the various phase

relationships specifically at the annual scale, but our cross-

spectral analysis has captured these differences.

There are also areas where neither driver is in phase

with EVI such as classes 6–8 in Fig. 5b, Location C

demonstrates this pattern. It is more likely that soil

moisture, deep roots (Nepstad et al., 1994; Malhi et al.,

1998; Saleska et al., 2003; da Rocha et al., 2004; Huete

et al., 2006) and physiological behaviour of plant species

(Wright & van Schaik, 1994) are driving the phenology

Table 3 Values of relative power, coherency, and phase at the annual scale for locations A (radiation in phase with phenology/

EVI), B (precipitation in phase with phenology/EVI) and C (neither radiation nor precipitation in phase with phenology/EVI)

Metric Location variables

A: Terra Firme forest

041 310 21.2300 S

661 340 39.5600 W

B: Savanna

071 340 44.9900 S

461 120 55.1000 W

C: Savanna

031 350 43.4600 N

601 330 15.6800 W

Power Phenology 0.11 0.24 0.20

Radiation 0.09 0.07 0.10

Precipitation 0.20 0.24 0.15

Coherency Radiation–phenology 0.87 0.95 0.94

Precipitation-Phenology 0.79 0.97 0.87

Phase in months ( � 95% CI) Radiation–phenology 0.13 ( � 0.63) �5.75 ( � 0.39) �2.75 ( � 0.40)

Precipitation–phenology �4.13 ( � 0.88) 0.45 ( � 0.29) 1.96 ( � 0.63)

Location of A, B and C in the Amazon basin is shown in Fig. 1.

Time series for A, B and C are shown in Fig. 6.

EVI, Enhanced Vegetation Index; 95% CI, 95% confidence interval.
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cycles in those areas. Many of these ‘out of phase’

regions also coincide with wetland, seasonally flooded

regions and can be linked to the rise and fall of rivers.

Synchronized leaf shedding and flushing during high

water in tune with seasonal cycles and patterns of

inundation in both Várzea and Igapó flooded forests

were observed by Haugaasen & Peres (2005). Out of

phase areas also coincide with agricultural areas where

the original vegetation has been replaced with annual

crops or pasture and are under the influence of farm

management cycles. This may be a deficiency of EVI in

agricultural areas where Ferreira et al. (2010) found that

NDVI has a better seasonal response than EVI. This is

difficult to verify from our results without more de-

tailed research.

The maps presented here are being taken forward as a

basis to enhance vegetation models with increasingly

sophisticated depictions of ecosystem processes. Firstly

at the pixel level, synchronicity of phenology may help

determine locations that would respond in the same

way to climate change (e.g. the Amazon dieback, Cox

et al., 2004). The amount of deciduousness and beha-

viour in the upper canopy may assist in estimating

cohorts of plants and different age classes within the

same biome (e.g. the Ecosystem Demography model,

Moorcroft et al., 2001). Secondly, the driver zones can be

used to help land surface models in tropical regions to

force the timing of phenology events to driving forces

(Bradley et al., 2009) and investigate what may happen

in wet or dry years (e.g. greening up, Saleska et al., 2007;

Samanta et al., 2010, 2011).

The cross-spectral analysis can shed light on the coin-

cidence of seasonal cycles using a relatively short time

series. We have confidence in these results as they gen-

erally agree with existing research that links vegetation

activity with radiation and precipitation. We have sum-

marized where, when and what sequence radiation and

precipitation interact with phenology cycles providing a

benchmark for modellers to improve their representation

of phenology. On condition that these data sets are

available, this method can be transferred to other regions,

or with sufficient computing power, globally.
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