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Introduction

Summary

e Remote sensing data are a key tool to assess large forested areas, where limita-
tions such as accessibility and lack of field measurements are prevalent. Here, we
have analysed datasets from moderate resolution imaging spectroradiometer
(MODIS) satellite measurements and field data to assess the impacts of the 2005
drought in Amazonia.

e We combined vegetation indices (V1) and climatological variables to evaluate
the spatiotemporal patterns associated with the 2005 drought, and explore the
relationships between remotely-sensed indices and forest inventory data on tree
mortality.

e There were differences in results based on ¢4 and ¢5 MODIS products. C5 VI
showed no spatial relationship with rainfall or aerosol optical depth; however, dis-
tinct regions responded significantly to the increased radiation in 2005. The
increase in the Enhanced VI (EVI) during 2005 showed a significant positive rela-
tionship (P < 0.07) with the increase of tree mortality. By contrast, the normalized
difference water index (NDWI) exhibited a significant negative relationship
(P < 0.09) with tree mortality.

e Previous studies have suggested that the increase in EVI during the 2005
drought was associated with a positive response of forest photosynthesis to
changes in the radiation income. We discuss the evidence that this increase could
be related to structural changes in the canopy.

resolution radiometer (AVHRR) images with a time-series
of > 20 yr, being one of one of the most studied satellite-

Satellite-derived information is an attractive tool for vegeta-
tion monitoring at regional and global scales. It provides
full coverage of large and remote areas on a regular basis
over extended periods of time. Of the many remote sensing
(RS) based techniques available for analysing vegetation
dynamics, time-series analysis of vegetation indices (VIs)
has become the most common approach for phenology and
drought assessment.

The normalized difference vegetation index (NDVI) was
originally generated based on the advanced very high
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derived index (Tucker, 1979; Justice et al, 1991, 2002).
The NDVI is based on the differential reflection of vegeta-
tion in the red and near-infrared (NIR) spectra (green
vegetation absorbs relatively more in the red and reflects con-
siderably more in the NIR than in other spectral channels), and
has been extensively used for ecosystem monitoring. However,
a number of limitations have been identified in using the
NDVI, including index saturation in closed canopies, and
sensitivity to atmospheric aerosols and soil background
(Di, 1991; Huete ¢t al., 1994; Wang et al., 2003).
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With the advances in technology, the acquisition of data
across a larger number of channels and at higher spectral
resolutions has become possible, leading to the development
of new and improved indices (Liang, 2004). The enhanced
vegetation index (EVI) was developed to minimize soil and
atmospheric sensitivity observed in the NDVI by including
the blue band for atmospheric correction (Huete et al.,
1994, 2002). For drought monitoring, the normalized dif-
ference water index (NDW1) has emerged as an index sensitive
to changes in liquid water content in vegetation canopies
(Gao, 1996). The NDWI uses NIR and short-wave infrared
(SWIR) channels that are sensitive to changes in both can-
opy water content (which tends to absorb SWIR radiation)
and spongy mesophyll in vegetation (details in Materials
and Methods section).

In 2000, the moderate resolution imaging spectroradi-
ometer (MODIS) onboard the Terra Earth Observation
System satellite began acquiring images with improved
radiometric, geometric rectification system and spatial reso-
lution compared to the AVHRR (Justice ez /., 2002). The
MODIS VI product (MOD13) encompasses two indices:
the NDVI and the EVI (details in the Materials and
Methods section). Available MODIS products undergo
updates as the latest algorithms are applied to the instru-
ment’s data. A collection numbering scheme is used to
differentiate among different reprocessing runs, where the
highest number reflects the most recently improved or
reliable version of the product. The latest collection,
MODI13 c5, released in the beginning of 2007, incorpo-
rates improved input and data filtering, a modified compos-
iting algorithm to select data acquired at the smaller view
angles and a revised atmospheric correction.

In 2005 much of the Amazon region experienced a sub-
stantial drought (Aragiao ez al, 2007; Marengo ez al,
2008). Some global climate model (GCM) studies suggest
that global climate change could increase the frequency of
drought in Amazonia, with effects on ecosystems and
human populations (Cox ez al., 2008). Saleska ez al. (2007)
evaluated the anomalies in the EVI generated from the
MODIS ¢4 collection during the driest quarter of 2005
(July—September) in relation to the long-term mean (2000—
20006). Unexpectedly, they found a significant increase in
the EVI during the peak of the climatological drought
rather than the anticipated decline. This was interpreted as
a possible increase in productivity during the drought period,
and led to the tentative conclusions that the Amazon forest
may be more resilient to droughts than previously thought.
Samanta ez 4. (2010) have criticized this analysis and subse-
quent conclusion by evaluating the effects of the 2005
drought using the EVI ¢4 product (July 2000-September
2005) and the ¢5 product (July 2000-September 2008).
The authors reported differences with respect to the area
and intensity of the 2005 increase in the EVI between
results obtained from the ¢4 and ¢5 product. Although they
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also observed an increase in the EVI ¢5 during the 2005
drought, the area was less extensive than in Saleska er al.
(2007).

In contrast to RS data, field-based studies have generated
contradictory results from the ones cited earlier. In an artificial
drought experiment in a primary forest in east-central
Amazonia, after only 2 yr of rainfall exclusion there was an
observed decline in the surface and deep soil water content,
affecting some species’ photosynthetic capacity, thinning
the canopy and decreasing stem radial growth of large trees
(Nepstad et al, 2002). An on-the-ground assessment of
long-term forest plots following the 2005 Amazonian
drought indicated that plots most affected by the rainfall
suppression exhibited a decline in the rate of net above-
ground biomass accumulation, and those losses were driven
by occasionally large mortality increases and by widespread
decline in growth (Phillips e al., 2009). A detailed review
on canopy responses to dry season and drought is presented
by Asner & Alencar (2010).

The present study provides a new critical assessment of
the effects of the 2005 drought on the Amazon closed cano-
pies forests, using the MODIS VI ¢5 product. In addition
to examining the EVI, we also investigate the NDVI and
the water-sensitive index (NDWI) to explore the consis-
tency among the three VIs. Furthermore, we compare
results from the ¢5 product with those from the ¢4 product
with two standardized datasets encompassing exactly the
same time-series (2000-2006). Finally, we compare the
remotely-sensed based analysis with field plot data on forest
mortality responses to the 2005 drought. Specifically, we
aim to address the following questions:

e Did canopy vegetation indices exhibit anomalous values
during the 2005 Amazon drought?

o Are there substantial differences between the patterns
observed in indices derived from the MODIS c4 and
MODIS ¢5?

e Which climatological and atmospheric variables (rain-
fall, radiation and aerosol optical depth) show the strongest
association with the patterns of change in the VIs?

o Is there any relationship between changes in remotely-
sensed indices and changes in vegetation dynamics as recorded
by long-term forest ecology plots?

Materials and Methods

Data preparation

Vegetation Indices (VIs) The VIs datasets are the MODIS
VI ¢4 product (MOD13A2) and ¢5 product (MOD13A3).
The standard MOD13A2 ¢4 and MOD13A3 ¢5 products
include the spectral bands red (620-670 nm, band 1), NIR
(841-876 nm, band 2), blue (459-479 nm, band 3) and
SWIR (2105-2155 nm, band 7), and information about
the pixel quality, sun zenith angle, view zenith angle and
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relative azimuth angle. The NDVI and EVI are calculated
from the individual bands as follows:

(PNIR — PRed)

NDVI =
(PNIR + PRed)

Eqn 1

PNIR — PRed
PNIR (6 X PRreg — 7.5 X ppiye) + 1

EVI =25 x Eqn 2

(PNIR> Pred and Ppiye are the reflectance in the NIR, red and
blue channels respectively; 2.5 is a gain factor, 6 and 7.5 are
coefficients designed to correct for aerosol scattering and
absorption and 1 is a canopy background adjustment)
(Huete et al., 1994, 1999).

Twelve tiles of MODIS images were acquired from
March 2000 to December 2006. The MOD13A2 ¢4 is a
16-d composite product. Two images per month (16 d
composite) is the standard format, except for October,
which has only one image composite for the month. We
acquired 144 images yr~' with 1 km spatial resolution, or
984 images for the entire period for each band. Although in
theory a maximum of 64 observations over a 16-d cycle can
be achieved (multiple observations may exist for 1d
because of sensor orbit overlap), during the wet season in
tropical regions the cloud-free count can be as low as zero.
Therefore, we generated monthly images to increase the
likelihood of cloud-free pixels, improve the quality of the
data and to reduce the size of the dataset. Although we have
not used the quality assurance (QA) data provided in the
product for assisting the pixel selection, our methodology
used the maximum NDVI technique, which is based on the
selection of the highest NDVI pixel value of two 16-d
images corresponding to each month for generating the
monthly composited image. This approach ensures that
cloudy and off-nadir pixels are less likely to be selected for
the final monthly composite, and has been demonstrated to
produce adequate results (Carreiras ez al., 2003).

The MODI13A3 ¢5 product is a monthly composite
atmospherically corrected and nadir-adjusted dataset with
1 km spatial resolution. The MOD13A3 product is gener-
ated using the 1 km 16-d MODIS VI output. In addition
to the quality control (QC) filter provided in the 16-d prod-
uct, it uses a time-weighted average of the reflectance fields
in the 16-d composited VI product that fall within a partic-
ular month and the ones that overlap in the beginning and
end of each calendar month (Huete ez 4/, 1999). Therefore
the monthly product has a higher quality standard than the
16-d product. We have not used the QA for selecting the
monthly pixels used in each image, but anomalous negative
values in the dataset located over forest areas were substi-
tuted by the average of a 3 x 3 pixels window.

The mosaics were generated using the MODIS reprojec-
tion tool software (MRT, 2008).
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The NIR and SWIR monthly spectral bands for
MOD13A2 ¢4 and MOD13A3 ¢5 products were then used
to generate the NDWI for the entire time-series :

(pNIR — pSWIR)

NDWI =
(pNIR + pSWIR)

Eqn 3

(pNIR and pSWIR are the NIR and SWIR reflectance
bands, respectively).

The NDWI, developed by Gao (1996), has the potential
for canopy-level water content estimation (Zarco-Tejada &
Ustin, 2001; Xiao et al, 2002; Asner et al, 2005).
Compared with NDVI, SWIR-based indices are less sensi-
tive to saturation (Roberts ez al.,, 1997), although they are
also affected by leaf structure, leaf dry matter, canopy struc-
ture and leaf area index (LAI). The MODIS SWIR band
has so far only been evaluated for vegetation water content
for open canopy/cropland areas (Chen et al., 2005; Cheng
et al., 2007) and for assessing canopy moisture content in
selective logging (Koltunov ez /., 2009).

The Results and the Discussion sections of this study
focus on the EVI and the NDWI because of the current
scientific debate on the published analysis of the EVI and
novelty of the application of NDWI. The NDVT results
are presented in the main document, but figures are also
available in the Supporting Information.

Rainfall data and solar radiation data To explore relation-
ships between the VIs and drought, we used a monthly
time-series (January 2000—December 2006) of the rainfall
data derived from the tropical rainfall measuring mission
(TRMM) (NASA, 2006), product 3B43 version 6, at 0.25°
spatial resolution (details in the Supporting Information).

Monthly mean values of the total incoming radiation
(January 2000-December 2006) were generated based on
the 5-d, 0.4° gridded product from the GL/CPTEC model
GL1.2. The solar radiation data (W m™2) are derived from
visible band images from the satellite GOES-12, providing
daily surface irradiation (Ceballos ez 4/, 2004).

Aerosol optical depth Acrosol optical depth (AOD) is a
dimensionless measure of how many airborne particles
(dust, cloud droplet, ice particles, biomass smoke, etc.) pre-
vent the transmission of light. It varies from 0 to 1, where
0 corresponds to a completely transparent medium and 1
corresponds to high aerosol concentration. Data for AOD
are available in the MODIS MODO08 level 3 ¢5 monthly
product (Hubanks ez al., 2008). This is a 1 x 1° gridded
global dataset, computed from the complete set of daily
files that span a particular month. We used the monthly
mean and standard deviation from March 2000 to
December 2006. Although not strictly a conventional cli-
mate variable, exploring AOD patterns enabled us to assess
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whether there may be lingering atmospheric effects on VIs
values.

Evergreen forest limits To avoid the false detections of
anomalies owing to land-cover changes, we limited our
analysis to areas which up to 2005 were known to be cov-
ered by forest. The ‘evergreen’ class of the TREES
Vegetation Map (Eva et al., 2004) was used as basis for the
delimitation of the forested areas. The validation for this
map by Eva er al. (2004) suggests the forest classes exhibited
a good correlation with the reference data (# = 0.97).

The TREES map was updated for deforested areas in the
Brazilian Amazon by utilizing products from the program
for the estimation of gross deforestation in the Brazilian
Amazon (PRODES) (INPE, 2002) up to 2005. Although
no validation estimate is presented in the methodological
guidelines for the PRODES product (Cimara ez al., 2000),
this dataset has been widely used by the scientific commu-
nity. A 1-km buffer was generated around the deforestation
polygons to minimize the effects of undetected deforested
areas and to minimize spatial geo-correction problems
between the two datasets.

The PRODES data were resampled to 1 km spatial reso-
lution, to match the spatial resolution of the original

TREES map (Fig. 1).

Tree mortality data The tree mortality data (number of
individual trees that died) were derived from long-term for-
est inventory plots within the RAINFOR network (http://
www.rainfor.org; Malhi er 2/, 2002). The mortality rates
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were estimated based on the Sheil & May (1996) methodol-
ogy and a census-interval correction was applied (Lewis
et al., 2004). For this study we looked at anomalies in tree
mortality, which were calculated as the difference in rate of
mortality between the drought and pre-drought period.
Nineteen sites located on the Amazon primary forest
were used in this analysis (Fig. 1) (see Phillips ez a/,, 2009,
2010). Field plots located on the same site and measured
with the same census interval dates were aggregated to
decrease possible effects of spatial autocorrelation (Table 1).

Data analyses

Temporal patterns To understand the temporal trends for
the region, we generated a time-series based on data aver-
aged over all the Amazon forest pixels. Two analyses were
carried out. First, monthly anomalies (z-score, Eqn 4) for
the entire dataset (VIs, rainfall, radiation, AOD) were used
to evaluate changes in the pattern during 2005. The zscore
for a variable is calculated as follows:

Eqn 4

(X is the analyzed variable; X, is the spatial average value
for each month s (X,,) is the mean of X ,over that same
month of the year over the multi-year dataset; and ¢(X,,)is
the standard deviation of X ,,for the total time series over
that same month of the year).

807 A~
78°39” W”

Colombia

O Field sites
0 250 1000 1500

o iy e m

807 A~
48°50” °

18°07° 3

Fig. 1 Location of the relevant RAINFOR
48050 W

field sites. See Table 1 for details.
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Table 1 Plot attributes and field data

Tree mortality

Country Plot code Latitude Longitude anomaly in 2005
Colombia  AGP-01, AGP-02 -3.72 -70.31 0.64
Peru ALP-11, ALP-12, ALP-21, ALP-22 -3.95 -73.44 -1.30
Bolivia BEE-O1, BEE-05 -16.53 -64.58 -0.83
Brazil BNT-01, BNT-02, BNT-03 -2.63 -60.17 0.24
Brazil CAX-08 -1.86 -51.44 0.23
Peru CUz-01, CUzZ-02, CUZ-03, CUZ-04 -12.5 -68.97 1.61
Brazil DOI-01, DOI-02 -10.33 -68.18 2.323
Colombia  LOR-01, LOR-02 -3.06 -69.99 -0.06
Brazil POR-01, POR-02 -10.49 -68.46 0.621
Venezuela SCR-04D, SCR-05D 193 -67.04 -0.31
Bolivia SCT-01, SCT-06 =17 -64.77 1.07
Peru SUC-01, SUC-02 -3.25 -7291 -0.96
Peru SUC-03, SUC-04 -3.26 -72.9 -0.23
Peru TAM-01, TAM-02, TAM-05, -12.84 -69.28 0.04
TAM-06, TAM-07

Peru TAM-08 -12.83 -69.27 0.51
Brazil TAP-80 -29 -54.95 0.82
Brazil TEC-01 -1.71 -51.46 -1.07
Brazil TEC-02, TEC-03, TEC-04, TEC-06 -1.73 -515 0.22
Brazil TEM-03, TEM-04, TEM-05, TEM-06 -2.44 -59.78 0.83

The zscore indicates how far and in what direction that
item deviates from its mean, expressed in units of its distri-
bution standard deviation. Therefore, the zscore values
were used to specify the relative statistical location of each
monthly value within the population distribution of 6 yr.
Any zvalues between 1 and —1 (i.e. within 1 standard devi-
ation of the mean) are considered to represent normal varia-
tion in the data. Confidence intervals were established as
follows: P = 0.1 —1.65 < zscore > 1.65; P = 0.05 -1.96 <
zscore > 1.96; and P = 0.01 —2.57 < z-score = 2.57 (Lee
& Wong, 2001).

Second, linear regression analyses were carried out to test
how monthly mean values of all pixels that fall within the
forest limits of the dependent variables, the MOD13A3 ¢5
VIs, temporally relate to rainfall, radiation and AOD.
Pearson’s correlation indices of the monthly data and lagged
response of the VIs (the VIs is always lagging the climate
signal) were tested and the coefficient of determination (P,
correlation coefficient (#) and standard error determined.

Spatial patterns Monthly anomalies (Eqn 4) for VIs and
climatological variables were calculated on a pixel-by-pixel
basis. Two analyses were then carried out. First, we explored
the spatial pattern of the anomalous regions for all the vari-
ables. Months that presented stronger anomalies during
2005 in the temporal basin-wide analysis (see the preceding
section, “Temporal patterns’) were selected for explicit map-
ping. To reduce the noise in the data, the 1 km VIs anoma-
lies were resampled to 0.25° using an aggregated resampling
algorithm that averages the values of all pixels included in
the 0.25° output pixel size.

Second, a Pearson correlation analysis was performed
between the anomalies of the three VIs and the anomalies

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)

of the climatic variables. For each pixel, the maximum posi-
tive or negative value of the correlation coefficient (7) within
a lag window of 6 months (VIs always lagging climate sig-
nal) was plotted. Complementary maps of the time lag were
also plotted showing for each pixel the month that corre-
sponds with maximum correlation. Lag time maps were not
generated for the AOD, as we investigated only the direct
effects of this variable on the VIs anomalies. To perform
this analysis we used the same resampling algorithm as
described earlier, resampling the 1 km VIs to match the
same spatial resolution of the climatological variables.

Tree mortality data and vegetation indices The re-census
of most of the plots occurred in 2006 (some plots were
remeasured in 2005), after the drought had ended and at a
similar time of year to previous censuses to minimize possi-
ble hydrostatic effects of wood shrink—swell. Hence the
enhanced tree mortality observed in 2006 (i.e. anomalies in
mortality) is likely to have occurred during or within a few
months of the drought (Phillips ez 4/, 2009). In this study
we suggest that trees that died from the 2005 drought first
suffered from hydric stress and increased leaf shedding
because of the anomalous dry period. As many of the trees
died standing, the increased number of dead trees dying in
the 2005 period may also be an indicator, in relative terms,
of an increased number of trees that responded to the event
by dropping their leaves.

We collected VIs anomalies data for 1 km pixels corre-
sponding to the field plot location on the 1 km VIs anoma-
lies (c5) for the 2005 driest period (June—September). The
sites from which most of the field data are derived repre-
sents large areas of homogeneous forest (Anderson ez al,
2009), giving confidence in the VIs anomalies data

New Phytologist (2010) 187: 733-750
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acquired. For sites that include more than one field plot
(Table 1), the average value of the VIs anomalies was
used.

Pearson correlation analyses were carried out between the
anomaly in tree mortality data and vegetation indices
anomalies. Significant correlations at 90% confidence were
plotted and the coefficient of determination () and corre-
lation coefficients (7) were determined.
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Results

Temporal patterns

The anomalies (averaged over the whole region) for rainfall,
solar radiation, AOD and the three VIs are presented in
Fig. 2. Although the averaging over the region may hide

strong subregional anomalies (e.g. some areas of Amazonia
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Fig. 2 Monthly time-series based on data averaged over all Amazon evergreen forest pixels, as identified in the limit generated in this study.
The start of the data record is January 2000 for rainfall and radiation and March 2000 for the Terra MODIS (moderate resolution imaging
spectroradiometer) products. (a) Rainfall from the tropical rainfall measuring mission (TRMM). (b) Radiation from the GL1.2/CPTEC model.
(c) Aerosol optical depth (AOD) from MODIS MOD-08 level 3 collection 5 product. Vegetation indices from MOD13A3 collection 5 product
(d) enhanced vegetation index (EVI), (e) normalized difference vegetation index (NDVI) and (f) normalized difference water index (NDWI).
The shaded vertical bar denotes the 2005 drought period. Horizontal dashed lines represent significance level as shown.
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being wetter when others undergo drought), this general
evaluation is useful to highlight general relationships among
the datasets.

Over the period 2001-2003 most of the anomalies were
not significant at 90% confidence. By contrast, 2004-2006
exhibited higher amplitude anomalies, particularly the per-
iod 2004-2005. Specifically, we observed a persistence of
negative anomalies in the rainfall from June to October
2005 and significant positive rainfall anomalies in much of
May to July 2006 (P = 0.1) (Fig. 2a). Very strong increas-
ingly significant positive anomalies in solar radiation were
detected from May to November 2005 (2 = 0.01), with a
strong decrease from December 2005 onward (Fig. 2b).
The AOD data exhibited two positive peaks (July—
September in both 2004 and 2005) and negative peaks in
March—June 2005 (£ = 0.05) and 2006 (? = 0.1) (Fig. 2¢).

The three VIs from the two collections showed anomalies
outside the one zscore range in the time-series (Fig. 2d-f).
Overall there was surprisingly little relation at this scale
between the ¢4 and <5 products (see the Supporting
Information, Fig. S1). Higher intermonthly variation was
observed in the ¢4 than in ¢5, possibly because of the more
adopted (the maximum NDVI
approach) for generating the monthly composites (see the
Discussion section). However, it is likely that the biggest
contribution to the differences between the two datasets is

simplistic  rationale

the refinements in the ¢5 algorithms (Didan & Huete,
2006). We can therefore corroborate the conclusion from
Samanta ¢z al. (2010), that results derived from ¢4 products
should be treated with caution, which has implications with
respect to the interpretation of previously published results
(Myneni er al., 2007; Saleska er al., 2007). Henceforth, we
focus our analysis on the ¢5 collection, which we interpreted
as the more robust dataset.

The three VIs presented an increase in the positive anom-
alies in the months preceding or at the beginning of the
2005 drought, corresponding to the period when the stron-
gest positive anomalies in VIs were observed in the temporal
series.

A summary of the regression analysis of the basin-wide
averaged VIs ¢5 with the climatological variables is pre-
sented in Table 2. Both NDVI and NDWI showed a signif-
icant relationship with rainfall for the same month, and
with the most significant relationship at zero time lag.
Interestingly, EVI showed the opposite pattern: no relation-
ship with rainfall for the same month, and stronger correla-
tions with 1 month and 2 months lag. All three VIs were
negatively correlated with rainfall (2 < 0.001). Positive
correlations between the VIs and radiation were observed,
but only EVI gave stronger lagged correlation with this vari-
able. Finally, only EVI (2 < 0.001) and NDVI (P < 0.01)
were significantly correlated with AOD.

The results of the temporal patterns can be summarized
as a detection of a drought event, during which radiation

© The Authors (2010)
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Table 2 Coefficient of determination () of the Pearson correlation
among moderate resolution imaging spectroradiometer (MODIS)
vegetation indices, solar radiation and rainfall

Same month 1 month lag 2 months lag

Rainfall

EVI - 0.28** 0.62**

NDVI 0.55%* 0.31** -

NDWI 0.24** 0.16** -
Radiation

EVI 0.29%* 0.62** 0.57**

NDVI 0.29%* - -

NDWI 0.1* - -
AOD

EVI 0.36%* 0.57** 0.36**

NDVI 0.1* - -

NDWI - - -

AOD, aerosol optical depth; EVI, enhanced vegetation index; NDVI,
normalized difference vegetation index; NDWI, normalized
difference water index.

*, P <0.01; **, P < 0.001. The equations are provided in
Supporting Information Table S1.

peaked. Differences emerged from VI product ¢4 and c5.
We interpreted ¢5 as more robust product and therefore
any analyses based on previous products should be treated
with caution.

Climatological variables anomalies Rainfall anomaly maps
were produced for the period that exhibited marked anomalies
(May—September 2005) (Fig. 3). May to September was dom-
inated by negative anomalies, and the largest region affected
by the decrease of the rainfall was observed in July. The
Western Amazon region consistently presented negative
anomalies in 2005, although eastern regions were also affected.

Radiation anomalies exhibited mainly positive values for
all months (Fig. 4), peaking in May, June and September.

Aerosol optical depth anomaly maps were produced for
the month that presented larger areas of significant anoma-
lies (July—September) (Fig. S2). A markedly large and sig-
nificant positive anomaly was observed in August in the
central Amazon, coinciding with the course of the main rivers
(Amazon and Negro rivers) possibly owing to seasonally
exposed mud-banks. Negative homogeneous regions were
observed in September, covering southern Amazonia.

In summary, there were positive and negative rainfall
anomalies in 2005 varying in space and time; radiation
peaked in the dry season and AOD positive anomalies coin-
cided with the course of the main rivers.

Vegetation indices anomalies Significant positive and neg-
ative anomalies in the three VIs were observed only for 2005.
The spatial results for the EVI ¢4 observed in this study
(Fig. S3) is similar to that reported by Saleska ez al. (2007),
with most of the positive anomalies detected in August.
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follows: P < 0.01 z-score = + 2.57, P < 0.05 z-score = + 1.96, P < 0.1 z-score = + 1.65.
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The EVI ¢5 showed positive anomalous patterns from
April to July 2005 (Fig. 5). Central and western regions of
the forest presented a homogeneous pattern of positive
anomalies. Negative anomalies dominated the EVI ¢5 for
November and December 2005.

The NDVI ¢5 anomalies showed, in general, a predomi-
nance of negative anomalies during September, November
and December 2005 (Fig. S4). A significant negative anom-
alous pattern was observed in the south-west region in
September 2005. In November 2005, the NDVI ¢5 did
not present any large region of anomalies (Fig. S4b).
Interestingly, December 2005 presented large and homoge-
neous areas of negative anomalies in different regions
(Fig. S4c).

As NDWI is related to moisture in the canopy, negative
anomalies, indicating ‘water stress’, could be expected for
2005. However, the NDWI ¢5 gave predominately positive
anomalies (Fig. 6). Interestingly, there was a marked pat-
tern of positive anomalies in June in central and western
Amazonia. Although at first this result suggests that NDWI
did not capture the water stress, it is also possible that the
water-stressed leaves were dropped and therefore NDWI
was detecting the water content in the lower canopy.
Despite the observed differences, in the anomalous trend
between ¢c5 NDWI and NDVI, both indices exhibited simi-
lar spatial pattern and negative anomalies in September
2005 (Figs 4d, S4a).

In summary, EVI and NDWI anomalous spatial patterns
exhibit small areas of significant positive anomalies in the
predrought period, and, like NDVI, they presented small
areas with significant negative anomalies after September
2005.

Correlation between climatological and vegetation indices
anomalies The maximum Pearson correlation between
EVI and NDWI and the rainfall and radiation is presented
in Fig. 7. The maximum Pearson correlation between the
VIs anomalies and the AOD anomalies, the relationships
between NDVI and the rainfall and radiation and the time
lag complementary maps for the three VIs are presented in
Figs S5-§7).

A longitudinal transect south of the Amazon river
emerged as a region with significant negative correlation
(r=—0.4 to —0.2) between the rainfall and EVI anomalies
(i.e. unusually low rainfall = unusually high EVI) (Fig. 7a).
In addition, from the Guyana shield to central Amazonia to
Venezuela and Colombia, positive anomalies were predomi-
nant (7= 0.1-0.4) (i.e. unusually low rainfall = unusually
low EVI) (Fig. 7a). Despite these spatial patterns between
anomalies in the EVI and rainfall, the time lag map
(Fig. S7a) showed no consistent homogeneous region, sug-
gesting that the highlighted regions with similar correlations
did not respond similarly to the same event. Conversely, the
time lag map for anomalies in the EVI and radiation

New Phytologist (2010) 187: 733-750
www.newphytologist.com

New
Phytologist

showed homogeneous and consistent large areas responding
similarly (Fig. 7b). The AOD relationships showed no
strong spatial pattern, and therefore it is likely that anoma-
lies in the aerosols were not associated with anomalies
detected in the EVI, indicating that ¢5 removes atmospheric
effects of the temporal dataset (Fig. S5a).

Negative relationships between NDVI ¢5 and rainfall
anomalies in the north-western Brazilian Amazon region
(r=—0.6 up to —0.1) showed the highest correlation at 1-
3 months lag and this pattern was similar in the central-
eastern region, whereas the negative correlations in this area
were associated with 1-month lag time (Fig. S6). Areas with
positive relationships were very scattered in magnitude of
lag time (Fig. S7¢). Overall, anomalies in NDVI appeared
to be more consistent with anomalies in the rainfall than
EVI anomalies, although this was observed only for the neg-
ative correlations. There was no strong spatial pattern in the
AOD relationship with the NDVI (Fig. S5b).

Regions affected by the 2005 drought were dominated by
negative relationships between the NDWI and rainfall, sim-
ilar to the other two VIs (Figs 7c, S7¢). Both NDWI and
radiation showed large homogeneous regions with positive
correlations and smaller regions with negative relationships
(Figs 7d, S7F). The AOD maximum correlation map
showed a higher correlation coefficient than the other two
VIs, but pixels with high correlation were very scattered.

The relationships of the VIs ¢5 and rainfall were positive
and negative varying in space and time, and covering small
areas, while radiation anomalies relationships covered con-
tinuous areas and were persistent in time.

Tree mortality data and the vegetation indices Weak but
significant correlation between tree mortality anomalies and
the anomalies in EVI and NDWI for June, July and August
2005 (P < 0.1) were observed (Fig. 8).

The June and July EVI anomaly exhibited positive corre-
lation and the August NDWI anomaly exhibited a negative
correlation with tree mortality anomaly. The greatest anom-
alies in tree mortality rates were found at sites in southern
and western Amazonia (e.g. CUZ, DOI, LOR, POR, SCT
and TAM-08). Positive anomalies in EVI and negative
anomalies in NDWI were observed in those sites with higher
tree mortality. The trend shows higher EVI and lower
NDWI anomalies in sites with increased tree mortality.

Discussion

Temporal patterns

Climate Several interesting patterns in the climatological
data and in the VIs emerged despite the potentially obscur-
ing effects of basin-wide pixel-averaging. For example, the
averaging analysis was able to capture the decline in rainfall
after May 2005 (P = 0.05). It is interesting that although
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only May exhibited significant negative anomaly at monthly
resolution, the reported duration of the drought was longer
(Aragdo et al., 2007; Marengo et al., 2008) and, in this
basin-wide analysis, was apparent as the persistence of nega-
tive anomalies through much of 2005.

The persistence of positive anomalies in the total incom-
ing radiation from the beginning of 2004 until November
2005 (Fig. 2b) could indicate a prolonged period of
increased insolation. However, Samanta ez al (2010)
reported a decrease in the 2005 short-wave and diffuse photo-
synthetically active radiation (PAR) in relation to the
2000-2004 period. Such dissimilarity could be related to
the differences in the time-series used in this study and in
Samanta et al. (2010), and the fact that the GL1.2 model
does not consider aerosols (Ceballos ez al., 2004).

Although radiation and aerosols generally show opposite
trends (Schafer et al, 2002; Koren et al, 2004), an

New Phytologist (2010) 187: 733-750
www.newphytologist.com

increasing trend in the annual aerosol optical depth over the
Amazon has been reported, owing to the increase in fires in
this region (Koren ez al., 2007). This was also detected in
this study as the positive anomalies signal in AOD during
2001 and 2003-2005 (Fig. 2c¢).

Perhaps the most interesting pattern to emerge during
the 2005 drought period was that radiation peaks as rainfall
and AOD show their lowest values, the latter with a slight
lag. The increase in radiation is related to a decrease in
cloud cover (Li et al, 2006) while the increase in AOD
appears to be synchronized with the anomalous peak in fires
over primary forest during the same period (Aragao ez al.,
2007). By contrast, rainfall exhibits persistency of signifi-
cant positive anomalies during 2006 with an immediate
decrease in radiation and AOD. The decrease of AOD
might be explained by aerosol washout by precipitation
(Andreae et al., 2004).
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Fig. 7 Maps of maximum Pearson correlation (within 6 months time lag) between the vegetation indices anomalies (enhanced vegetation
index (EVI) and normalized difference water index (NDWI) ¢5) and the rainfall and radiation anomalies. (a) EVI and rainfall anomalies, (b) EVI
and radiation anomalies, (c) NDW!I and rainfall anomalies and (d) NDWI and radiation anomalies. Critical value of the Pearson product-
moment correlation coefficient is 0.284 (P = 0.01). (see the Supporting Information, Fig. S6 for NDVI results). The maximum correlation map
between the VIs anomalies and aerosol optical depth (AOD) anomalies is presented in Fig. S5. The time lag complimentary maps for the

maximum correlation are presented in Fig. S7.

Vegetation indices Although in principle the preprocessing
of both ¢4 and ¢5 VIs products should produce a cloud-free
image, different approaches for generating monthly com-
posites affect the final image (Carreiras er al, 2003;
Vancutsem & Defourny, 2009). For example, Poulter &
Cramer (2009) found that the MODIS LAI 8-d ¢5 is par-
ticularly sensitive to the methods used for generating
monthly images. Conversely, they showed that the 16-d VI
product c5 was less sensitive to additional filters as the prod-
uct itself already filters for moderate-to-high aerosol

© The Authors (2010)
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concentrations, clouds and shadows. Therefore, by using
the monthly VI ¢5 product in our analysis, few effects of
clouds and aerosols were expected.

Myneni ez al. (2007) evaluated a time-series of monthly
LAI ¢4 averaged over all Amazon rainforest pixels and
found that the phenological cycle peaks before solar radia-
tion peaks in a timed seasonality. Huete et al. (2006),
assessing the EVI c4, also found that sunlight may exert
more influence than rainfall on rainforest phenology and
productivity. Asner & Alencar (2010), analyzing > 300
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anomaly 2005.

Landsat images from 2003 to 2007 in the Amazon region,
found persistently clearer skies in the regions that displayed
an increase in the MODIS EVI in relation to nongreen-up
areas. The correlation analysis between the basin-wide
averaged pixels for the VIs ¢5 and climatological data
(Table 2) showed that the EVI presented the highest coeffi-
cient of determination with radiation with 1 month lag
time. Similar to these previous studies (Huete ez al., 20006;
Myneni et al., 2007), our results suggest that EVI has a neg-
ative relationship with rainfall. In addition, we found that
this negative relationship has the same order of magnitude
as the EVI relationship with radiation, but with 2 months
time lag. Furthermore, despite using VIs derived from the
same product, which implies a consistent approach for the
atmospheric correction of all spectral bands, we found, at
the basin-wide scale, the EVI seems to be more correlated
with AOD than the two other VIs.
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Spatial patterns

The increase in the EVI signal detected by VIs ¢4 during
the dry season (Huete ez al., 2006 and Xiao e al., 2006)
and during the 2005 drought (Saleska ez 2/, 2007) have
been associated with the flushing of new leaves because of
its positive relationship with the gross primary production
(GPP) derived from tower measurements in two
Amazonian sites (Huete ez al., 2006). The leaf flushing
could potentially lead to an increase of the area-averaged
canopy photosynthetic capacities (Rahman ez 2/, 2005)
during the light-rich dry season (Huete ez 4/, 2006) and
leaf abscission would take place during the cloudy wet sea-
son (Myneni et al., 2007), although both processes can be
simultaneous in many tropical trees. These studies assumed
that areas that green-up correspond to regions where trees
are able to use deep roots and hydrological redistribution to

© The Authors (2010)
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maintain water availability during dry periods (Nepstad
et al., 1994; da Rocha et al, 2004; Oliveira ez al., 2005).

Although large regions encompassing central, east and
western Amazon forests were detected having an increase in
the vegetation response (Huete er 4/,2006; Myneni ez al.,
2007), the onset of the rainy season exhibits a more variable
pattern (Marengo et al., 2001). These RS based-results have
also been questioned because of the lack of direct field
observations of canopy processes such as leaf phenology, the
MODIS LAI product being very sensitive to the methods
used to generate the monthly images (Poulter & Cramer,
2009) and the reported detection of a very homogeneous
response of the majority of Amazonia (Huete ez al., 2006;
Myneni ez al., 2007) in a region that has a high variability
in climate (rainfall regimes; Liebmann & Marengo, 2001;
Sombroek, 2001), dry season length (Marengo ez al.,
2001), latitudinal radiation seasonality (Schafer et al,
2002) and even greater biophysical variability (soil proper-
ties; Quesada ez al., 2009), topography, species composition
(Sombroek, 2001; Sternberg, 2001; ter Steege e al., 2006),
canopy size (Barbier e# al, 2009), and aboveground pro-
ductivity (Malhi ez al., 2004; Aragao ez al., 2009).

Samanta et al. (2010) could not reproduce the spatial pat-
terns detected by Saleska ez al. (2007) using the EVI ¢4 with
a different time-series. In this study, the ¢4 results for the
EVI anomalies correspond overall to the patterns reported
by Saleska ez al. (2007). The EVI ¢5 anomalies observed in
this study had lower amplitude and the regions showing
positive anomalies were smaller than those identified by the
c4 study of Saleska er al. (2007). These indices, as suggested
by Samanta ez a/. (2010), show that the differences between
¢5 and ¢4 results are caused by the improvements in the ¢5
algorithm. However, we also detected smaller regions than
Samanta et /. (2010). This is likely to be related to the
range of values defining the significant intervals used for
depicting anomalous values in the time series and/or to the
length of the time-series used in their study.

Positive anomalies in EVI from March to May 2005
could be related to the rainfall deficiency that affected the
region in the late rainy season of 2004 (November onwards)
(Marengo ez al., 2008). Negative anomalies from September
to December 2005 in EVI and NDVI (Figs 5, S4, respec-
tively) could be evidence of a delayed effect of the 2005
drought event. For example, in tropical (Phillips et al,
2010) and in temperate zones (Bréda ez al., 2006), time lag
between drought and tree decline has been observed, and a
NDVI time lag of up to 6 months has been reported else-
where (Salinas-Zavala et al., 2002).

The SWIR-based vegetation indices track growth pattern
in crops better than other indices (Chen ez a4/, 2005) and it
has been shown that the these spectral bands are very
sensitive to canopy structural changes and architectural
parameters (Eklundh ez 2/, 2001). It has also been
demonstrated that NDWI is highly sensitive to LAI
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(Zarco-Trejada et al., 2003); this could explain the very
strong correlation between NDWI and radiation in a
relatively large area observed in this study.

Tree mortality

Ground-based direct measurements have shown that across
South American tropical forests, litterfall seasonality is
significantly and positively spatially correlated with rainfall
seasonality (Chave ez a/., 2010) with a greater litter produc-
tion during the dry season (Luizao, 1989; Chave ez al,
2010). During severe droughts in the Amazon, effects such
as a decline in leaf area (Nepstad ez al, 1994; Vourlitis
et al., 2001) and an increase in large tree mortality have
been reported (Nepstad er al., 2007; Phillips ez al., 2009;
da Costa ez al., 2010).

Despite being only moderately significant, our correla-
tion analysis between anomalies in EVI and tree mortality
demonstrated that areas with positive EVI anomalies for the
critical months of the drought period tended to occur where
forest plots had higher tree mortality in 2005. The opposite
trend is observed for NDWI anomalies: sites with higher
tree mortality rates in 2005 tended to have lower NDWI
anomalies. These results show very clearly that these forests
were not thriving in the drought. We suggest instead that
the apparent changes reflect structural changes in the forests
affected by drought. Emergent and large trees are the most
susceptible to droughts (Nepstad ez al., 2007; Phillips ez al.,
2009) and to minimize water stress some are deciduous in a
normal dry season (Borchert, 1998). The combined effect
of dead stems and leafless trees is very likely to reduce the
heterogeneity of canopy reflectance and decrease the effect
of shadows cast by the highest trees. It is likely that many
other trees have also dropped their leaves during the
drought period but did not die in the aftermath. Hence, the
EVI response could be related to the structural change (i.e.
decrease of shadows) giving the opposite pattern to that
normally observed.

There is evidence in the literature to support this theory.
For example, it has been observed that in high spatial reso-
lution images, red and NIR spectral bands are highly sensitive
to subpixel shadow (Asner & Warner, 2003). A sensitivity
analysis using a light canopy interaction model highlighted
the link between canopy structure and reflectance (Gerard,
2003). In Landsat data, shade fraction was found to be
highly correlated with LAI (Aragao er al, 2005), and to
be sensitive to change in the vegetation structure (Lu ez 4/,
2003). Finally, the decrease of the shade fraction resulting
from the seasonality of emergent trees seems to directly
increase the vegetation index response (Anderson er al.,
2010).

By contrast, the NDWI appears to directly pick up the
drought effects on the canopy. The relationships between
MODIS NDWTI and vegetation water content have been
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demonstrated in the literature (Chen ez al., 2005; Cheng
et al., 2007; Houborg et al., 2007). In this study, the spatial
pattern of positive anomalies in the NDWI in 2005 may be
related to the detection of the lower canopy layers which
did not suffer with water stress to the same intensity as the
emergent trees. An indication of this process is the trend in
the correlation of this index with the tree mortality data,
where lower NDWIs were observed in areas with higher tree
mortality.

Conclusions

We have shown that climatological and the VI derived from
remotely sensed data exhibited anomalous responses during
the 2005 drought in Amazonia. In addition to having evalu-
ated a large number of remote sensing datasets with the
same temporal coverage, we combined field measurements
with satellite-derived VI in order to understand how these
two sets of data can be interpreted together. The analysis of
the vegetation indices and tree mortality data suggested that
sites with higher absolute mortality rates in 2005 tend to
have positive EVI anomalies and negative NDWI anoma-
lies. This calls into question previous interpretations of
these VIs as indicating increased leaf area and forest produc-
tivity, and show that positive EVI anomalies do not indicate
insensitivity to droughts in Amazonian forests.
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