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Abstract. The objective of this work is to present initial results of a new method to evaluate vegetation patterns
in the Amazon rainforests based on multi-angle satellite observations. We used MODIS Enhanced Vegetation
Index (EVI) data processed by MAIAC algorithm to generate anisotropy, calculated by the differences between
hotspot and darkspot reflectance. We compared Anisotropy with EVI using two images (June 2008), both
processed by MAIAC, to demonstrate the potential of using anisotropy for mapping vegetation structure of
different forests types. We also analyzed seasonal variability between anisotropy and EVI, and compared our
findings with variability of monthly water deficit for the region. Finally, we discussed the use of anisotropy to
infer spatial-temporal changes in vegetation structure. The results showed larger spatial variability of anisotropy,
while EVI varied only to a limited extend across the study area. The regional differences in anisotropy may
therefore better represent the structural heterogeneity across forested areas in the Amazon, based on the
interaction of vegetation with multi-angle scattering. Seasonal changes were more gradual when using
Anisotropy compared to using EVI. This gradient transition across months is in good agreement with water
deficit patterns derived from the Tropical Rainfall Measurement Mission (TRMM). Our study hypothesizes that
multiangular information are useful sources to analyze structural changes in different types of forests, and may
provide new opportunities to monitor tropical forests, from optical remote sensing.

Key-words: Anisotropy, MODIS, MAIAC, EVI, Amazon, Anisotropia, MODIS, MAIAC, EVI, Amazdnia.

1. Introduction

The response of tropical forests to climate change has received great attention by the
scientific community due to the important role that this vegetation plays in the global carbon,
water and energy cycle. For instance, the Amazonian rainforests account for about 15% of
global photosynthesis and host about a quarter of the world's terrestrial species (Malhi et al.,
2008). Within the last 10 years the Amazon basin has experienced two severe droughts, one in
2005 and other in 2010 (Marengo et al., 2011). Several studies had indicated that tropical
forests are sensitive to droughts with significant consequences for carbon loss due to fire and
tree mortality (Aragao et al., 2007; Asner et al., 2004; Meir et al., 2008).
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Loss of forest productivity across Amazonia as a result of change in precipitation patterns
would clearly exacerbate global climate change. Satellite-remote sensing is the major source
of knowledge to observe climate sensitivity of Amazon vegetation and ecosystem dynamics at
useful spatial and temporal scales (Asner and Alencar, 2010). However, the effect of such
changes on tropical vegetation is still largely unknown. Remote sensing investigations based
on Moderate Resolution Imaging Spectroradiometer (MODIS)'s Enhanced Vegetation Index
(EVI), have been controversial regarding the vegetation status in Amazénia. For instance,
Saleska et al. (2007) reported an increase in greenness for the 2005 drought, whereas Xu et
al., 2011, observed a widespread decline in photosynthetic activity for the 2010 drought. Also,
Phillips et al., 2009, estimated that the severe Amazon drought in 2005 resulted in a total
carbon loss of about 1.2-1.6 Pg. Samanta et al. (2010) suggested deficiencies in estimation of
atmospheric aerosol loadings and cloud screening over tropical regions as cause for these
conflicting evidences. According to Atkinson et al. (2011), local climate factors (e.g., reduced
cloud cover) or noise-related factors (e.g., erros of atmospheric correction) may have
contributed to inter-annual MODIS variability in EVI.

One of the fundamental challenges for optical remote sensing of canopy characteristics is
the dependence of these measurements on extraneous effects such as soil background and the
observation geometry (Kempeneers et al., 2008). For instance, canopy level estimates of
biophysical parameters from spectral vegetation indices are strongly affected by the viewing
and solar geometry (Galvao et al., 2011; Moura et al., 2012).

The Multi-Angle Implementation of Atmospheric Correction (MAIAC) is a new
generation cloud screening and atmospheric correction algorithm for MODIS data that uses an
adaptative time series analysis and processing of group of pixels to derive atmospheric aerosol
concentration and surface reflectance without typical empirical assumptions. Previous
research has shown reductions in noise by a factor of up to 10, in addition MAIAC also yields
more cloud free observations (Hilker et al., 2012). The algorithm implements a time series of
multi-day observations to provide sufficient information for simultaneous retrievals of
atmospheric aerosol and surface bidirectional reflectance distribution function (BRDF)
(Lyapustin et al., 2011, 2012).

Consequently, MAIAC provides new opportunities to investigate changes in vegetation
cover based on multi-angle information acquired from forward and backscatter observations
and may therefore allow us to detect more subtle changes in vegetation to seasonal patterns.
Such multi-angle observations provide a means to characterize the anisotropy of surface
reflectance (Chen et al., 2005), which contains information on the structure of vegetated
surfaces and shaded parts of the canopy (Chen et al., 2003, Gao et al 2003).

The objective of this work is to present new methods to evaluate vegetation patterns in the
Amazon rainforests based on multi-angle satellite observations. We used MODIS Enhanced
Vegetation Index (EVI) data processed by MAIAC algorithm to generate anisotropy,
calculated by the differences between forward and backscatter modeled by the bi-directional
reflectance distribution function. We analyzed the potential of multi-angular information from
satellite imagery (Anisotropy) compared with the conventional EVI product. We also discuss
use of anisotropy to infer spatial-temporal changes in vegetation structure.

2. Methods
2.1 Approach
MAIAC data were processed for 12 MODIS tiles including all the Amazon rainforest

(h10v08 to h13v10, spanning 10°N to 20°S in latitude and 80° W to 42°W in longitude) from
NASA’s Level 1 and Atmosphere Archive and Distribution System (LAADS Web)
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ftp://ladsweb.nascom.nasa.gov/MAIAC. MAIAC is based on MODIS Collection 6 Level 1B
(calibrated and geometrically corrected) observations, which removes major sensor
calibration degradation effects present in earlier collections. First, we show the improvements
of the MAIAC compared to the conventional BRDF MODIS product (MCD43A4) . We used
two EVI images (June 2008), both processed by MAIAC, to demonstrate the differences
between the EVI and the Anisotropy. Areas with difference types of forests were compared.
We also analyzed seasonal variability between anisotropy and EVI, and compared with
monthly water deficit variability for the region. Estimates of Water Deficit (WD) were
acquired between January 2000 and December 2012 from the Tropical Rainfall Measuring
Mission (TRMM), product 3B43 version 7, at 0.25° spatial resolution. The WD is based on
the assumption that a moist tropical forest transpires about 100 mm.month™ (Anderson, 2012).
Consequently, the forest is considered stressed when rainfall goes below 100 mm.month™.
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Figure 1. Study area (Amazon) and the indicated vegetation map (IBGE, 2004) used for the
comparison analysis.

2.2 MAIAC algorithm

The MAIAC algorithm grids MODIS L1B data to a 1 km resolution, and accumulates
measurements of the same surface area from different orbits (view geometries) for up to 16
days using a moving window approach. The cloud mask (CM) algorithm composes a
dynamically updated reference clear-sky image of the surface from spatial and time series
analyses. The knowledge of reference clear-sky reflectance in addition to spectral and thermal
reflectance tests (Ackerman et al., 1998) has been shown to improve cloud detection
(Lyapustin et al., 2008). MAIAC aerosol retrieval (Lyapustin et al., 2011) and atmospheric
correction (Lyapustin et al., 2012) algorithms use an advanced radiative transfer theory with
anisotropic land surface reflectance (Lyapustin and Knyazikhin, 2001) parameterized by the
Ross-Thick Li-Sparse (RTLS, Wanner and Strahler., 1995) bidirectional reflectance model
(Lyapustin et al., 2011). In our study, the Ross-Thick and Li-Sparse kernel functions (Roujean
et al., 1992) were used based on the radiative transfer theory of Ross (1981) and the
geometric-optical model of Li and Strahler (1986):

p(0,,0.,09) =k +KK (6,6, A8,8,2) +kK:(6,,6,A4)  (Eq. 1)

vi¥ss vi¥s?
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Where:
Ki isotropic scattering component
Kg geometric scattering component
KL Li-Sparse kernel
ky volumetric scattering component

Kr Ross-Thick kernel

& view zenith angle (VZA)

A solar zenith angle (SZA)

Ag relative azimuth angle (RAA)

1 crown relative height =1 (Wanner et al., 1995, Justice et al., 1998)
b

r

crown relative shape =2 (Wanner et al., 1995, Justice et al., 1998)

ki, kg and k, are the empirical components (kernel weights) and were derived from
mathematical inversion of the linear model using the MODIS reflectance observations. Once
ki, kg and ky are acquired, p can be obtained for any view observer geometry by setting

6,,6,,A¢. The use of BRDF model rather than provided reflectance allows us to maintain

v!I¥Yg
constant sun-observer geometry for the back- and forward scatter observations.
Our analysis is based on the EVI calculated as:

EVI(6,,6.,Ad)=G x Phir(,0,49) ~ Pred(,.6,.49) (Eq. 2)
Prir(g, 0,09 T Ci X Preq (0,.0,08) C, x Poecg, 0.00) T L
Where:
p(ev,es , A¢) is the atmospherically corrected surface reflectance for a give sun sensor
geometry;

L is the canopy background adjustment (1.0);
C1 (6.0) and C2 (7.5) are the coefficients of the aerosol resistance term;
G (2.5) is a scaling factor (Huete et al., 1994).

Reflectance anisotropy can be characterized as the difference of reflectance hotspot
(SZA=45°, VZA=45°, RAA=180°) and darkspot (SZA=45°, VZA=45°, RAA= 0°), computed
from the BRDF model. The anisotropy were calculated as the difference between backscatter
and forwardscatter images:

Anisotropygy; = EVlpackscatter — EVIforwardscatter (Eq. 3)

3. Results and Discussion

From a statistical standpoint, the ability to detect change in vegetation depends on the
number of observations available and the noise inherent in the reflectance product. Figure 2
shows a comparison of available high quality pixels for the BRDF corrected product, we are
comparing the MAIAC algorithm and the conventional MODIS MCD43A4 product (NBAR -
nadir BRDF-adjusted reflectance). The black line represent the MAIAC product, and the grey
line represent the product MCD43A4. The number of valid observations (based on the
proportion of cloud free and high quality pixels) for MAIAC were about 2 to 5 times higher
than for the MCD43A4 product (Hilker et al., 2012). It should be noted that NBAR is a
composite product, using 16 day of observations, which explains part of the difference in
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available observations. Even though MAIAC is based on all available pixels as opposed to
best pixel mosaicking, Hilker et al. (2012) showed that uncertainties of MAIAC are by a
factor of 1-2 lower compared to the conventional product. In conclusion, both, the number of
available pixels and noise levels in existing observations should enhance the ability of
MAIAC to detect changes in vegetation cover. The remainder of this study focuses on
comparison between mono-angle approaches as typically implemented using vegetation
indices and multi-angle anisotropy for detecting seasonal and spatial changes in vegetation
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Figure 2. (adapted from Hilker et al., 2012) Comparison between available high quality pixels
in MAIAC data and MCD43A4 data. Note that MAIAC observations is daily, while
MCD43A4 is 16 days composite.

Figure 3 shows a comparison between EVI and Anisotropy for the Amazon basin. EVI
was obtained from MCD13 16 day composites, anisotropy was calculated from daily BRDF’s
using MAIAC. The upper part of Figure 3 shows a dry season mean of EVI (left side) and
anisotropy (right side). The selected (highlighted) area consists of different vegetation cover
types, as shown by the vegetation cover map (IBGE, 2004) included in a section of the figure.
Main vegetation types include dense Ombrophilous, open Ombrophilous and semi-deciduous
forest. Spatial variability of the conventional EVI is presented on the left, while anisotropy is
shown on the right. The figure demonstrates a larger spatial variability of anisotropy, while
EVI varied only to a limited extend across the study area. Our study hypothesizes that the
sensibility in the Anisotropy in represent different vegetation cover types is due the
interaction of the vegetation with multi-angle scattering. In contrast, EVI is non-linearly
related to leaf area, and as a result, tends to saturate in dense vegetation types.
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Figure 3. Comparison of EVI (left side) and anisotropy (right side) obtained from multi-angle
scattering of EVI using MAIAC. The upper figure shows a comparison across the Amazon
basin, the lower maps demonstrate a focus area including a vegetation type map to illustrate
the different vegetation types found in the region.

A seasonal analysis of patterns in EVI and Anisotropy is illustrated in Figure 4. The
figure largely confirms the findings of Figure 3 and demonstrates the ability of anisotropy to
depict structural variability also in the temporal domain. Seasonality (dry and wet season) can
vary substantially across the Amazon region, for instance, the southern regions are typically
more seasonal than the central area of the basin. Figure 4 illustrates large seasonal swings in
the anisotropy product, while results based on EVI showed more distinct differences in the
south eastern region only during the month of July. It can also be seen from our analysis that
the anisotropy presented these seasonal changes much more gradually when compared with
the EVI. This gradient transition across months is in good agreement with the water deficit
patterns found in this area and demonstrated in Figure 5. The Figure illustrates the high
seasonal variation and the spatial variability in the water availability, given the monthly maps
of water deficit in the region. Two seasonal patterns could be detected, as shown by the high
levels of water deficit in the extreme north area for the months Jan to Apr, related to the dry
season in the north hemisphere, and, May to Aug, in the south hemisphere.
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Figure 4: Seasonal variability in anisotropy (left side) and EVI (right side). The figure
illustrates the more pronounced seasonal variability in Anisotropy which is in good agreement
with water availability demonstrated in Figure 5.
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Figure 5. Water deficit based on the TRMM dataset for the Amazon region considering the
period 2000 to 2012.

4. Conclusions

This study presented initial results based on the comparative analysis between the EVI
and Anisotropy to show a new multi-angle approach to monitor the vegetation status in
tropical regions from MODIS data. This study is a simple demonstration of the potentials of
these product (Anisotropy) to observe spatial variability between forests within the Amazon.
We conclude that novel data processing techniques such as MAIAC provide new
opportunities to leverage multi-angle information of existing satellite data and may therefore
provide a more comprehensive understanding of the spatio-temporal patterns in Amazon
vegetation cover.
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