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Abstract The enhanced vegetation index (EVI) obtained from satellite imagery has often been used as a
proxy of vegetation functioning and productivity in the Amazon rainforest. However, recent studies indicate
that EVI patterns are strongly affected by satellite data artifacts. Hence, it is unclear if EVI is sensitive to subtle
seasonal variations in evergreen Amazon forest productivity. This study analyzes 12 years of Moderate
Resolution Imaging Spectroradiometer (MODIS) EVI in order to evaluate its response to factors driving
productivity in the Amazon. We show that, after removing cloud and aerosol contamination, and correcting
bidirectional reflectance distribution function effects, radiation and rainfall extremes show no influence on
EVI anomalies. However, EVI seasonal patterns are still evident after accounting for Sun-sensor geometry
effects. This remaining pattern cannot be explained by solar radiation or rainfall, but it is significantly
correlated to gross primary production (GPP). Nevertheless, we argue that the causality between GPP and EVI
should be interpreted with caution.

1. Introduction

The impacts of climate variability on the Amazon forest are still under debate. In particular, understanding the
effects of climate extremes on the Amazon ecosystem remains scientifically challenging [Samanta et al.,
2012a; Asner and Alencar, 2010; Aragão et al., 2014]. Recent studies have shown that long periods of water
stress have the potential of triggering the release of massive amounts of carbon to the atmosphere [Lewis
et al., 2011] by causing widespread tree mortality [Phillips et al., 2010].

Remote sensing has been broadly considered an essential tool for monitoring the Amazon ecosystem
[Anderson et al., 2010; Asner and Alencar, 2010; Silva et al., 2013]. For instance, vegetation indices (VI) obtained
from satellite observations are often used as a proxy for assessing vegetation functioning and net primary
production [e.g., Myneni et al., 2007; Samanta et al., 2012b]. Hence, changes in VI patterns are considered as
an indicator of the forest response to external environmental factors, such as water availability and solar
radiation [Bradley et al., 2011; Brando et al., 2010].

Controversial studies on the Amazon forest response to climate variability have been reported in recent years.
Using enhanced vegetation index (EVI) obtained from the Moderate Resolution Imaging Spectroradiometer
(MODIS), Huete et al. [2006] showed an increase in EVI during the dry season, contradicting model predictions
that water limitation would lead to declines in forest greenness. Similarly, Saleska et al. [2007] reported that
EVI data indicated an excessive greening of the Amazon forest during a strong drought in 2005. Nevertheless,
using an EVI data set with improved cloud and aerosol removal, Samanta et al. [2010] found no correlation
between drought severity and greenness in intact Amazon forests during the 2005 drought. Similar studies
analyzed the drought in 2010 and reported a severe and persistent decline in vegetation greenness in 51% of
all drought-stricken forests [Xu et al., 2011].

In most cases, discussions aiming to understand these heterogeneities in EVI patterns have focused on the
hypothesis that in the Amazon forest radiation supersede water limitation inducing enhancement of EVI
values during dry or drought conditions. However, the hypothesis that the EVI patterns in Amazon forest are
driven by radiation has recently been undermined as Morton et al. [2014] showed that greening did not take
place during the dry season. Confirming evidences reported by Moura et al. [2012] and Galvão et al. [2011],
Morton et al. [2014] demonstrated that artifacts associated with MODIS Sun-sensor geometry are the primary
cause for the greening observed during the dry season. Against the backdrop of this new evidence, it is
currently unclear whether changes in vegetation functioning caused by climate variability can be captured
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using satellite EVI. Therefore, uncertainties in terrestrial ecosystem models based on VIs are high, and the
reliability of model estimates of vegetation productivity under question, as the sensitivity of models to
artifacts in remote sensing data still need to be formally evaluated.

In this study, we performed a sensitivity analysis to quantify the response of MODIS EVI to radiation and rainfall
extremes throughout the year. Furthermore, the sensitivity of EVI anomalies to changes in Sun-sensor geometry
was evaluated. Finally, we tested the hypothesis that EVI can be used as a proxy to describe gross primary
production (GPP) and evaluated how environmental factors affect the relationship between EVI and GPP.

2. Materials and Methods

To comprehensively assess EVI sensitivity to climate and Sun-sensor geometry, as well as to test the coherence
between EVI signal andGPP, we performed a set of analyses atmultiple spatial and temporal scales. A hierarchical
approach was adopted to clearly distinguish data artifacts from environmental factors that influence the EVI
signal. This was done by using four levels of EVI data, based on their quality and level of correction performed,
as described below.

Two EVI data sets were derived from the MODIS MOD13A2 product. The first data set (EVIM) was created by
calculating monthly EVI as an average of 16 day composite images inside a month. In this case, only a
superficial quality screening was performed (see supporting information). The second data set followed the
same procedure, but this time more strict quality assessment (QA) criteria were used to remove pixels
contaminated with clouds, aerosols, and shadows. This data set is hereafter denominated EVIQA.

The third EVI data set was compiled using the blue, red, and near-infrared (NIR) reflectance from the
MCD43B4 product. The MCD43B4 provides bidirectional reflectance distribution function (BRDF) model
adjusted nadir view reflectance data for 16 day periods at 1 km spatial resolution. The solar zenith angle
corresponds to the angle at local solar noon. This data set is hereafter denominated EVINBAR (Nadir BRDF
Adjusted Reflectance).

The fourth EVI data set was compiled using the MCD43B1 product, which contains MODIS BRDF model
weights used to derive the NBAR product. However, for this later data set, the Sun zenith angle was fixed to
30° for all months of the year. We refer to this data set as EVISAR (Sun angle Adjusted Reflectance).

Monthly values of surface downward shortwave radiation flux were obtained from the Clouds and the Earth’s
Radiant Energy System SYN1deg product. Monthly rainfall values were obtained from the Tropical Rainfall
Measuring Mission (TRMM). The phase angle (i.e., the angle between the directions of Sun illumination and
sensor view) was calculated using the solar zenith angle, view zenith angle, and relative azimuth angle
provided in the MOD13A2 product.

First, we assessed the sensitivity of monthly EVI anomalies to changes in radiation and rainfall within the
entire extent of the Amazon basin. For the EVIQA data set, which does not assume fixed observation
geometry, we also evaluated how changes in phase angle are linked to VI anomalies.

Monthly standardized anomalies, for all data sets, were calculated using as baseline the period between 2001
and 2012. The sensitivity analyses consisted in grouping EVI anomaly pixels within bins of radiation
anomalies, rainfall anomalies, or phase angle. The distributions of EVI anomalies were then constructed
within each bin, and the bins median was computed. For radiation and rainfall anomalies, the bin width used
was 0.5σ, ranging from �2.5 to 2.5σ. For phase angle the bins width was 5°, ranging from 10 to 60°. An
illustration of this approach is provided in Figure S2 in the supporting information.

Next, the influence of external factors on EVISAR seasonality was studied at the Jurua River watershed, which
was chosen for having homogeneous and relatively intact forests. Finally, after clarifying the influence of
environmental factors and data artifacts on all EVI data sets, we evaluated the relationship between monthly
EVISAR values and gross primary production (GPP) estimated by eddy covariance at a primary rainforest at
KM67, south of Santarém in at the Tapajós National Forest (54°58ʹW, 2°51ʹS) [Hutyra et al., 2007]. The
relationship was assessed at monthly time scale using records from January 2002 to January 2006. In addition,
long-term averages of net ecosystem exchange (NEE), ecosystem respiration (Reco) [Hutyra et al., 2007], and
leaf litterfall [Rice et al., 2008] at the flux tower location were analyzed. EVISAR values were obtained as an
average of all valid pixels inside a circular area of 5 km radius around the tower location.
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3. Results and Discussion

The relationships between EVI and radiation flux anomalies for the entire Amazon basin are presented in
Figure 1. When using the EVIM data set, positive trends are observed during the first, second, and fourth
quarters of the year. In the EVIQA data set, the trends during the second and fourth quarters disappear.
However, during the first quarter, a positive slope is still observed, while an inverse relationship is observed
during the third quarters. Hence, although cloud and aerosol interference are in fact responsible for creating
unrealistic association between EVI and radiation anomalies, trends are still observed after strict data quality
control in the MOD13 product.

During the first quarter (JFM), cloud interference affects the relationship by creating a steeper curve between
EVIM and radiation. Lower radiation anomalies are associated with a more stable cloud cover, which increases
reflectance in the red band in relation to reflectance in the near infrared, reducing the EVIM values.

In the analysis using EVINBAR and EVISAR data sets, no significant relationships are observed, in any season of the
year. These results indicate that the trends observed using the EVIQA data set are likely associated with BRDF
effects or residual cloud contamination. Hence, after accounting for cloud, aerosol, and BRDF effects, we find no
evidences that variations in incoming solar radiation have influence on EVISAR anomalies in the Amazon basin.

Similar results are also observed in the relationship between the EVI and rainfall anomalies (Figure 1).
Considering the EVIM data set, a decrease in EVI anomalies is observed with increasing rainfall anomalies (first,
second, and third quarters). However, this pattern fades when using the EVIQA data set and virtually
disappears when considering the EVINBAR and EVISAR data sets. These results show that the decrease in water
input during meteorological droughts has no impact on the Amazon forest greenness. Although these
evidences challenge previous claims that EVI anomalies are affected by droughts [e.g., Brando et al., 2010;
Saleska et al., 2007], it cannot discard the hypothesis that the photosynthetic capacity of the forest is water
limited, given the possibility that EVI may not be sensitive enough to capture sudden changes in canopy
structure and/or chemical composition caused by water stress.

The response of vegetation greenness to radiation anomalies shows similar results throughout different
geographical regions of the Amazon basin. The sensitivity of EVISAR to variations in radiation anomalies,
analyzed in four quadrants of the Amazon basin, is presented in Figure S5 (supporting information). Although
a slightly larger variance in EVISAR anomalies is observed in the SE quadrant of the basin, no evident trends
are observed between medians of EVISAR anomalies and radiation anomaly flux bins.

Figure 1. Relationships of EVI and shortwave radiation flux anomalies, for quarters of the year, using the EVIM, EVIQA, EVINBAR, and EVISAR data sets. The lines indicate
the median of EVI anomaly values in each radiation anomaly bin of 0.5σ in width. JFM, January-February-March; AMJ, April-May-June; JAS, July-August-September;
OND, October-November-December.
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Contrasting with the results obtained
using climatic variables, EVIQA anomalies
show a consistent response to changes
in Sun-sensor geometry (Figure 2). Lower
phase angles (i.e., between 10 and 25°)
are associated with positive EVIQA
anomalies, while higher-phase angles
associated to negative EVIQA anomalies.
This result is consistent in every season
of the year and geographical region.
These results provide solid evidence
that the spatial and temporal distributions
of EVI anomalies obtained using the
MOD13 products are largely associated
with variation in Sun-sensor geometry.

Hence, it is demonstrated that anomalies
in the EVIM and EVIQA data sets are closely
associated with cloud contamination
and, particularly, Sun-sensor geometry.
On the other hand, when analyzing EVI

data sets accounting for BRDF effects (EVINBAR and EVISAR), anomalies cannot be explained by variations in
incoming solar radiation or rainfall. However, after clarifying the main factors affecting greenness anomalies,
a remaining question is how environmental factors affect EVI seasonal patterns of Amazonian forests.

To address this question, we evaluate monthly long-term averages (2001–2012) of EVINBAR, EVISAR, radiation,
rainfall, and phase angle for the upper Jurua River basin (Figure 3). This assessment was performed in a
smaller and homogeneous area to avoid misinterpretations associated with spatial variations in climate and

Figure 3. (a) Relationship between monthly EVISAR and incoming shortwave radiation flux; (b) relationship between
monthly EVISAR and rainfall; (c) long-term (2001–2012) monthly averages of radiation and rainfall; and (d) long-term
(2001–2012) monthly averages of EVINBAR, EVISAR, and phase angle obtained for the upper Jurua River basin.

Figure 2. Relationships of EVIQA and phase angle in the Amazon basin,
divided in four quadrants. The lines indicate the median of EVI anomaly
values in each radiation anomaly bin of 5° in width.
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vegetation. Only pixels with at least
5 years of valid data were considered. On
average, 94% of the pixels inside the
basin were used, varying from 60% in
February (rainy season) to 100% in drier
seasons. Our results show that, even
after different levels of BRDF correction,
EVINBAR and EVISAR still reveal clear
seasonal patterns. This result contrasts
with Morton et al. [2014], who showed
that greening patterns during the dry
season could not be observed after BRDF
correction. The discrepancy could be
explained by the use of different BRDF
correction methods or may represent
genuine seasonal vegetation changes.

Interestingly, the only difference between
the EVINBAR and the EVISAR data sets is
the monthly average Sun zenith angle
considered in the BRDF model. While in
the EVINBAR Sun zenith angle corresponds
to the angle at local solar noon, in the
EVISAR the angle is fixed to 30°. The use of

a constant Sun zenith angle causes an evident smoothing in the seasonal variation of EVISAR, indicating that
Sun-sensor geometry is in part responsible for intra-annual patterns (Figure 3d). Furthermore, we show that
even after BRDF correction carried out in the EVINBAR and EVISAR, the seasonal pattern in these data sets still
have a significant (p value< 0.001) correlation with monthly average phase angle (obtained from the MOD13
product). Hence, it is plausible that the BRDF model behind the EVINBAR and EVISAR cannot fully remove artifacts
associated with Sun-sensor geometry, although genuine vegetation trend cannot be discarded. In agreement
with Galvão et al. [2011], we observed that EVISAR is linearly correlated with BRDF-corrected NIR reflectance
(Figure S6). On the other hand, red and blue bands show no correlation with EVISAR, leading to the conclusion
that the remaining seasonal patterns are mainly driven by changes in NIR reflectance, which is not considered a
good indicator of photosynthetic activity.

We also show that long-term monthly EVISAR averages are not significantly correlated with incoming
radiation flux (Figure 3a). Monthly rainfall averages, on the other hand, show a significant correlation with
EVISAR (p value< 0.05) (Figure 3b). However, this correlation does not necessarily represent causality, given
that a significant relationship between EVISAR and rainfall is not observed when analyzing geographical
areas with different rainfall patterns (see Figure S7). This statement is reinforced by the lack of EVISAR
sensitivity to rainfall anomalies (showed in Figure 1). The seasonal patterns in the EVINBAR and EVISAR were
consistent in all years from 2001 to 2012 (Figure S9).

Hence, we demonstrate that radiation and rainfall are unlikely to exert significant influence on EVISAR
anomalies or long-term seasonal patterns. Moreover, we show that, after BRDF correction, seasonal variations
are still evident in EVISAR data set. However, can the seasonal pattern found in EVISAR help quantify changes in
Amazon forest productivity? To answer this question, we compare monthly EVISAR with average GPP
estimates based on eddy covariance [Hutyra et al., 2007] (Figure 4). We also analyze ground measurements of
rainfall and net radiation collected at the flux tower location [Hutyra et al., 2007].

When comparing GPP (or NEE, or Reco) to EVI, we must consider the different spatial footprints and temporal
sampling strategies of these data. The footprint of the NEE (and thus GPP and Reco) as measured by the K67
tower-based eddy covariance systems is likely to cover areas up to 3 km2 in terms of daytime fluxes, with a
smaller proportion of fluxes originating from areas as large as 70–80 km2 [Araújo et al., 2002]. Similarly, the
temporal sampling strategy is different as NEE is measured continuously while EVI is constructed from
disjunct satellite overpasses. However, if we assume both eddy covariance NEE and satellite EVI to be useful

Figure 4. (a) Monthly average net ecosystem exchange of CO2 (NEE) and
rainfall; (b) monthly average ecosystem respiration (Reco) and net radia-
tion; (c) monthly average gross ecosystem production (GPP) and EVISAR
(with BRDF correction with constant Sun zenith angle) for the location of
the K67 Eddy Covariance tower. Records are from January 2002 to
January 2006 [Hutyra et al., 2007].
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products describing the general
behavior of the forest in monthly time
scales, the comparison of the temporal
variations of these data could reveal
potential correlations and connections.

GPP refers to gross canopy carbon
dioxide uptake through photosynthesis,
which can be estimated using
measurements of net ecosystem
exchange of CO2 (NEE). NEE is the
balance between GPP and ecosystem
respiration (Reco), NEE = Reco�GPP.
Here GPP and Reco are always positive,
and positive NEE indicates the
ecosystem to be a source of CO2 into

the atmosphere, while negative NEE indicates the ecosystem to be a sink of CO2. Reco is typically estimated
using nighttime measurements of NEE. For the description of the NEE data and partitioning to GPP and Reco,
see Hutyra et al. [2007]. NEE seasonal patterns are, therefore, intrinsically driven by a balance between GPP
and Reco. It is observed that NEE, GPP, and Reco closely follow regional climate patterns (Figure 4). NEE shows
positive values (indicating the forest is a source of carbon into the atmosphere) during the entire rainy
season, a period in which photosynthetically active radiation is reduced due to higher cloud incidence and in
which moisture is high. Between September and November (dry season), radiation increases, moisture
decreases, and NEE decreases to negative values (indicating the forest is a carbon sink). Reco follows a similar
pattern, with higher values during lower radiation periods with more rain, decreasing as radiation increases
and rainfall decreases. Hutyra et al. [2007] argue that the reduction of Reco in the dry season is likely
associated to moisture limitations on heterotrophic respiration.

Despite uncertainties in the mechanisms defining GPP seasonality [Restrepo-Coupe et al., 2013; Hutyra et al.,
2007], there is strong evidence that environmental factors play a major role in the intra-annual variation of
GPP. As a result, GPP reaches a low peak between June and August and a high peak during October and
November. This pattern is correlated with EVISAR (p value< 0.05). This is in agreement with results obtained
by Huete et al. [2006] using a MODIS EVI data set without BRDF correction. However, we show evidences that
the factors defining EVISAR seasonality in the equatorial Amazon may be detached from the factors defining
GPP variability. Given the connections between radiation, rainfall, NEE, and Reco, it is expected that radiation
anomalies are associated with departures from GPP averages. However, EVISAR was shown to have no
sensitivity to water input or radiation (Figure 1).

In general terms, EVI is function of canopy reflectance, which varies according to the optical properties of
canopy components, canopy structure (e.g., leaf area index), and Sun-sensor geometry. Previous studies
demonstrate that seasonal variations in forest carbon exchange are linked to changes in leaf turnover
[Rice et al., 2004; Hutyra et al., 2007]. At the K67 flux tower location, peak litterfall rates are observed around
August [Rice et al., 2008], and the flush of new leaves, with higher photosynthetic efficiency, is also reported to
occur around the same period, August–October [Rivera et al., 2002]. New leaves tend to have higher reflectance
and increased transmittance relative to old leaves [Roberts et al., 1998]. Therefore, forest albedo would be
expected to increase as old leaves are replaced with new. Our results show that EVISAR does not follow this
pattern (Figure 5). EVISAR values start decreasing after January, while litterfall rate starts increasing only
after April. When EVISAR reaches lowest values in June, litterfall rates continue increasing until September.
Therefore, it is unclear from our analysis how changes in canopy structure or chemical composition associated
with changes in the amount of leaves are driving the remaining seasonal patterns in the EVISAR dataset.

Finally, given that the EVISAR sensitivity to radiation diverges from the relationship between EVISAR and GPP,
and greening patterns do not follow changes in canopy structure associated with leaf litterfall rates, we
find important inconsistencies in the relationship between MODIS EVI and GPP in the equatorial forest. This
result suggests that model estimates of ecosystem productivity based on MODIS EVI [e.g., Brando et al., 2010;
Potter et al., 2009; 2012] should be interpreted with caution.

Figure 5. Monthly average leaf litterfall rate in the surrounding of the flux
tower for the period July 2000 to May 2005 [Rice et al., 2008] and monthly
average EVISAR.
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4. Summary and Conclusions

Our results show evidences that, after removing artifacts caused by clouds, aerosols, and Sun-sensor
geometry, radiation and rainfall extremes exert no influence on EVI anomalies. Furthermore, radiation and
rainfall show no evident influence on long-term EVI patterns in intact equatorial forests. In agreement with
previous findings, our results confirm that the annual EVI seasonality is in part explained by variation in
Sun-sensor geometry. However, we show that after BRDF correction, seasonal patterns are still present in
intact evergreen forests, contradicting previous claims that seasonal changes in greening patterns cannot be
observed after accounting for Sun-sensor geometry artifacts.

Despite a statistical correlation between monthly averages of GPP and EVISAR, we found loose connections
between the factors driving the seasonality of these two variables. Previous studies provide evidences
that GPP seasonality is linked to changes in canopy structure and chemical composition variations as a
response to climate patterns. On the other hand, we show that EVISAR variation has limited influence of
environmental factors and is not correlated to leaf litterfall rates.

Studies related to remote sensing of Amazon forest phenology and climate extreme impacts on vegetation
have sparkled parallel but often disconnected discussions during the past years. Our results create elements
to reconcile these discussions. We demonstrate central factors affecting EVI seasonal cycles and the
occurrence of greenness anomalies. Accounting for these factors leads to the conclusion that in the Amazon
forest, the relationship between vegetation functioning and MODIS EVI should be treated with caution.
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