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P INTRODUCTION

The Deforestation and Forest Degradation in the Amazon Bi-
ome map was produced by Imazon in order to contribute towards
monitoring in the region. The methodology applied simultaneously
generates mapping of deforestation and forest degradation [caused
by logging activity and forest burning]| using Landsat satellite im-
ages. Existing methods individually detect and map those processes,
which can lead to overlaps in the results and increasing uncertainty
in estimates of annual deforestation rates. That happens because in
the most intense Landsat images forest degradation can be confused
with deforestation. Deforestation is a process for converting forest to
other land uses, such as pastures, agricultural areas, mining, or even
for urbanization. To do that it is necessary to completely remove the
original forest cover, while forest degradation partially and temporar-
ily removes that cover. For example, timber harvesting involves the
removal of a certain number of trees (3 to 5) per hectare and opening
of roads and logging decks for storing timber; forest fires open clear-
ings through burning trees, while other trees receive lower impacts.
Those processes lead to the reduction of the original forest carbon
stocks and of biodiversity.

The methodology presented in this study makes it possible to
map deforestation and forest degradation simultaneously, reducing
possible zones of “confusion” in mapping those two types of pro-
cesses. Another important contribution is the capacity for mapping
deforestation in up to one hectare.

We used Landsat images acquired during the period of 2000 to

2010, which annually cover most of the Amazon Biome, in order to
produce the first results of this new monitoring system at Imazon.
The data [from satellite images] are normalized in space and time
and quantitatively analyzed, which makes it possible to establish au-
tomatic, generic and consistent classification rules. We also applied
computing rules to detect possible classification inconsistencies over
time and correct those problems. Finally, the maps generated with
automatic classification are inspected and edited by analysts in order
to correct eventual errors. Those mapping results are later used to
estimate the annual rate for deforestation and degradation through
mathematical methods, for the referenced date of August 1 [used of-
ficially by the Brazilian government for that purpose].

The sections below present details of the methodology, the map-
ping results and the next steps in this Imazon monitoring project.

P METHODOLOGY

Landsat TM/ETM+ satellite images were acquired from several sources. Those data and their
metadata were structured into an image server to facilitate access and digital processing. Processing of
satellite images for generating maps occurs in five stages (Figure 1).

* Stage 1 — Pre-Processing. The first step in the methodology consisted of registering the Landsat
images (Figure 2) in a reference base — Geocover (GLCEF, 2000). Control points (20-30) between the
Landsat images and the reference base were collected and an algorithm based on triangulation and
resampling by the nearest neighbor was applied. That guaranteed a record between the images with
a positioning error of less than 1 pixel. We applied radiometric calibration techniques, removal of
smoke noise (Carlotto, 1999), and removal of the spectral atmospheric signal (Souza Jr. and Siqueira,
2013). In that manner data from the satellite images are converted from a digital number (DN) for
surface reflectance.

* Stage 2 — Construction of a spectral library. Consists of identifying pure spectral components
(endmembers) in order to estimate their abundance in each pixel. The endmembers of interest
for forest monitoring are: green vegetation, non-photosynthetic vegetation (NPV), soil, cloud and
shadow. The process for identifying and creating the spectral library involves identifying the spectral
curves that have the potential to be endmembers. Next, a visual inspection of those curves is made
for the final selection of the set of those pure components.

» Stage 3 — Spectral Mixture Modeling (MME). The reflectance images processed in Stage
1 are combined with the endmembers obtained in Stage 2 to estimate the abundance of those
pure components in each pixel of the image. To do that, we applied the spectral mixture model-
ing technique (MEE), using the spectral library of those pure components. The fraction images
resulting from the MME were used to calculate the NDFI (Normalized Differencing Fraction
Image) (Souza Jr. et al., 2005a), and combined in a classifier through a generic decision tree in
the next stage.

* Stage 4 — Automatic Classification. We built decision tree empirically in order to classify
the deforested areas, degraded forests, water bodies, shade and cloud (Figure 3). As an entry for

classification we used the fraction images obtained with the MME and the NDFI spectral index
NDFI.

Figure 1. Methodology applied in processing Landsat images and implemented in the ImgTools software.
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P RESULTS

The results of mapping deforestation and forest degradation in that study are presented in Table 1
and in Figure 5. The statistics were annualized in order to estimate the annual rates of deforestation and
forest degradation based on the method described in Box 1.

For the period of 2000 to 2010 the Imazon system for monitoring deforestation and forest degrada-
tion estimated 169,074 square kilometers of deforested areas in the Amazon Biome (Table 1A). The area
of forest affected by forest degradation was 50,815 square kilometers, in other words, a forest area altered
by timber harvesting and/or burning equivalent to 30% of the area converted by deforestation (Table 1B).
The highest peak of deforestation occurred 2004 (24,446 square kilometers), and the smallest deforested
area was detected in 2010 (5,496 square kilometers) (Table 1A). With regard to forest degradation, the
peak recorded was for 2008 with 8,396 square kilometers of degraded forests, in other words, 68% of the
area deforested for that year, which reached 12,403 square kilometers. The lowest rate of forest degrada-
tion also occurred in 2010 with 3,731 square kilometers (68% of the deforestation in that year; Table 1).

Table 1. Estimates of annual rates of deforestation (A) and forest degradation (B) obtained with Landsat images for the period of 2000 to 2010.

(A) Annual rates of deforestation (km?*year)

States 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Total

Acre 487 948 640 819 851 521 545 256 495 203 5765
Amapa* - - - - - - - - - - -
Amazonas 1482 2475 1682 2010 2031 1673 1306 1115 1535 917 16227
Maranhao 676 371 402 329 524 389 433 588 918 236 4866
Mato Grosso 5905 7527 8735 10463 6959 4142 3026 3055 1215 1221 52249
Para 4516 8139 6194 6664 7625 6184 5888 5284 6693 2480 59668
Rondonia 3525 2983 3752 3665 3973 2820 2316 1835 1025 346 26241
Roraima 507 749 752 431 170 176 194 189 40 0 3209
Tocantins 104 150 71 65 109 80 43 81 54 93 849
Amazonia 17203 23342 22229 24446 22242 15986 13751 12403 11976 5496 | 169074

(B) Annual rates of forest degradation (km?/year)

States 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010  Total
Acre 157 441 185 65 48 731 549 282 133 71 2663
Amapa” - - - - - - - - - - 0
Amazonas 94 118 146 232 224 206 208 236 151 41 1656
Maranhao 58 171 25 20 154 382 51 677 145 122 1806
Mato Grosso 3033 2198 2208 2459 2359 1878 1516 4956 2331 1625 24562
Para 1007 1382 1114 1707 1509 2659 1566 1829 1654 1785 16212
Rondonia 293 408 179 541 380 601 453 378 269 70 3573
Roraima 58 10 8 15 8 7 7 6 0 0 118
Tocantins 27 24 23 29 19 20 17 33 19 16 226
Amazoénia 4726 4754 3887 5068 4700 6483 4367 8396 4703 3731 50815

* It was not possible to estimate the annual rate due to the low number of observations with Landsat images during the period analyzed (only 27 out of 143
scenes with low cloud cover).

Figure 2. Landsat TM/ETM+
images used in mapping defor-
estation and forest degradation.
A total of 1,465 images were ac-
(90%)
from the image server of the

quired, predominantly

National Institute for Space Re-
search (Inpe). The acceptable
percentage of cloud cover was
up to 30%, but the great major-
ity of images had a maximum of
20%. The area mapped annually
ranged from 106 to 157 Landsat
images of a total of 192, with wide
coverage of areas under pressure
by deforestation and forest degra-
dation. For most of the State of
Amapi it was not possible to ob-
tain annual images in a systematic
fashion and thus statistics on de-

forestation and forest degradation
are not presented for that state.

Classified Scenes

Unclassified Scenes

* Stage 5 — Post-Classification. Spatial and temporal filers were constructed in order to remove spuri-
ous classifications and non-allowed temporal transitions between mapping classes, respectively. The spatial
power makes it possible for given classes to be defined together with their least mappable area. That way;
isolated pixels classified in a given image can be eliminated and substituted by the dominant class in their
neighborhood. The temporal filter is a set of rules for non-allowed transitions that are applied to each image
classified in a given year. That way, it is possible to remove clouds and correct non-allowed transitions.

In order to automate the methodology described above, we developed a software called Tools, utiliz-
ing the IDL programming language (Figure 1) (Souza Jr. and Siqueira, 2013). This software automati-

cally processes a set of scenes, producing maps and statistics (see example in Figure 4).

Figure 3. Empirical decision tree used for classi- Vo210
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The historical series for deforestation presented a tendency of high rates of forest destruction for the
period of 2001 to 2005 (average of 21,893 square kilometers per year) while forest degradation remained
stable during this period with an average annual rate of 4,627 square kilometers per year. Beginning in
2006, we observed a notable tendency towards a drop in deforestation, albeit with fluctuations and a
slight increase in the annual rate of forest degradation compared to the period of 2001 to 2005 (Table 1;
Figure 5). The average deforestation rate from 2006 to 2010 was 11,922 square kilometers per year, and
for forest degradation it was 5,536 square kilometers per year.

The States that most contributed towards the deforestation total for the period analyzed were Pari
(35%) and Mato Grosso (31%), followed by Rondénia (16%) and Amazonas (10%) (Figure 5B). The
State of Mato Grosso led in terms of forest degradation, contributing 48% of the total for that period. Para
was second in the forest degradation ranking with 32%, and Rondénia (7%) and Acre (5%) came next,
with lower rankings (Figure 5C).

The Prodes system detected a deforested area of 165,310 square kilometers in this area, in other words an
area 2% smaller than the deforested area (169,074 square kilometers) detected by the Imazon system. The dif-
ference between the total deforestation detected by the two monitoring systems is very small, but it is greater
between each year, with an absolute average of 2,270 square kilometers (Figure 5). Those differences may be
explained through the following hypotheses: scale of monitoring, which is more detailed in the Imazon sys-
tem; inclusion or not of forest degradation in monitoring; and by the different dates of the images, between
the annualization methods (i.e., annual rate) of the measurements done by the satellite images. Nonetheless,
the deforestation estimated with Prodes and with the Imazon system both presented a similar tendency of an
increase in deforestation from 2001 to 2005, followed by a notable drop from 2006 to 2010.

Figura 5. Taxa de desmatamento e degradagio florestal anual (A) e contribui¢des percentuais
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* Source: Instituto Nacional de Pesquisas Espaciais - INPE (http://www.obt.inpe.br/prodes/prodes_1988_2012.htm)
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Figure 4. Example of monitoring dy-
namics of deforestation obtained with
a temporal series of Landsat images

Forest

B Water using the methodology developed by
Cllowe! ) Imazon (a). For base year (2000), we
De;;)‘(’)‘;e“at;;g E Logging mapped all of the areas already de-
2002 [l 2007 forested and without forest cover to
2003 [l 2008 = generate a reference map of the for-
2004 [ 2009 = est areas (including those already de-
2005 [ 2010 - o graded). Old secondary forests were
% §n estimated by applying the map of de-
23 Recurrence & forested areas identiﬁéd by Prodes_up
Degradation § = to ZOQO. Increments in defo.re.:statlon
Frequence pa identified each year are utilized to
H i 'g",n update the remaining forest baseline,
S _ as is the case with areas of degraded
2x 5§ 2 forests not maintained as such until
ax they are eventually deforested. In that
way, it is possible to quantify the area
W =4« affected by deforestation and defores-
b tation and forest degradation between
:; each pair of consecutive images.
. 2 Deforestation The annual maps are used to gener-
- ADgfradatlon v ate maps of age of deforestation (b)
and forest degradation, and forest
W 1 year degradation frequency maps. In this
2 years Forest Edges and way it 1s possible to map and quantify
Fragmentation the complex dynamic of iterations of
3 years 2
degradation of forest cover degrada-
B = 4years tion (c) (Souza Jr., 2013).

BOX 1 - CALCULATING THE ANNUAL RATE

The annual rate is an estimate of the area of forest aftected by deforestation or by forest deg-
radation in a given year, generally expressed in absolute terms (square kilometers per year). Brazil
uses the date of August 1 as the reference for estimating the annual deforestation rate. That means
that the annual deforestation rate estimated for the period of August 1 to July 31, known as the ref-
erence period, which is also adopted in this study. The Landsat satellite images generally used for
monitoring the Amazon are acquired on dates that do not coincide with the reference period used
for estimating the annual rate. It is thus necessary to project the measurements made with satellite
data for that period of reference by using mathematical methods.

We adopted the method proposed by the Food Administration Organization (FAO) to estimate
the annual deforestation rate in the Amazon (Table 1A). We first applied the method suggested by
Puyravaund (2003) to calculate the annual percentage rate of forest cover lost. The formula assumes
that the area of forest lost to deforestation decreases over time according to an exponential rate, given by:

1

Tie_ =\
(t=11) (tZ—tl

) % I (@) 1)

Atl

where A and A are the forest areas mapped in times t1 and t2, expressed in years, beginning with

an initial year (t0=2000). The result, r

(t-1)

represents the percentage rate of forest loss normalized

for the period between 2 - 1 (expressed in years). With the value of r it is possible to calculate the
annual deforestation rate (in km?year) for a given reference period, with the following equation:

Dy = A1 X (1 —e't1t) (2)
For example, for t=01/08/2001 and t-1=01/08/2000 the annual deforestation rate in equation

(2) is obtained by:

= T
D501 = Azggo X (1 — eT20002001)

Where the rate ¥2000, 2001

2001. In the example above, A

2000

is calculated by Equation 1, using images obtained during 2000 and
is the initial forest area projected or observed in 01/08/2000. For

the other years, D, is the annual deforestation rate, normalized for the reference period between the
years - 1 and 1 (2001,...,2010), and A4, is given by A* -D_, fort (2002,...,2010) (Figure 6).

To calculate the annual rates for the States, we applied a mask, per scene, in order to apply that
method only in the portions of a given State covered by the scene. For the cases in which there are

gaps of one or more years in the Landsat images, we
used the same estimate of r for all of the reference pe-
riods between the two images acquired. Finally, when
deforestation is detected for previous years in areas
not observed because of cloud cover, those areas are
distributed equally throughout the period in which
clouds occurred. For example, if the deforested area
A [in km?] occurs in 2003 and that area was under
clouds during 2002 and 2001, we assume that A/3

Figure 6. Example of the process for annualizing the defo-
restation rate using the method described in this section.

happened equally in those years.

The same methodology described above was ap-
plied for estimating the annual rate of forest degrada-
tion (Table 1B), discounting the annualized defores- .
tation for each period of reference to obtain the area

of remaining forest in the respective year.
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The results of the Imazon monitoring system based on Landsat images and presented in this study show a tendency towards

deforestation and total area deforested that are similar to those obtained with Prodes, the federal government’s system for
monitoring the Amazon for the period of 2000 to 2010. There was a trend of increasing deforestation from 2000 to 2005, with
average values of around 22,000 square kilometers per year, followed by a sharp drop in deforestation from 2006 to 2010, with

an average of almost 12,000 square kilometers per year.

Forest degradation affected an area equivalent to 30% of the total area deforested during the period analyzed, with an average
of 5,536 square kilometers per year. Forest degradation leads to impoverishment of the forest in terms of biodiversity and
carbon stocks, and it is thus important that it be monitored annually.

The method for annualizing measurements using satellite images in order to calculate annual rates of deforestation and for-
est degradation is an important procedure that needs to be applied at municipal scales, in order to evaluate performance in

controlling deforestation.

Policies for controlling deforestation at the municipal scale should also include the area annually aftected by forest degrada-
tion as an indicator for inclusion in the critical list for embargo by the Environmental Ministry.

The next steps in this Imazon monitoring program include: quantification of the possible transitions between classes of for-
est, forest degradation and deforestation; modeling of carbon emissions associated with deforestation and forest degradation,

including transition classes and the age and recurrence of forest degradation; characterization of those processes in protected
areas; and an analysis of the impact of forest degradation on ofticial deforestation rates.
With the possibility of new data from the recently launched Landsat 8 (LDCM - Landsat Data Continuity Mission), Imazon

intends to continue this monitoring during the future.

It is also recommendable that that historical series on deforestation and forest degradation be constructed for periods prior
to 2000, in order to provide a greater understanding of the relation between those processes and a more precise estimate of

historic carbon emissions.

Finally, we recommend the use of radar images for monitoring areas under frequent cloud cover, as is the case with the State

of Amapd and other areas not mapped in this project.

Technical Data

Map prepared at the Imazon Geotechnology Sector (CGI) by Carlos Souza Jr., Joio
Siqueira, Jualia Ribeiro and Mircio Sales. In Belém, Pard, Brazil. 2013. Graphic design:
Luciano Silva (www.rl2design.com.br).
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