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ABSTRACT

This article estimates for the first time the extents of the landscape changes in the Anavilhanas Archipelago, as registered
by satellite images acquired during the flood peak and drought events ever recorded in the Negro River (in Portuguese,
"Rio Negro"). The Anavilhanas constitutes the second largest group of freshwater islands in the world, comprising a
complex pattern of islands, channels, lagoons, swamps, beaches and sandbanks, which dramatically changes during the
seasonal periods of high and low waters. The results showed that approximately 1,700 Km’of flooded area in the high
water period were reduced by about 50% during the low water period, allowing the appearance of more than 800 Km’
of beaches, sandbanks, and shallow submerged sandbanks. The extent of these seasonal landscape changes associated
with the pulses of rising and descending waters are dominant environmental factors affecting the rich biota of the
archipelago, which is refuge of a diversified fauna and flora. Therefore the generated maps can be useful information

for the hydrological modelling studies and for environmental monitoring of the region.
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RESUMO

Este artigo estima pela primeira vez as extensdes das mudangas da paisagem no arquipélago de Anavilhanas, como
registrado por imagens de satélite adquiridas durante os eventos de pico de inundagao e seca registrados no Rio Negro.
Anavilhanas constitui o segundo maior grupo de ilhas de 4gua doce no mundo, compreendendo um padrdo complexo
de ilhas, canais, lagoas, pantanos, praias e bancos de areia, que muda drasticamente durante os periodos sazonais de
alta e baixa das aguas. Os resultados mostraram que aproximadamente 1.700 Km’ de area inundada no periodo de alta
das dguas foram reduzidos em cerca de 50% durante o periodo de baixa das aguas, permitindo o aparecimento de mais
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de 800 Km’ de praias, bancos de areia e restingas. A extensdo dessas mudangas sazonais da paisagem associada com os

pulsos de subida e descida das aguas sdo fatores ambientais dominantes que afetam a rica biota do arquipélago, que ¢é

o refugio de uma diversificada fauna e flora. Portanto, os mapas gerados podem ser informagdes uteis para os estudos

de modelagem hidroldgica e para o monitoramento ambiental da regido.

Palavras chaves: Mudanca da Paisagem, Rio Amazonas, Sensoriamento Remoto, Mapeador Tematico, ALOS PAL-

SAR, Imagens Fracdo.

1. INTRODUCTION

The Anavilhanas Archipelago is on the
Negro River (“Rio Negro”), about 50 Km from
its confluence with the Solimdes River, in the
heart of the Brazilian Amazonia (Figure 1). The
second largest group of freshwater islands in the
world, the Anavilhanas comprises an intricate
pattern of islands, channels, lagoons, swamps,
and partially submerged sandbanks, refuge for
a diversified fauna and flora, protected by the
Anavilhanas National Park.

From a geological point of view, the
Anavilhanas Archipelago results from the
neotectonic activity that prevails in the Central
Amazon, which derives from a compressional
interplate stress regime caused by the Mid
Atlantic Ridge spreading and the concurrent
resistance from the Nazca and Caribbean plates
(MENDIGUREN & RITCHER, 1978). This
neotectonic activity was responsible for the local
arrangement of fault blocks, which funneled the
river down into a passageway that constitutes
the narrowest width of the lower Negro River
(ALMEIDA-FILHO & MIRANDA, 2007).
Partially blocked by this natural barrier, the river
widens upstream, assuming the appearance of a
lake (up to 20 km wide and 100 km long). Free
space in a low energy environment has favored
the deposition of sediments (mainly clay and silt)
to form the Anavilhanas Archipelago.

The landscape in the Anavilhanas
Archipelago changes dramatically during
the seasonal periods of high and low waters
of the Rio Negro. Floods cause the total or
partial drowning of many islands, which
begin to emerge with the receding waters,
forming beaches and sandbanks. The cycles
of flooding and drought constitute a dominant
environmental factor affecting the rich biota of
the region. They modify the landscape features
and, consequently, the habitats in the area.
Because it is a very remote region in the heart
of the Amazonian rainforest, remote sensing is
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the most practical and effective way to map the
landscape changes caused by the phenomena
of rising and descending waters. Thus, the aim
of this study was to assess the changes in the
landscape features of the archipelago, during the
seasonal pulses of rising and descending waters.
To cope with this task, the study used different
satellite images, which were acquired during the
years 2009 (peak flood) and 2010 (peak drought)
events ever recorded in the Rio Negro.

Area covered by satellite images

Fig. 1 - Loca'tion of the study area in the region of
the Anavilhanas Archipelago, Central Amazonia.

2. RIONEGRO HYDROLOGICALCYCLE

The hydrological cycle of the Negro River
features a period of rising waters levels, which
peak between June and July, and by a period of
falling water levels, which reach their lowest
level between October and November (Figure
2). Figure 3 shows a historical time series of
highest and lowest water levels for the Rio
Negro, recorded in the port of Manaus. These
figures show that over a period of 109 years the
average difference in height of the water levels
between the periods of high and low waters was
10.21 m. However, during the flood 0of 2009 and
the drought of 2010, the Rio Negro broke its
own historical records for peaks and droughts
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(Marengo and Espinoza, 2016). On July 1* and
2" 2009 the level of the river reached 29.77m,
7cm above the previous highest level in June
1953. Subsequently, on October 24™, 2010, the
level fell to 13.63 m, 1cm below the previous
minimum lowest, recorded in October 1963. The
difference in the water level between these two
events was of 16.14 m.

Water level (m)

ALOS-PALSAR

14
Jan  Feb  Mar  Apr  May Jun  Jul Aug

Fig. 2 - The hydrological cycles of the Negro
River in 2009 and 2010 (data source: ANA,
2011). It also shows the TM and PALSAR
acquisition dates.
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Fig. 3 - Historical time series of highest and
lowest water levels for the Rio Negro recorded
in the port of Manaus from the year of 1902 to
2012. The flood in July 2009 (29.77 m) and the
subsequent drought in October 2010 (13.63 m)
broke the previous records for flood and drought
in July 1953 (29.70 m) and October 1963 (13.64
m), respectively (data source: ANA, 2011).

2010 1s considered to have been the
most severe drought ever registered in the
Amazonia (LEWIS et al., 2011), during
which 38 municipalities in the region declared
emergency situations (BALZA, 2010). The
drought increased the incidence of landslides on
the river banks, putting eleven municipalities at
risk. As examples of these problems, an entire
neighbourhood was struck in the town of Sao
Paulo de Olivenca, with an area of about 30,000
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m? in the port of Manaus collapsed, throwing
68 large trucks and 56 containers into the river.

The wildlife also suffered the effects of
this drought. Threatened species of manatees
(Trichechus inunguis) and arau turtles
(Podocnemis expansa), which Brazilian law
has banned the hunting of since 1973, were
confined to the lakes and intensively hunted
in the municipalities of Manacapuru, Codajas,
Silves, Tefé, and Autazes. The environmental
police seized large amount of turtle eggs,
as well as of protected fish species, such
as arapaima (Arapaima gigas), tambaqui
(Colossoma macropomum), peacock bass
(Cichla intermedia), and so on (BRASIL, 2010).

3. SATELLITE IMAGES

To assess the landscape changes in the
Anavilhanas Archipelago during the high and
low water level stages on the Rio Negro, images
from two different sensor systems were used:
Thematic Mapper (TM) and Phased Array
L-band Synthetic Aperture Radar (PALSAR).
The TM onboard of the Landsat-5 satellite is a
scanner system with a 30 m spatial resolution
for the six reflective spectral bands distributed
in the visible, near-infrared, and short wave
infrared wavelengths and one thermal infrared
band with 120 m spatial resolution (NOVO,
1989). The PALSAR is an L-band microwave
system that was carried onboard of the
Japanese Advanced Land Observing Satellite
(ALOS). The ScanSAR mode used in this
study has a ground spatial resolution of 100m
(ROSENQVIST et al., 2007).

The Landsat-TM images were acquired
on May 05, July 08, September 10 and 29
November 2009, and April 22, June 25 and
October 31, 2010 during the period that
occurred the flood peak (29.77m) in 2009 and
the minimum recorded level (13.63 m) in 2010.
The PALSAR scene was also acquired during the
high water period, on June 22, 2009. On that
day, the water level was only 0.12m below the
peak recorded during the flood.

3.1 Landsat TM image analysis

The multispectral images of the TM were
converted into three endmember fraction images
(ADAMS et al., 1995; SHIMABUKURO &
SMITH, 1991): green vegetation, soil, and
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water. “Pure” pixels with spectral responses for
these three endmembers were extracted from the
bands 3 (0.63 —0.69 pm), 4 (0.77 —0.90 um) and
5 (1.55 = 1.75 pm) from the TM. Represented
by different proportions of vegetation, soil, and
free-water within each pixel, the fraction images
showed that the selected endmembers described
the full range of natural variability of the ground
features, it was attested by the very low values
for the residual bands (the difference between
measured and modelled spectral values in each
band), and by fraction values that were neither
less than 0 nor greater than 1. The Linear Spectral
Unmixing approach is very appropriate for the
study area since the land is covered mainly by
water, vegetation and bare soil and the resulting
fraction images highlight these targets on the
ground. The multitemporal fraction images
where analysed comparing to the River water
level for the years of 2009 and 2010.

Based on the analysis of false colour
composites of the fraction images with soil (R),
vegetation (G), and water (B), four classes of
land cover were elected to be mapped: water,
vegetated island, sandbanks, and upland forest.
After the multitemporal inspection, we decided
to use the TM images acquired on May 05 and
July 08, 2009 for the flood peak and TM image
acquired on October 31, 2010 for the drought
peak events. Due to the cloud cover in the
images during the flood peak, we decided to
use two TM images mentioned (May 05 and
July 08, 2009). Then the vegetation, soil,
and water fraction images from the three TM
images were used to perform the multitemporal
segmentation. This procedure generates
the segmented objects that have changed
during the time period studied and assures
the accurate match between the polygons on
the images acquired in different dates. Then
these segmented objects are classified by a
non-supervised classifier (ISOSEG) using the
spectral information of the multitemporal images
acquired during the flood peak and drought
peak events. These classified objects are then
labelled as the corresponding ground targets
defined as a previous thematic classes (water,
vegetated island, flooded forest, sandbanks,
and upland forest). (ALMEIDA-FILHO &

960

Almeida-Filho R. et al.

SHIMABUKURO, 2002) For flood period we
used the fraction images corresponding to the
TM image of May 05 and July 08, 2009 for
classifying the segmented polygons; and for
drought period we used fraction images derived
from TM acquired on October 31, 2010. Finally
the editing technique was performed in order
to minimize the omission and commission
errors in the digital classification (ALMEIDA -
FILHO & SHIMABUKURO, 2002). It is
done by overlaying the thematic classification
over a RGB colour composite of the original
TM images based on visual interpretation
procedures. Therefore the proposed method
produces classification maps with high accuracy
similar to those obtained by visual interpretation.

3.2 Radar image analysis

Before processing, PALSAR image was
resampled using nearest-neighbour interpolation
to fit to the same spatial resolution of the Landsat-
TM (30 m). Then, the scene was converted to the
Universal Transverse Mercator (UTM) coordinate
system, with scene-to-scene registration yielding
accuracy of 1.6 pixels. During the high water
period for the Amazonian rivers, vast areas of
dense forest are flooded, but these areas are not
detected by optical system like TM. However,
radar images, especially those in the L-band
frequency with more power to penetrate the
vegetation canopy, allow the detection of these
areas of flooded forest (HESS et al., 1990).

Four dominant land cover classes were
visually identified in the ScanSAR image over
the Anavilhanas Archipelago: water, vegetated
islands, upland forest, and flooded forests.
Areas of water appears dark, due to the specular
reflection of the incident radar beam on the
smooth surface of the river; upland forest
appears in intermediate grey shades, due to
the radar backscatter by the forest canopy; and
flooded forest appears in bright grey shades,
due to the double-bounce reflections between
smooth water surfaces underneath the forest
canopy and tree trunks (HESS ez al., 1990).

The first step in the processing of the radar
image was the application of an algorithm to
correct the antenna pattern, followed by a Frost
filter (FROST et al., 1982) with a 3 x 3 window
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size to reduce radar speckle. In addition, the
scene was converted from amplitude data
format to normalised radar cross section
(69, according to the equation (1) below
(ROSENQVIST et al., 2007):

c’=10xlog, (DN)*+ CF (1)
where CF = — 83.0 dB and DN is the Digital
Number (Gray level)

To map and to estimate the extent of
these four land cover classes, an unsupervised
deterministic classifier algorithm (unsupervised
semivariogram textural classifier - USTC)
that combines both textural and radiometric
information (MIRANDA et al., 2004) was
applied over the processed PALSAR image.

4. RESULTS AND DISCUSSION

Segmentation and region-classification
of the fraction images allowed to estimating
the extent and variation of the landscape
features during high and low water periods
in the Anavilhanas Archipelago for the first
time. Figure 4 is a false-colour composite with
soil (Red - R), vegetation (Green - G), and
water (Blue - B) fraction images derived from
the Landsat-TM scene and its corresponding
land cover map. This map shows an area of
water of about 1,700 Km?, and a complex
array of narrow, elongated islands with dense
vegetation, which together cover approximately
380 Km*

Figure 5 shows the ALOS-PALSAR scene
and its corresponding land cover map. Although
the level of the Rio Negro was 0.36 m higher
than on the date of the Landsat-TM acquisition,
the area of open water in the radar image was
about 3.5% lower than that mapped in the TM
fraction images. One possible reason for this
small difference is the poorer spatial resolution
of the radar image in defining terrain features
as precisely as TM images do. About 45% of
the areas mapped as vegetated islands in the
Landsat-TM fraction images were flooded
forest in the radar scene, which covered about
415 Km?2. However, the final extent of the
area of flooded forest was certainly higher,
considering that after the acquisition of the
radar image the water level rose by over 0.12
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Fig. 4 - False-colour composite with soil
(R), vegetation (G), and water (B) fraction
images derived from the Landsat-TM scene
(a) acquired during the 2009 flood period,
and corresponding land cover map (b) of the
Anavilhanas Archipelago. Coordinates are UTM/
SAD 69, Zone 20.

m to the peak of the flood (such an increase
is significant considering the flat topography
of the area). Together, the flooded area (water
plus flooded forest) covered more than 2,000
Km?, and certainly it was even larger during the
peak of the flood on July 1* and 2™. However,
compared to the low water period, the flooded
area was reduced by about 50%.
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Fig. 5 - ALOS-PALSAR scene (a) acquired
during the 2009 flood and corresponding land
cover map (b) of the Anavilhanas Archipelago.
Coordinates are UTM/SAD 69, Zone 20.
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The area of water substantially decreased
in the scene acquired during the period of
receding waters, and covers a surface of only
approximately 53% of that during the flood
period (849 Km?). The receding waters resulted
in an increase of about 35% (from 380 Km?
to 515 Km?) in the areas of vegetated islands,
compared to the period of high water. The
drought also enabled the emergence of about 492
Km? of beaches and sandbanks and about 242
Km? of shallow submerged sandbanks. Despite
occurring throughout the entire archipelago,
shallow submerged sandbanks predominate
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in the central and in downstream portions of
the archipelago. Figure 6 is a false-colour
composite combining soil (R), vegetation (G),
and water (B) fraction images derived from the
TM image acquired on October 31,2010, and its
corresponding land cover map.
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Fig. 6 - False-colour composite with soil
(R), vegetation (G), and water (B) fraction
images derived from the Landsat-TM scene
(a) acquired during the 2010 receding period,
and corresponding land cover map (b) of the
Anavilhanas Archipelago. Coordinates are
UTM/SAD 69, Zone 20 (see Figure 1 for
location).

Table 1 summarizes the extent of the land
cover classes in the area of the Anavilhanas
Archipelago, as observed in the satellite images
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acquired during the flood of 2009 (Landsat TM
and PALSAR) and the drought 0of 2010 (Landsat
™).

Table 1: Extent (km?) of the land cover types
during flooding and drought in the rio negro
region.

Deep- | Vegetated | Sand- | Flooded
water islands banks | forest
TM 05 Flooding petiod 1,700 362 0 0
May and
08 Jul
2009
PALSAR 1,534 173 0 415
T™ 31 Drought period 905 390 794 0
Oct 2010

4. CONCLUSIONS

The use of remote sensing images acquired
by different satellites during the maximum flood
and the maximum drought periods for the Negro
River provided for the first time an estimation
of the landscape features of the Anavilhanas
Archipelago. Results showed that a surface
of about 2,000 Km? entirely flooded during
the high waters period is converted into about
1,200 Km? of vegetated islands, beaches, and
shallow submerged sandbanks in the minimum
level water event. The result obtained by the
proposed approach can be an important source of
information in the effort to better understanding
aspects associated with the pulses of rising and
receding waters. Therefore the generated maps
can be useful information for the hydrological
modelling studies and for environmental
monitoring of the region.
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