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ABSTRACT

Land-Use and Land-Cover Change (LUCC) is a major cause of biomass burning
in neotropical ecosystems, through logging and slash-and-burn clearing of forests
for agriculture and subsequent pasture burning. Current Dynamic Vegetation Mod-
els (DGVMs), the land surface components of Earth System Models (ESMs), are
incapable of modeling fire processes in tropical rainforests, and do not represent
the local-scale land surface properties and processes associated with LUCC and fire
spread. The modeling of the complex interactions between LUCC, climate change,
droughts and fire in the tropics requires a framework to simulate these components
and their interactions across multiple scales. A new modeling framework is proposed,
in order to better represent fire in the neotropics within DGVMSs, by simulating fire
spread and its interactions with LUCC and the global Earth System. This study
consists of three parts: the implementation of subgrid tiling in the INLAND DGVM
and a multi-scale framework to down-scale the model to a finer scale; the imple-
mentation of a simple fire spread model and one-way coupling (downscaling) with
the INLAND model ; the validation of global burned area products in the “arc of
deforestation” for model calibration and validation. The implementation of subgrid
tiling in the INLAND DGVM has made it possible to represent different land sur-
face types (natural or modified by human activities) inside a given model grid cell.
However further work is needed in order to parametrize landscapes influenced by
human activities. The custom fire spread model, coupled to the INLAND model, has
demonstrated the ability to simulate realistic fire spread patterns and sensitivity to
various parameters such as land cover type, deforestation patterns, the presence of
roads, and wind speed and direction. Further work is needed in order to improve
the parametrizations and consider air and fuel moisture and fuel content, as well
as up-scaling the results to the coupled DGVM. The validation of global burned
area products in the “arc of deforestation” brings sufficient confidence in using these
products for the calibration and validation of the fire components of DGVMs and
ESMs in this region. This study has demonstrated the potential of the multi-scale
modeling framework for studying the synergies between climate change, LUCC and
fire in the neotropics.
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MODELAGEM MULTI-ESCALA DO FOGO NOS NEOTROPICOS:
ACOPLAMENTO DE UM MODELO DE SUPERFICIE COM UM
MODELO DE ALTA RESOLUCAO DE PROPAGACAO DO FOGO,
CONSIDERANDO A HETEROGENEIDADE DA COBERTURA DO
SOLO

RESUMO

A mudanga do uso e cobertura da terra (LUCC; Land-Use and Land-Cover Change)
¢ uma das principais causas de incéndios nas florestas neotropicais, principalmente
pelo desmatamento e queima da floresta priméaria para usos agricolas e subsequente
queima de pasto. Os atuais Modelos Globais de Vegetagdo Dindmica (DGVMs; Dy-
namic Vegetation Models), os quais sao o componente superficial de Modelos do
Sistema Terrestre (ESMs; Earth System Models), sao incapazes de representar os
processos do fogo em florestas tropicais imidas e nao representam em escala local
as propriedades da superficie terrestre e os processos associados com o LUCC e
a propagacao do fogo. A modelagem das interacoes complexas entre LUCC, mu-
dancas climaticas, secas e as queimadas nos tropicos requer um quadro para simular
os diferentes componentes e suas interagoes em multiplas escalas. Propoe-se um novo
ambiente de modelagem para melhor representar o fogo nos ecossistemas neotropi-
cais dentro dos DGVMs, simulando a propagacao do fogo e as relagdes com LUCC
e o sistema terrestre global. Este projeto de pesquisa consiste em trés partes: im-
plementacao de subgrid tiling no modelo INLAND e de um ambiente de modelagem
multi-escala para fazer o downscaling do modelo para a escala mais fina; implemen-
tacdo de um modelo simples de propagacao do fogo e acoplamento unidirecional
(downscaling) com o modelo INLAND; e validagdo de produtos globais de area
queimada no “arco do desmatamento” para calibragdo e validacdo de modelos. A
implementacao de subgrid tiling no modelo INLAND tornou possivel a representagao
de diferentes tipos de superficie (naturais ou modificados por atividades humanas)
dentro de uma determinada célula de grade do modelo. Ainda assim mais estudos
sao necessarios a fim de parametrizar paisagens influenciadas pelas atividades hu-
manas. O modelo de propagacao do fogo, acoplado ao modelo INLAND, demonstrou
a habilidade em simular padroes realistas de propagacao do fogo e sensibilidade a
mudanca de varios parametros, como o tipo de cobertura do solo, os padroes de des-
matamento, a presenca de estradas, e as velocidade e direcao do vento. Em estudos
futuros sao necessarios melhorias nas parametrizacoes e inclusao da umidade do ar
e dos combustiveis, e a quantidade de combustivel, bem como o upscaling dos resul-
tados para a DGVM acoplado. A validagao de produtos globais de drea queimada
no “arco do desmatamento” traz confianca suficiente para o uso desses produtos
na calibracao e validagdo dos componentes de fogo dos DGVMs e ESMs nessa area.
Este estudo demonstrou o potencial deste ambiente de modelagem multi-escala para
estudar as sinergias entre mudancas climaticas, LUCC e fogo nos neotropicos.
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1 INTRODUCTION

Deforestation of tropical forests for agriculture, cattle ranching, deforestation and
associated fires are main contributors of COq emissions (MALHI et al., 2009; FEARN-
SIDE, 2005), both immediate from biomass burning and future due to the elimi-
nation of a potential CO, sink. Moreover, climate change in the Amazon during
the 215 century is projected to decrease the resilience of the Amazon forest, and
could contribute to the conversion of large parts of tropical forests to savannas (COX
et al., 2004), adding to the direct anthropogenic deforestation. Potential feedbacks
between LUCC (Land-Use and Land-Cover Change) and climate change could fur-
ther increase the loss of tropical forests and increase the rate of CO5 emissions to
the atmosphere. The mechanisms involved are land and soil degradation, land frag-
mentation and the increase in wildfire occurrence and severity (LAURANCE, 2004).
However, current understanding of fire processes (including ignition, spread and
consequences) in tropical biomes and their feedbacks with climate are not well un-
derstood and fire modeling needs further research (COCHRANE, 2003). In tropical
forests such as the Amazon rainforest, natural fires are very rare thus trees are not
adapted to frequent fires, and fires are almost exclusively associated with human
activities (FEARNSIDE, 2005; NOBRE; BORMA, 2009). In contrast, within savannas
such as the Brazilian cerrado, natural fires are frequent and play an important role
in the distribution of vegetation (BOND; KEELEY, 2005).

The Amazonian basin encompasses 30% of the world’s tropical forests and is one of
the areas of highest tropical biodiversity (PERES et al., 2010). However, past defor-
estation rates in the Amazon are by far the highest of all tropical regions (HANSEN
et al., 2008), with an average rate of almost 20,000 km?/year from 1996-2005, al-
though a decline has been observed since 2005 (NEPSTAD et al., 2009). Deforestation
and associated fires have direct effects on the hydrological cycle, surface energy bal-
ance and carbon cycle (FEARNSIDE, 2005) as well as tree species composition and
resilience (BARLOW; PERES, 2008). Moreover, forest fragmentation due to deforesta-
tion can lead to further forest damage through the spread of pasture maintenance
fires to adjacent forests, direct edge effects (such as wind disturbance), and feedbacks
involving recurrent fires, droughts, and the “vegetation breeze” effect (BRANDO et
al., 2014; LAURANCE, 2004). Nobre and Borma (2009) identified a number of key
“tipping points” in the Amazon forest, from which recuperation of primary for-
est could be compromised. These include deforestation and other LUCC processes,
global warming, climate extremes (droughts) and forest fires and are interconnected

through feedback mechanisms. Studies have linked climate change to a “die-back” of



the Amazon within the next century (e.g. Cox et al. (2004)), which could be exacer-
bated by deforestation and associated forest fires (ARAGAO et al., 2007; CARDOSO et
al., 2009; MALHI et al., 2009). However, recent models do not show evidence for this
“die-back” effect.

Another neo-tropical ecosystem, the Brazilian cerrado is a rich and diverse savanna
ecosystem, composed of a wide array of physiognomic forms which can be grouped
into 3 categories (FURLEY, 1999): grasslands, savanna formations and savanna wood-
lands. Although the main controls on physiognomic forms are controversial, they are
basically: climatic seasonality (marked dry season), soil fertility and drainage, and
fire regimes (OLIVEIRA-FILHO; RATTER, 2002). A more comprehensive classification
of the cerrado physiognomies (another controversial subject) is that of RIBEIRO
and WALTER (1998), which separates the various physiognomic forms with greater
detail (e.g. campo limpo, campo sujo, mata ciliar, cerraddo). In the Brazilian cer-
rado, as well as other savanna ecosystems, natural and pre-historic anthropogenic
fires played an important role in shaping the landscape, favoring more fire-resistant
herbaceous plants over trees (HOFFMANN et al., 2003). Savanna ecosystems suffer
from a dry season, and natural forest fires are initiated by lightning at the begin-
ning of the rainy season, when vegetation is driest (BOND; KEELEY, 2005). However,
there is evidence that large-scale anthropogenic deforestation and recurrent burning
occurring since the arrival of the Europeans —or perhaps even before— (MIRANDA
et al., 2009) modified the natural cycle by causing more fires during the dry season
when vegetation is most vulnerable, threatening native ecosystems (RAMOS-NETO;
PIVELLO, 2000; MISTRY; BERARDI, 2005). The original cerrado biome covers nearly
25% of Brazil’s land surface, of which today only 60.5% is composed of natural
vegetation, with cultivated pasture and agriculture occupying 26.5% and 10.5% re-
spectively (SANO et al., 2008).

Earth System Models represent the atmospheric, oceanic, cryogenic and land sur-
face components of the Earth system. Land Surface Models (LSMs) and Dynamic
Global Vegetation Models (DGVMs) used at the global scale represent the land sur-
face properties and biosphere-atmosphere interactions at a coarse resolution. Fire
processes are usually represented in a manner which does not consider the local-
scale features of landscapes and the physical processes of fire spread and the effects
of biomass burning. Figure 1.1 shows a typical “fishbone” deforestation pattern,
where fragmentation is much smaller than a typical LSM grid-scale (0.5° or more).
LSMs are not designed to represent local-scale fragmentation resulting from LUCC

processes and other fine-scale features and processes. As the processes of LUCC



and associated fires (as well as natural fires) occur at local scale in a fragmented
landscape (LAURANCE, 2004), linking them to large-scale atmospheric processes re-
quires a means of up-scaling higher resolution processes to lower resolutions for use
in Earth System Models.

25
| w000 ————  s—

Figure 1.1 - Illustration of subgrid-scale fragmentation in eastern Parad state, showing
“fishbone” deforestation pattern with fragmentation much smaller than a
50x50km grid cell.

A novel approach to solve the scale mismatch of these processes is to explic-
itly model and couple the processes which operate at various spatial and tempo-
ral scales: large-scale atmospheric processes, regional surface/land processes and
human-related LUCC processes such as deforestation and proscribed burning, as
well as natural fires. This model framework, depicted in Figure 1.2, has the poten-
tial to link a Global Climate Model (GCM), DGVM, regional-scale LUCC model
and high-resolution fire spread model. The climate model resolves larger scale at-
mospheric processes and forcings, which impact surface DGVM and are fed-back
to the climate. Higher-resolution processes such as deforestation, land use manage-

ment and associated fires, as well as natural fires, are resolved at the local level.



Anthropogenic LUCC is modeled using spatially-explicit models operating within a
Geographical Information System (GIS). Fire behavior is modeled at the local scale
(~250m) to represent the detailed landscape using a simple empirical fire spread
model. Modifications to the land surface are imposed on the land model, which has
a potential feedback on the land surface properties through processes resolved by
the atmospheric and land models. More details are given in Sections 2.2.1 and 3.2.1.
The nested multi-scale and multi-model framework allows for detailed studies of the
complex feedbacks between climate, land surface, LUCC and fires in tropical biomes.
This framework will allow for a better understanding and evaluation of ecosystem

resilience and CO4 emissions from LUCC and feed-backs with climate change.
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Figure 1.2 - Overview of the multi-scale LSM /fire spread modeling framework, linking the
multi-scale LSM (MS-LSM) to the atmospheric model and LUCC and fire
spread models.

The components of this framework which have been implemented for this study are:

a) subgrid tiling within the INLAND DGVM, in order to represent different

land cover types inside a single model grid cell
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b) representation of modified landscapes as new land cover types (pasture,
croplands) and modified vegetation dynamics module within the INLAND
DGVM, requires calibration

¢) basic custom fire spread model coupled to the INLAND DGVM, via one-

way coupling (downscaling)

The scientific questions that could be addressed in studies employing this multi-scale

Earth System Model framework are (but not limited to):

a) what are the consequences of climate change on fire frequency and extent

in the neotropics?

b) what is the impact of different fire use scenarios and policies (e.g. business

as usual, conservation) on fire activity?

c) what are the synergies between climate change, LUCC and fire activity in

the neotropics, and to which extent do they act?

d) can local-scale fire spread processes be up-scaled to DGVMs with

parametrizations using simple equations and rules?

Incidentally, the calibration and validation of any fire model require a reliable burned
area dataset of sufficient spatio-temporal coverage — ideally global-scale for various
years, with daily or monthly resolution. There have been several advances in fire ac-
tivity monitoring on the global scale in recent years. Several products are available
and give estimates of active fires (commonly referred to as “hot pixels” or “focos de
calor”) and burned area (also known as “burn scars”, not to be confounded with
actual burn scars left on trees after a fire) at various temporal and spatial scales.
MODIS (Moderate Resolution Imaging Spectroradiometer) sensors provide 4 daily
values of active fire data at 1 km resolution (GIGLIO et al., 2006). Many other prod-
ucts are available from other sensors, with various spatial and temporal resolutions
(GIGLIO et al., 2009, and references therein). Brazil’s CPTEC produces real-time
active fire data for South America from various data sources (SCHROEDER et al.,
2008). With the advent of high temporal frequency of the MODIS data, burned area
products have become increasingly useful in monitoring fire activity and estimating
burned area with greater detail. The recent work of Giglio et al. (2009) and Giglio et
al. (2010) has led to a 500m resolution daily burned area product (MCDG64A1) based
on MODIS 500m reflectance bands and 1km active fire detection product. This data



is available publicly in lower-resolution global grids, at monthly and daily timescales
and 0.25° resolutions, as part of the GFEDv4 database (WERF et al., 2010; GIGLIO et
al., 2013) for use in climate modeling studies. Another product (MCD45A1), using
slightly different techniques (ROY et al., 2008) is also available at 500m and daily

frequency.

This study is divided into three sections, each representing distinct goals. This first
goal is to implement subgrid tiling in the INLAND DGVM and will be discussed in
Chapter 2. Implementation of the simple fire spread within this framework is the
subject of Chapter 3. Finally, the validation of MCD45A1 and MCDG64A1 global
burned area products in the “arc of deforestation”, which has been submitted to
Remote Sensing of Enviromnent for review, is included in Chapter 4. These three
parts are inter-connected in the following manner: the implementation of subgrid
tiling in the INLAND model is a necessary pre-requisite for coupling to a fire spread
model and the validation of existing burned area products is necessary in order to

use these products for the fire spread model calibration and validation.



2 REPRESENTING SUBGRID-SCALE HETEROGENEITY IN THE
INLAND DGVM

2.1 A review of Land Surface Models
2.1.1 The evolution of Land Surface Models

Earth System Models (ESMs) are widely used in climate studies and are designed to
simulate the various abiotic and biotic components of the Earth System (including
but not limited to: the atmosphere, biosphere, hydrosphere, cryosphere and anthro-
posphere) and their interactions (CLAUSSEN et al., 2002). Also known as climate
models, ESMs evolve continuously, by incorporating an increasing number of mod-
els which simulate aspects of the Earth System. Climate models initially consisted
only of atmospheric models, but were eventually coupled to land surface and ocean
models. The most recent additions to climate models are models that represent the
carbon cycle, dynamic (or interactive) vegetation and atmospheric chemistry. The
new generation of ESMs used in the last IPCC (Intergovernmental Panel on Cli-
mate Change) assessment report AR5 contain LUCC (Land Use and Cover Change)
models (MOSS et al., 2010). There is an ongoing modeling effort at the Brazilian
national level to develop a fully-coupled global Earth System Model with a greater
focus on South America named BESM (Brazilian Earth System Model). BESM will
be composed of CPTEC 2.0 atmospheric model, MOM4 ocean model and INLAND,
a land surface model based on IBIS, configured at different resolutions and coupled
with GFDL’s FMS flux coupler.

Land surface models (LSMs), also known as Soil-Vegetation-Atmosphere-Transfer
(SVAT) models, are designed to represent the Earth’s surface cover (including veg-
etation), characteristics and interactions with the lower atmosphere. Specifically,
land surface models must represent the surface-atmosphere fluxes of energy, carbon,
water and momentum. In a steady-state the balance of incoming and outgoing ra-
diation (Rn) must equal the sum of sensible (H), latent (A £') and ground (G) heat
fluxes (and in some models the chemical energy (F) stored in plants through photo-
synthesis). The nature of the land cover influences exchanges with the atmosphere
through surface albedo, roughness length (which controls turbulent fluxes with the
atmospheric boundary layer), partitioning of heat fluxes (i.e. latent vs. sensible),

precipitation runoff and evapo-transpiration (PITMAN, 2003).

The key processes considered by most LSMs are shown in Figure 2.1, and the evo-

lution of LSMs is outlined in Figure 2.2. The first generation of land surface models
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Figure 2.1 - The key elements represented in LSMs.

SOURCE: Dickinson (1984).

(i.e. Manabe, 1969) solved the surface energy budget, treated the land surface uni-
formly in space and time and used a simple “bucket” hydrology model with a single
soil layer for calculating surface runoff. The development of the “force-restore” two-
layer soil scheme and the inclusion of a vegetation layer (DEARDORFF, 1978) lead to
the development of the so-called second-generation models, such as the Biosphere
Atmosphere Transfer Scheme (BATS) (DICKINSON et al., 1986) and the Simple Bio-
sphere Model (SiB) (SELLERS et al., 1986). The fundamental biophysical principles
of these models are still commonly used in modern LSMs (PITMAN, 2003). The in-
clusion of plant layers (canopy, ground and roots) allowed for plants to influence

the surface through radiation absorption, momentum transfer, evapo-transpiration
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Figure 2.2 - The evolution of LSMs

SOURCE: Adapted from Gochis (2004).

and precipitation interception. Moreover, the classification of vegetation types with
different physiological parameters allowed for a much more realistic representation
of surface processes. The differences in surface parameters of, for example, forest and
pasture, have important implications for the surface energy budget and hydrological

cycle, especially in tropical climates (NOBRE et al., 1991, many others).

Third-generation LSMs incorporated knowledge on plant physiology, biology and
biochemistry, such as the biochemical model of Farquhar et al. (1980). The explicit
modeling of photosynthesis and respiration processes and integration of the bio-
geochemical cycles of carbon and nitrogen allows plants to allocate and consume
resources such as carbon and nitrogen and grow (die) under favorable (unfavorable)
environmental conditions (DICKINSON et al., 1998). The static vegetation types of
second-generation models are replaced by Plant Function Types (PEFTs) which re-
spond differently to environmental conditions. PFTs represent a single vegetation
type, and a biome can be represented by a variable mixture of different PFTs (such
as grass, shrubs and trees for savanna biomes). Fourth- and fifth-generation models

are discussed in the following section.



2.1.2 Dynamic Global Vegetation Models

The incorporation of the carbon cycle and long-term ecological processes led to the
creation of the first DGVMs (Dynamic Global Vegetation Models), such as IBIS (In-
tegrated Biosphere Simulator) (FOLEY et al., 1996), TRIFFID (COX, 2001) and LPJ
(Lund-Potsdam-Jena) (SITCH et al., 2003). DGVMs include the higher frequency pro-
cesses of second- and third-generation LSMs and slower frequency processes of veg-
etation dynamics. Simpler models called Potential Vegetation Models (PVMs), such
as the CPTEC-PVM (OYAMA; NOBRE, 2003) can be coupled to a second-generation
LSM and compute “equilibrium” vegetation cover based on climatic constraints. A
simple DGVM can be obtained by updating the vegetation of the LSM after one or
a few years of integration and repeating the process until equilibrium is reached, a
technique known as asynchronous coupling. The updated CPTEC-PVM2 of Lapola
et al. (2009) simulates photosynthesis and the carbon cycle, but does not represent

vegetation phenology and competition among plant types, as do many DGVMs.
2.1.3 Fire modeling within DGVMs

Fire in DGVMs is frequently simulated at broad scales, using to a variable degree
average observed fire occurrence and observed burned area. Subgrid variability and
spatial distribution of PFTs are usually not considered by DGVMs. According to
Arora and Boer (2005), many DGVMs such as TRIFFID, BIOME-BGC and IBIS
model fire in a simple manner, or not at all. More realistic DGVM fire models sim-
ulate the occurrence, behavior and effects of fire. For example, in the MC1 model
of Lenihan et al. (2008) fire occurs when fuel moisture and atmospheric conditions
reach a certain threshold, considers that ignition events are always available, and
computes burned fire area from observed fire return intervals. The fire component of
the CTEM (Canadian Terrestrial Ecosystem Model) model (ARORA; BOER, 2005)
simulates fire at the daily timescale (instead of the yearly timescale of earlier models)
by computing the probability of fire occurrence which is based on biomass availabil-
ity, lammability and ignition source (using observed lighting frequency). Burned

area is modeled as an ellipse of dimensions determined by wind and fuel conditions.

The fire components of the LPJ models simulate fire in a more mechanistic way
(SITCH et al., 2003). The empirical models Glob-FIRM (THONICKE et al., 2001) and
Reg-FIRM (VENEVSKY et al., 2002) were improved to create the process-based SPIT-
FIRE model (THONICKE et al., 2010; LEHSTEN et al., 2009), in which daily fire oc-
currence is a function of a Fire Danger Index (FDI) and the Rothermel model
(ROTHERMEL, 1972) is used to estimate Rate of Spread (ROS) and average area
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burnt. Surface and crown mortality and area burned are based on the availability
and moisture of live and dead 1-h to 1000-h fuels.

The impact of anthropogenic fire is scarcely considered in DGVMs, which have tra-
ditionally focused on natural wildfires. The fire model of CTEM uses an arbitrary
anthropogenic fire probability which is summed to the natural ignition probability.
In the Brazilian cerrado, the highest month of fire occurence simulated by CTEM
is different than observed because of the lack of correct inclusion of anthropogenic
sources of ignitions, which vary seasonally. In the LPJ fire models (SPITFIRE and
Reg-FIRM), anthropogenic fire probability is a function of population density and
observed human-caused fire occurrence. Cardoso et al. (2003) found that distance-
to-roads is a good predictor for fire occurrence in the Brazilian Amazon. The char-
acteristics and timing of natural and anthropogenic fires are different, as explained
in the study of Ramos-Neto and Pivello (2000) in the cerrado. This suggests that
anthropogenic and natural fires should be modeled using different approaches in

these tropical areas (the Amazon and cerrado).
2.1.4 Forest Landscape Simulation Models

While DGVMs are designed to study long-term changes in vegetation and feedback
with climate over large spatial scales (regional-global), there is another category of
models whose goal is to study with great detail vegetation disturbance and succes-
sion processes at the regional scale. Forest Landscape Simulation Models (FLSMs)
are used to study long-term, regional effects of disturbances, both natural (such as
fire, wind, insects) and anthropogenic (such as fire and logging) and the effects of
landscape management practices (SCHELLER; MLADENOFF, 2007, SM2007). SM2007
classify different FLSMs according to the following criteria: spatial interactions (pro-
cesses which operate spatially such as seed dispersal), static or dynamic communities
(variability within the plant communities) and ecosystems processes (dynamic vege-
tation, decomposition). FLSMs which include spatial interactions typically represent
the landscape with a Geographic Information System (GIS) of relatively high resolu-
tion (10-500m). FLSMs operate across one or more of the following scales: landscape
(103-106 ha) ; site (regions of similar topography, soils, weather and potential vegeta-
tion) ; stand (regions of different vegetation composition, 10-100 ha) ; gap (individual
or group of trees, area < 10 ha). The complexity of computations and the high spa-
tial resolution of FLSMs, as well as their regional approach and need for detailed
GIS data, has traditionally limited their use to landscape (regional) spatial scales

and annual time scales, making them unsuited for studies at the global scale. On the
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other hand, most DGV Ms, including IBIS, represent ecosystem processes but exclude
spatial interactions, therefore are not mentioned in the strict FLSM classification of
He (2008). Those that do include spatial interactions and operate at multiple scales
are MC1 (BACHELET et al., 2001), FIRE-BGC (KEANE et al., 1996) and LANDIS-II
(SCHELLER et al., 2007). Although they are considered “global” models, they have
been used only in studies at the regional scale. Particularly, FIRE-BGC is a multi-
scale model, combining a gap-replacement model and a mechanistic biogeochemical
model, and simulates processes at the landscape, site, stand and plot levels, each
with their representative spatial data. Ecosystem processes such as plant growth
and biogeochemical cycling are modeled at the plot level and values are aggregated
annually at the stand level. Fire occurence is modeled using a site-level stochastic
fire occurrence model based on observed fire return intervals, and fire extent and

effects are modeled across the landscape using a spatially-explicit fire spread model.
2.1.5 1IBIS and INLAND Dynamic Global Vegetation Models

The IBIS model (FOLEY et al., 1996; FOLEY et al., 1998; KUCHARIK et al., 2000)
is composed of a land surface module (including canopy and soil physics and plant
physiology), a vegetation dynamics module and a vegetation phenology module (Fig-
ure 2.3). The land surface module is taken from the second-generation LSX model
(POLLARD; THOMPSON, 1995) and includes an upper and lower canopy (for trees
and shrubs and grasses, respectively) and 6 soil layers (see Figure 2.4) and oper-
ates at timescales comparable to atmospheric models. Plants are represented by 12
PFTs, divided into evergreen trees, deciduous trees, shrubs and herbaceous plants,
each with distinct carbon pools of leaves, stems and roots. The processes of photo-
synthesis and respiration are simulated in a mechanistic manner (details in Foley et
al. (1996)). The vegetation phenology module (for processes such as budding and
senescence) is based on simple empirically-based temperature thresholds for each
PFT. The yearly dynamic vegetation module computes the following for each PF'T
: gross and net primary productivity (GPP and NPP), changes in biomass pools,
simple mortality disturbance processes and resultant Leaf Area Index (LAI), thus

allowing vegetation type and cover to change through time.
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The IBIS model has been used to generate a global potential vegetation map, shown
in Figure 2.5 and available in 0.5° and 5min resolutions (SAGE, 2014). This data,
as well as climatic data from the Climatic Research Unit (CRU ; monthly averages
from 1961-1990) and soil texture data at 0.5° resolution, are used as input for the
offline version of the IBIS model. Source code of the last release of IBIS (2.6b4) and
supporting data can be downloaded from http://www.sage.wisc.edu/download/
IBIS/ibis.html. Various studies using the IBIS model have been made on the po-
tential impacts of deforestation and climate change the Amazon and cerrado (COSTA;
PIRES, 2010; COE et al., 2009; SENNA et al., 2009; BOTTA et al., 2002; COSTA; FOLEY,
2000). There are no known fire modeling studies using IBIS as the fire module is a

simple, fixed-value disturbance.

-

.’
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Figure 2.5 - Global potential vegetation map resulting from the IBIS model.

SOURCE: Ramankutty and Foley (1999) and SAGE (2002).

The Brazilian scientific community is actively involved in the development of IN-
LAND (unpublished; Integrated Model of Land Surface Processes), the main land
surface component of the BESM Earth System Model. INLAND is based on IBIS
and focuses on issues important for biosphere-atmosphere interactions in South
America. These issues, such as seasonally-flooded areas, deforestation and other
LUCC practices, biomass burning, and soy and sugar cane crops, are outlined in
Figure 2.6. The first public release of INLAND (version 1.0) can be obtained at
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Figure 2.6 - Schematic of the INLAND model and its components, with new or planned
components in grey.

SOURCE: Marcos Costa.

http://www.ccst.inpe.br/inland/. The following improvements have been made
to the development version of the INLAND model relative to IBIS at the time of

writing:

e software improvements: upgrade to Fortran 90, dynamic memory allocation

of variables, parallel processing with OpenMP, incorportation of the single-
point model from Costa et al. (2009)

e subgrid tiling (the subject of section 2.2.2)

e an improved natural fire module based on CTEM (ARORA; BOER, 2005)

e changes in land use and atmospheric CO,

e improvements to the soil infiltration module and vegetation parameters
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e incorporation of the Agro-Ecosystem Model Agro-IBIS (KUCHARIK, 2003)

to simulate soybean, maize, wheat and sugar cane crops

e coupling with the THMB hydrologic model (COE et al., 2008) — not yet

integrated

e preliminary coupling with the atmospheric model (CPTEC) — not yet com-
plete

2.1.6 Representing subgrid-scale heterogeneity with subgrid tiling

An inherent limitation of land surface models used with global atmospheric models
is that their coarse resolution does not allow to represent spatial heterogeneity at
the subgrid scale (BONAN et al., 2002; MOLOD; SALMUN, 2002). Figure 2.7 illustrates
a hypothetical grid square with different land cover types and the various strategies
used by LSMs. First- and second-generation LSMs use the “dominant” approach,
which assigns the most common cover type to the entire grid cell, thus ignoring
a potentially high portion of the land surface. The “composite” approach (used
in the IBIS model, discussed later) considers a homogeneous blend of the relative
portions of the cover types. Most parameters are aggregated linearly, except for
roughness length which is aggregated logarithmically. This technique does not allow
to differentiate the physical properties (such as soil temperature and humidity) of

different land cover types present in each grid cell.

The last technique is that of “mosaics”, which uses a mosaic of subgrid tiles which
aggregate the different PFTs present in the grid cell (BONAN et al., 2002; MOLOD;
SALMUN, 2002). The advantage over the composite approach is a better discrim-
ination of the state of the different land cover types and a better representation
of the heat and turbulent fluxes with the atmosphere, but it does not well repre-
sent competition among PFTs for finite ressources, as they occupy separate spaces.
For instance, GFDL’s LM3V (SHEVLIAKOVA et al., 2009) was designed with an-
thropogenic changes in land cover in mind and considers human-caused landscape
fragmentation. Rather than using a high-resolution land surface grid, LM3V divides
a gridbox into a mosaic of subgrid tiles, as shown in Figure 2.8. As land is cleared
for agriculture or logged, a new grid tile is created to accommodate for the new land
type. To avoid an exponential growth in subgrid tiles, similar tile are merged into a

single tile when needed.
As most DGVMs do not represent detailed land information within a model grid,
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Figure 2.7 - Subgrid variability representations implemented in various LSMs.

SOURCE: Adapted from Molod and Salmun (2002).

fire simulations are usually not spatially aware. A spatially-explicit fire spread mod-
eling approach requires one of the following: a high resolution land surface model
which represents real land fragmentation (which would be prohibitive in a global

simulation), or a mosaic of subgrid tiles (more efficient but not as accurate).

The IBIS model uses the composite approach to handle subgrid scale heterogeneity.
For a given model cell, different PFTs are allowed to co-exist in the two plant layers
and competition between different co-existing PFTs is allowed through contention
of available light and water (i.e. trees can capture more light, and grasses more
water). While this approach represents the natural environment to a certain extent,
it is not suitable to represent anthropogenic disturbaces which are responsible for

heterogeneous fragmentation at the subgrid scale.
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Figure 2.8 - Subgrid tile structure and transitions in the LM3V model. At each timestep
the processes of deforestation and land use change modify the natural and
anthropic tiles.

SOURCE: Shevliakova et al. (2009).

2.2 Methodology
2.2.1 Overview

One means of representing subgrid-scale heterogeneity is to simply increase the
resolution, which is the approach taken by a number of landscape models (see section
2.1.4). This is impractical for a number of reasons: limits in computational power
and memory (especially in a global modeling context); limitations imposed by the
modeling environment (e.g. coupling a high-resolution LSM to a lower-resolution
atmospheric model may not be possible); limits in the LSM itself, which typically
does not represent topography; limited or nonexistent information on the fine-scale

structure and functioning of land surface types.

The approach chosen is a hybrid between a full-blown landscape simulation model
and a traditional LSM model with mosaics. The goal of representing subgrid-scale
heterogeneity in the INLAND model is threefold:
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Figure 2.9 - Overview of the multi-scale LSM (MS-LSM) modeling approach, linking high-
and medium-resolution land cover maps (HRLC/MRLC).

a) a means to simulate the different land surface types independently (section
2.2.2

b) a high-resolution land surface map (section 2.2.4)

c¢) a link between the high-resolution map and the coarse-scale LSM (section
2.2.5)

This is illustrated in Figure 2.9, which shows the link between low- or medium-
resolution atmospheric processes (or model) and the multi-scale LSM (MS-LSM) to
represent atmosphere-land interactions. The MS-LSM model itself is composed of a
medium resolution LSM with subgrid tiles (MRLC), linked to a high resolution land
cover map (HRLC).
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2.2.2 Subgrid tiling in the INLAND model

This section explains how the “mosaics” or subgrid tiling approach has been im-
plemented in the INLAND model, as part of this work. The execution flow of the

INLAND model (shown in detail in Figure B.1) can be summarized as such:

a)

The simulation configuration (e.g. simulation duration in years, domain
configuration, options such as dynamic vs. static vegetation, fire module,

etc.) and vegetation parameters are read.

The number of model grid points (npoi) and their position is determined
based on a land /sea mask and the rectangular domain configuration (global

or regional).

All grid-point variables (e.g. npp, soil temperature, etc.) are allocated as

vectors with length npoi.

The initial existence and LAI of each PFT (plai) is determined from input
vegetation type (see section B.2.1).

The hourly, daily and monthly loops are executed on each grid point (with

no spatial interactions), until the end of each year.

At the beginning of each month the monthly CRU data is used as an

external forcing (precipitation, temperature, etc.).

Important variables are saved to output files at the end of each hourly,

daily, monthly and yearly loop (if requested in the model configuration).

The dynamic vegetation module is executed at the end of each model year

(if requested in the model configuration).

Execution stops at the end of the last model year.

The implementation of subgrid tiling was challenging from a computer engineering

point of view. The data structure of the model (each variable stored in an array of

npoi length) is a dated an inflexible data structure (understandably caused by the

limitation of the Fortran 77 language). Ideally, each grid cell could be represented

by a structure or object (derived data type in Fortran 90) with a set of attributes

(e.g. npp, soil temperature). It would then be simple to implement subgrid tiling by

adding a number of “child” cells to each “primary” grid cell, as has been done in
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the LM3V model of Shevliakova et al. (2009). However, it was decided to keep the
basic structure intact, in order to avoid long development time and code conflicts

with other modules (e.g. Agro-IBIS and THMB).

The strategy employed was to consider each subgrid tile as an independent grid
model point, considering the “real” number of model grid points (npoil ) multiplied
by the number of subgrid tiles mipt (i.e. npoi = mipt * npoil). For example, if a
simulation is configured with 2 tiles (mlpt=2), there are twice as many land points
for the model to simulate as a simulation without tiles. Variables that are spatially
dependent (longitude and latitude values for solar forcings, input climate and surface
data) are replicated to all tiles. Therefore, if a given point has 2 subgrid tiles of
the same vegtype (vegetation type), the tiles will have the same values during the
simulation. However, if vegtype or soil properties are different (but external forcings

are identical), the tile values will diverge with time.

The following modifications were incorporated into the offline INLAND model in

order to implement basic subgrid tiling:

a) Implementation of dynamic allocation of grid point variables, to simplify

model execution.

b) Implementation of parallel processing of the hourly loop using OpenMP
(OpenMP architecture review board, 2011), to improve performance and offset

performance loos due to the inclusion of subgrid tiling.

¢) Modification of the input routine and input files to specify vegtype and

tilefrac (tile fraction) of each grid point and each tile.

d) Modification of the climate and surface properties input routine to replicate

values to all tiles.

e) Inclusion of new vegtype definitions and modification of the dynamic veg-

etation routine to account for human influence on vegetation cover.

f) Modification of the daily, monthly and yearly output routines to account

for the new tile dimension.

The input and output of grid-point variables uses the NetCDF format, which al-
lows to store multi-dimensional data and variable metadata. The dimensions used
in output files are latitude, longitude, time and pft (without subgrid tiling) (see ex-

amples in section B.3). For example, some yearly output file variables (e.g. biomass)
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have 2D (latitude/longitude) values for each day (time dimension) and pft (pft di-
mension). The implementation of subgrid tiling added the necessity to include an
additional dimension (#ile) in input and output NetCDF files. In addition to storing
the values for each tile at each grid point, an additional tile layer is used (a total of
mipt+1 layers are stored) to store the grid-point average, which would be passed to
a coupled atmospheric model at each timestep (soon to be done). It is thus possible

to analyze results by tile, but also by grid-point average.
2.2.3 Changes to the vegetation dynamics module

One of the motivations to implement subgrid tiling in the INLAND model was
to be able to separate natural vegetation from managed landscapes (e.g. pasture)
within a given grid cell. For reasons that will become more apparent in the results
section, modifications were required to the dynamic vegetation routine and vegtype
definitions. In a nutshell, without these modifications non-natural tiles and natural
tiles would both converge to the same potential vegetation state) after a certain
stabilization time. This is because the vegetation dynamics module was driven solely

by climate, and the tiles of a given point share the same climate forcings.

The following key elements were introduced as part of this work:

a) Inclusion of new vegtype definitions (cropland, pasture, urban; see section
B.2.1)

b) Addition of a landusetype variable, dependent on vegtype, with the following

possible values: natural, cropland, pasture, urban.

¢) Modification of the dynamic vegetation routine: if the landusetype of a
given tile is not natural, climatic rules do not apply and only a certain

number of PFTs are allowed to grow (more below).

In order to account for human influence on vegetation cover, only C4 (warm) grasses
are allowed to grow in non-natural tiles. This represents human influence on the
landscape by vegetation removal and control. This implementation is very basic and
not meant for production, but it allows to separate non-natural tiles from natural
tiles. It should be improved based on further research and parametrization studies.
Ideally, pasture should be represented by a new PFT or a carefully chosen PFT
mixture; cropland should be managed by the Agro module (provided the crop type
is known and supported); and urban areas should be parametrized. Each of these

topics could be the focus of a separate thesis.
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2.2.4 Global and regional high-resolution land cover maps

Some land surface schemes, such as SSiB (Simplified Simple Biosphere Model; Xue
et al. (1991)) used in CPTEC’s global atmospheric model, use simple “natural”
vegetation maps for land cover (DORMAN; SELLERS, 1989; OLIVEIRA, 2008). Sev-
eral global satellite-based land surface classification products have been produced
in recent years. The 1 km-resolution map (HANSEN et al., 2000) based on 1992-1993
data from the Advanced Very High Resolution Radiometer (AVHRR) was the first
satellite-based land cover map. With the advent of better and finer instruments,
several datasets have been made available: GLC2000 based on SPOT VEGETA-
TION data from 2000 at 1 km (BARTHOLOME; BELWARD, 2005); MCD12Q1 using
data from the MODIS (Moderate Resolution Imaging Spectroradiometer) sensor,
available for all years from 2001-2012 at 500m resolution (FRIEDL et al., 2010); and
the GlobCover product using 2005 and 2009 data from the MERIS sensor at 300m
resolution (ARINO et al., 2008; BONTEMPS et al., 2011). The last two products are the
most recent and of highest resolution. The MCD12Q1 product (see Figure C.2) is
the most reliable, with a reported overall accuracy of 75%, but less reliable in areas
of savanna, mixed forests, wetlands, and agriculture/natural mosaic (FRIEDL et al.,
2010). The GlobCover product (see Figure C.1) has a higher resolution but a lower
overall accuracy of 58% (BONTEMPS et al., 2011). The MCD12Q1 was considered for
this study for the following reasons: better overall accuracy, resolution compatible
with two MODIS-based global burned area products (see Chapter 4), subjectively
deemed more reliable for separating forest from deforested areas in the Amazon
(not shown), and classification scheme (IGBP) more compatible with the INLAND
vegtype definitions.

The great geographical extent and biodiversity of Brazil pose a challenge to the
monitoring of its land cover and land use/cover changes (LUCC) through human
intervention. The most comprehensive national land cover dataset is from the PRO-
BIO (Projeto de Conservagao e Utilizagdo Sustentavel da Diversidade Bioldgica)
project, from Brazil’'s MMA (Ministério do Meio Ambiente). PROBIO is based on
Landsat ETM+ data from 2002 at 30m resolution and field validation, and maps
are available for each of Brazil’s biomes (Amazonia, Cerrado, Caatinga, Mata At-
lantica, Pantanal, Pampas) at http://mapas.mma.gov.br/mapas/aplic/probio/
datadownload.htm. The classification system used is IBGE’s “Sistema Brasileiro de
Classificacao da Vegetacao Brasileira” (IBGE1992) of IBGE (1992), IBGE (2012).
It uses a physiognomic-ecological classification system (Sistema de Classifica¢io

Fisionomico-Ecolégica) to identify the various vegetation cover types present in
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Brazil, with much more detail than considered in the climate modeling context.

Brazil has been very active in the development of operational methodologies for
LUCC mapping through the use of remote sensing data. This has lead to the cre-
ation by INPE of the PRODES (Projeto de Monitoramento do Desmatamento na
Amazonia Legal por Satélite) DIGITAL dataset, consisting of yearly maps and areal
values of deforestation estimated from high resolution Landsat and CBERS imagery
since 2003. Recent data, available at http://www.obt.inpe.br/prodes/ shows that
deforestation rates has been diminishing since the peak of over 25000 km? in 2004
and reached a record low of 4571 km? in 2012. Annual totals of deforestation per state
since 1988 are also available, generated by the previous PRODES analog method-
ology. Deforestation in the cerrado has been recently gathering attention from the
Brazilian government, research institutions and environmental groups. The SIAD-
cerrado (Sistema Integrado de Alertas de Desmatamentos) project (FERREIRA et al.,
2007) of UFG/LAPIG available from at http://www.lapig.iesa.ufg.br/lapig/
produces yearly maps of deforestation since 2002, using 250m MODIS data. A
project from IBAMA - PMDBBS (Projeto de Monitoramento do Desmatamento
dos Biomas Brasileiros por Satélite) produces deforestation datasets for various
biomas of Brazil with greater detail, using 30m Landsat imagery, and is avail-
able from http://siscom.ibama.gov.br/monitorabiomas/. The deforestation es-
timates from PMDBBS are over twice as high as those of SIAD-cerrado as they
use a higher-resolution dataset (unpublished study), but they are only available for

certain years.

The PROVEG dataset (VIEIRA et al., 2013) is based on PROBIO data, deforestation
up to 2009 from INPE’s PRODES, and more recent mapping using Landsat imagery.
Its vegetation classes are compatible with SSiB and resolution has been downgraded
to 1 km resolution for use in global climate modeling studies. A certain number
of issues have been identified in this dataset : misalignment of data relative to
any ground-based imagery (including PRODES) shown in section 3.2.2; relative
low resolution causing the absence of key fine-scale features (deforestation structure
water bodies, etc.); lack of clear pasture vs. cropland distinction; missing PRODES
deforestation since 2002. It is nevertheless a valid dataset when fine-scale structure

is not important.

To overcome some of the limitations of the PROVEG dataset, a high-resolution
(250m) dataset was compiled for the Legal Amazon of Brazil. This dataset, hereby

named IBGE-TC, was compiled from two sources. Natural vegetation cover is de-
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rived from the vegetation cover map from IBGE’s “Sistematizacao das Informagoes
sobre Recursos Naturais” project (IBGE, 2006, IBGE2006). The IBGE2006 vegeta-
tion map is based on 2003 Landsat imagery and vegetation cover is classified using
the IBGE1992 system. Secondary vegetation data from TERRACLASS (ALMEIDA
et al., 2009) is used to refine this map with more recent and more detailed land-use
cover data. TERRACLASS is a detailed classification of actual land-use over loca-
tions where the PRODES project has identified deforested areas in the Amazonia
biome. Both products were rasterized (converted from shapes to pixels) at a resolu-
tion of 250m and their classes converted to the INLAND classification scheme (using
the mapping between land cover classes shown in Tables C.3 and C.4), with TERR-
ACLASS data overriding the IBGE2006 data where available. This map is shown in
Figure C.5, along with the PROVEG map, using the INLAND classification scheme.

2.2.5 Linking high-resolution maps to subgrid tile modeling

In its basic form, subgrid tiling is non-spatial, meaning that there is no information
on the subgrid spatial structure of the different land cover types. A second configura-
tion, activated by using the hrmap option in the main configuration file (see section
B.2), allows to initialize the tiles from a high-resolution land cover map. The many-
to-1 relationship between high-resolution land surface pixels and their parent tile is
shown in Figure 2.10. The number of tiles is defined in the simulation parameters,
with four tiles being largely sufficient for most applications. During model initializa-
tion the high-resolution vegtype map is read (it may be of any resolution, provided
it fits within the model domain). For each model grid point, vegtype and tilefrac are
determined for each model tile, based on the occurrence of the high-resolution pixels
present in the relative area of high-resolution map. If there are more unique land
cover types in the high-resolution map than tiles, the dominant land cover type is
assigned to the excendent high-resolution pixels. Areas not covered by this map are
assigned a single tile as defined in the base IBIS vegtype map. For a simulation over
South America using the MCD12Q1 dataset, the vast majority of high-resolution
pixels are represented when using a configuration of 4 tiles. Once the tile informa-
tion is read, the pixel-to-tile relationship (ihrtileparent variable) is saved to disk for
further use as it is discarded during the simulation. It is thus possible to create
high-resolution maps of each of the output variables, using the per-tile output com-
bined with the original high-resolution vegtype map and the ihrtileparent map. This

is illustrated in Section 3.3.3.

25



LSM space
LSM
grid cell MRLC map
50 km res.
Y
subgrid tiling
subgrid
tiles

“real” space
HRLC map
250m res.

T

Figure 2.10 - Relationship between the high-resolution map and the model subgrid tiling
in the multi-scale LSM modeling approach.

2.2.6 Experimental setup

In order to test and illustrate the subgrid tiling implementation in INLAND, a
series of simple synthetic experiments was designed. Firstly, a simulation was done
with 2 identical tiles using the original IBIS wvegtype map, global domain, for a
period of 20 years in both static and dynamic vegetation modes. Results (not shown)
were identical to the INLAND model without the subgrid tiling implementation. A
simple experiment was done to test the changes in the vegetation dynamic module
to account for managed landscapes (natural vs. modified vegetation). A “tropical
deforestation” experiment was designed in order to test the sensibility of the model
to large-scale deforestation in the tropics. Finally land cover maps for Brazil (see
section 2.2.4) were used to evaluate the sensitivity of the model when initializated

with realistic land cover.
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2.3 Results
2.3.1 Natural vegetation, single point

The first experiment uses a single grid point in the Amazon foresst (at 57.75°W
14.75°S) with a simulation time of 100 years in both static and dynamic vegeta-
tion modes, using three tiles of vegtype 1 (Evergreen Forest), 9 (Savanna) and 10
(Grassland) of equal tilefrac (0.33). This period is sufficient to allow a stabilization
of most variables when running in dynamic vegetation mode, the exception being
soil carbon and nitrogen, which require centuries to stabilize (not shown). Figure
2.11 shows time series for two variables (aet - evapotranspiration and totbiou - upper
canopy biomass) in both static and dynamic vegetation modes. In static vegetation,
aet is very similar among different vegtypes although slightly lower for grass, but
totbiou shows different values and the tile average is about half that of forest. In
dynamic vegetation mode, we see that aet rapidly converges for all tiles, associated
to a rapid convergence of upper-story LAI (not shown), which is an important factor
for determining insolation and evaporation. On the other hand, totbiou takes around
70 years to converge, which is more “realistic” than the rapid changes in LAI and
aet. Table 2.1 gives the values of all output variables at the end of the 100 year sim-
ulation. In the static simulation results, wso: values are almost identical, which is
a peculiar behavior of the model, as one would expect different soil moisture values
due to very different upper canopy coverage. However, aet is lower and drainage is
higher in the case of grassland vegtype, which is expected. In the dynamic vegeta-
tion case, we can see that all values are almost identical, as the various tiles have
reached the same potential vegetation state (due to identical climate input for all
tiles), after a sufficient stabilization period. This show us the limited use of subgrid

tiling in dynamic vegetation mode when considering natural vegetation.
2.3.2 Modified vegetation, single point

The second experiment uses a similar configuration as the previous one, but makes
use of the new wegtype definitions for managed landscapes (described in Section
B.2.1). In this case, there are two natural tiles with vegtype 1 (Evergreen Forest)
and 10 (Grassland) and two tiles with vegtype 18 (Pasture), all of equal tilefrac
(0.25). The two Pasture tiles differ in their initial LAI configuration: Pasturel is
equal to natural Grassland (all PF'Ts are initially present), while Pasture2 is equal
to Desert (only Grass PFT is present). For exact LAI values refer to section B.2.1. In
Figure 2.12 one can note that in static vegetation mode, the aet and totbiou values

for Pasture2 are different from Pasturel (which is nearly identical to Grassland), due
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Table 2.1 - Yearly output variables for the “natural vegetation” experiment at end of sim-
ulation, individual tile and average values.

Static vegetation Dynamic vegetation
variable forest savanna grass avg. forest savanna grass avg.
aet 1386 1385 1315 1362 1384 1384 1384 1384
anpptot 0.00 0.00  0.00 0.00 0.73 0.73 0.73 0.73
awc 8.78 7.05 7.02 7.63 8.90 8.90 8.90 8.90

caccount 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
coZ2mic 0.00 0.00 0.00 0.00 0.77 0.77 077 0.77

co2root 0.26 0.19 0.18 0.21 0.34 0.34 034 0.34
co2soi 0.26 0.19 0.18 0.21 1.12 .11 111 1.11
drainage 2.80 0.53 28 10 3.43 3.42 342 3.42
fl 0.50 0.98 0.98 0.81 0.25 0.25 0.25 0.25
fu 0.98 0.92 0.57 0.82 0.98 0.98 0.98 0.98
neetot 0.96 1.16 156 1.22 0.14 0.14 0.14 0.14
nmintot 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
npptot 0.96 1.16 156 1.22 0.91 091 091 0.91
rootbio 0.13 0.10 0.09 0.11 0.17 0.17 0.17 0.17
srunoff 76 77 78 7 76 76 76 76
tilefrac 0.34 0.33 0.33 0.00 0.34 0.33 0.33 0.00
totalit 0.00 0.00 0.00 0.00 0.52 0.52 0.52 0.52

totanlit 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
totbiol 0.04 0.20 0.23 0.16 0.00 0.00 0.00 0.00
totbiou 10 259 086 4.66 9.18 9.14 912 9.15
totcmic 0.00 0.00 0.00 0.00 0.12 0.12 0.12 0.12
totcsoi 0.00 0.00 0.00 0.00 4.66 4.59 457 4.61

totfall 0.00 0.00  0.00 0.00 0.78 0.78 0.78 0.78
totlail 0.50 2,50  3.00 1.99 0.04 0.04 0.04 0.04
totlaiu 6.00 1.50  0.50 2.70 6.75 6.73 6.74 6.74
totnsoi 0.00 0.00  0.00 0.00 0.45 044 044 045
totrlit 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
totrnlit 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
trunoff 79 78 106 88 80 80 80 80
tsoi 26 27 27 27 27 27 27 27
vwe 0.24 0.22 022 0.22 0.24 024 024 0.24
wisoi 0.00 0.00  0.00 0.00 0.00 0.00  0.00 0.00
wsoi 0.59 0.55 055 0.56 0.60 0.60 0.60 0.60
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Figure 2.11 - Time series of yearly aet and totbiou in the “natural vegetation” experiment

to initial LAI which is persisted throughout the simulation. In the case of dynamic
vegetation, the natural tiles converge to “natural equilibrium”, while the Pasture
tiles converge to “natural potential equilibirum” (identical for both Pasture tiles).
Table 2.2 shows that in dynamic vegetation mode, but without land use rules, all
values converge to those of the natural tiles, just as in the “natural vegetation”
experiment, but when land use rules are applied they converge to a same, modified
state. In the dynamic vegetation column, totalit is shown instead of totbiou because
the latter values are zero in the case of modified vegetation. Note that aet values
for Pasture tiles are much (especially for Pasture2 in static vegetation), which may
be due to lack of parameterization and should be investigated in further work. The
key points are as follows: in static vegetation mode, initial LAI configuration is
important as it is persistent and has an important influence on model results; in

dynamic vegetation mode the initial LAI state is lost and the land use rules take
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precedence ; land use rules are necessary to avoid that modified vegetation tiles drift

to “natural potential equilibrium” state. This shows that land use rules are essential

for representing subgrid-scale fragmentation through LUCC processes.
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Figure 2.12 - Time series of average yearly aet and totbiou/totalit in the “modified vege-

tation” experiment
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2.3.3 Tropical deforestation: modified vegetation, South America do-

main

The goal of this experiment is to test and demonstrate subgrid tiling over a large
domain. It uses a synthetic scenario where 50% of all tropical forest and savanna is
converted to pasture. Figure 2.13 shows the two vegtype tile maps used, based on the
standard IBIS potential vegtype map. The simulation is over the South American
continent for a duration of 100 years in dynamic vegetation mode. In Figure 2.14 we
can see that average aet is somewhat lower in the tile average than in the natural
tile, and totbiou is much lower (around 50%). Table 2.3 shows spatial averages over
the Amazonia biome that are very different in the case of some variables (e.g. totalit,

totlaiu) while some variables are almost unchanged (e.g. npptot, tsoi, wsot).

5ON oo

505 |¢H

1 e

I Tropical Evergreen Forest
I Tropical Deciduous Forest
Il Mixed Forest

| Savanna
[7] Grassland/Steppe
Il Dense Shrubland

| Open Shrubland

[ Tundra

= | Desert

45°S

I Pasture

81°W 71°W 61°W 51°W 41°wW

(a) Tile 1 - IBIS natural potential vegetation  (b) Tile 2 - as in (a), but all tropical forest and
map, as in SAGE (2014). savanna replaced with pasture.

Figure 2.13 - Vegetation tile maps for the “tropical deforestation” experiment, where both
tiles have a proportion of 50% for all grid points.
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aet [tile 1] - average evapotranspiration (mm/year) aet [tile avg.] - average evapotranspiration (mm/year)
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Figure 2.14 - Maps of aet and totbiou at end of simulation in the “tropical deforestation”
experiment, showing most of the Amazonia biome.

2.3.4 Using high-resolution land cover maps

This experiment uses the land cover maps for Brazil (PROVEG and IBGE-TC), as
well as the global land cover map MCD12Q1, described in section 2.2.4. The high
resolution of these maps allows them to be used to initialize the INLAND model
with a number of tiles (determined by the modeler), in a manner much more realistic
than when using the IBIS wvegtype maps. This experiment, similar to the “tropical
deforestation” experiment, was run over the South American continent for 100 years
with four tiles, initialized from these three land cover maps. Figure 2.15 shows the
configuration of the first two tiles when using the PROVEG map. The vegtype and
tilefrac values are determined from the high-resolution input map, as described in
Section 2.2.5.For reference, the other maps are shown in Figure C.6 (Amazon only).
Results are compared to a simulation without tiles, initialized with the base IBIS

vegtype map.
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Table 2.3 - Yearly output variables for the “tropical deforestation” experiment at end of
simulation, individual tile and tile average values of Amazonia biome spatial

average.

variable IBIS defor. avg. variable IBIS defor. avg.
aet 1522 1269 1396 totalit 0.85 0.07 0.46
anpptot 0.86 0.50 0.68 totanlit 0.00 0.00 0.00
awc 15 12 13 totbiol 0.01 1.22 0.62
caccount 0.00 0.00 0.00 totbiou 11 0.02 5.60
co2mic 0.95 1.09 1.02 totcmic 0.18 0.17 0.17
co2root 0.45 1.30 0.88 totcsoi 7.53 6.92 7.22
co2soi 1.40 2.39 1.90 totfall 0.96 1.10 1.03
csoipas 0.28 0.31 0.30 totlail 0.16 12 6.25
csoislo 0.00 0.00 0.00 totlaiu 8.03 0.02 4.02
drainage 253 470 361 totnsoi 0.73 0.67 0.70
fl 0.26 0.97 0.62 totrlit 0.08 0.19 0.13
fu 0.96 0.25 0.61 totrnlit 0.00 0.00 0.00
neetot 0.13 0.02 0.08 trunoff 690 942 816
nmintot 0.01 0.02 0.02 tsoi 28 28 28
npptot 1.08 1.11 1.10 vegtype 1 18
rootbio 0.22 0.60 0.41 vWwC 0.37 0.35 0.36
srunoff 437 472 454 wisoi 0.00 0.00 0.00
tilefrac 0.50 0.50 0.00 wsoi 0.81 0.75 0.78

Shown in Figure 2.16 are aet and totbioul at the end of simulation, comparing the
results with base IBIS map configuration to results using the PROVEG land cover
map in tiled mode. Values of aet are not very different (as in other experiments),
but the values are slightly lower in the “arc of deforestation” and eastern Para state
(where the dominant tile is pasture). Values of totbiou are more notably different,
and highlight areas of deforestation outside of “the arc of deforestation” (e.g. central
Pard). These results show the usefulness of the subgrid tiling approach in simulating
the effects of deforestation at subgrid-scale. Spatial averages were computed for the
following three areas (illustrated in Figure 2.17) : AMZ (the Amazonia biome), NMT
(Northern Mato Grosso state, 60°W — 55.5°W and 9°S — 11°S) and EPA(Eastern
Para state, 50°W — 48.5°W and 4°S — 8°S) and are shown in Table 2.4. Spatial
average results for the AMZ region show little difference compared to the base
IBIS simulation. This is due to the high ratio of natural vs. modified vegetation
(agro, pasture) when considering the entire Amazonia biome, as the average tilefrac
values of Pasture and Cropland combined are 17%, 12% and 10% for IBGE-TC,
PROVEG and MCD12Q1 experiments respectively (bottom row of Table 2.4). In

the NMT area, differences are higher, consistent with modified vegetation tilefrac
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averages of 30%, 20% and 15%, respectively. Finally, the results for the EPA area
show greater differences, with of totlaiu and totbiou values ~4 times lower when
compared to the IBIS configuration, except for MCD12Q1. Most notable are the
differences in drainage, especially with the IBGE-TC and PROVEG input maps,
which is explained by the fact that areas with less vegetation do not retain water
as well as heavily vegetated areas. These large differences are consistent with higher
modified vegetation tilefrac averages of 36%, 29% and 17%, respectively, than in
other regions analyzed. Even though large-scale results are similar using any of the
datasets (IBIS, PROVEG, IBGE-TC and MCD12Q1), regional results can be quite
different due to regional and local-scale differences in land cover types between these

maps.
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Figure 2.15 - PROVEG land cover map for Brazil, overlayed on the IBIS base map for
coverage of the rest of the continent. Shown here are vegtype (top) and tilefrac
(bottom) of the first two tiles.36



aet [tile 1] - average evapotranspiration (mmy/year) aet [tile avg.] - average evapotranspiration (mmy/year)

2000 2000

1800 1800

1600 1600
1400 1400
1200 1200

1000 1000

(a) IBIS (b) PROVEG

Figure 2.16 - Maps of aet and totbiou at end of simulation of most of the Amazénia biome,
when model is initialized with base IBIS vegtype map and using tiles with
the PROVEG land cover map.

Figure 2.17 - Location of the AMZ, NMT and EPA regions analysed
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3 FIRE SPREAD MODELING WITHIN THE INLAND DGVM
3.1 A review of fire spread modeling
3.1.1 Overview of fire modeling

Fire and its controls can be viewed at different temporal and spatial scales, following
the extended “fire triangle” concept of (MORITZ et al., 2005) : a flame (fuel, oxygen,
heat), a wildfire lasting hours or days (fuel, weather, topography) and a fire regime
at decadal and landscape/regional scales (vegetation, climate, ignitions). Figure 3.1
show the important processes across various spatio-temporal scales and Figure 3.2
illustrates the modeling strategies used at these scales. Physical-based models rep-
resent the chemical and physical reactions of combustion and heat transfer through
convection and radiation with great detail. They are used for higher levels of pro-
cess understanding, but are computationally expensive and unsuited for large-scale
simulations (SULLIVAN, 2009a). Fire behavior models, ranging from the empirical to
semi-empirical, are used to predict and understand the basic behavior of fire under
certain fuel loadings and moisture and environmental conditions (SULLIVAN, 2009b).
Spatially-explicit fire spread simulation models are designed to simulate the spread
of fire across a landscape, relying on a varying degree level of sophistication for
simulating fire behavior (SULLIVAN, 2009¢). DGVMs and climate models typically

consider fire regimes for their fire models.
3.1.2 Empirical and semi-empirical fire behavior models

Fire behavior models, used in national operational fire prediction systems, predict
the Rate of Spread (ROS) of the heading flaming front of a fire, as well as other
characteristics such as flame height, depth and angle and energy released by the
combustion process. The Canadian Forest Fire Danger Rating System (CFFDRS)
(FORESTRY CANADA FIRE DANGER GROUP, 1992) is an empirical model resulting
from over 60 years of extensive observational studies and research on fuel mois-
ture and content and fire behavior and has been implemented by several countries
around the globe. Australia’s empirical Fire Danger Rating Systems (FDRS) are
based on McArthur’s studies in experimental and natural grassland and forest fires,
relating fire behavior to surface fuel and environmental conditions (McArthur, 1966;
McArthur, 1967). These experiments, along with earlier laboratory experiments of
Byram and others, inspired the pioneering works of Rothermel (1972) and others
in the United States. Rothermel’s mathematical model, refined by Albini (1976), is

based on empirical data and physical principles and equations. It computes fire ROS
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Figure 3.1 - The extended “fire triangle”.
SOURCE: Moritz et al. (2005).
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Figure 3.2 - The extended “fire triangle” and fire modeling at various spatio-temporal

scales.

SOURCE: Adapted from Moritz et al. (2005).
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in a homogeneous fuel bed and is summarized by Equation 3.1:

I
o _Int
pngig

(14 ow + ©s) (3.1)

where R is the rate of spread (m min™'), Iy is the reaction intensity (kJ m=2 s™1),
¢ is the propagating flux ratio — the proportion of Iy transferred to unburned fuels
(dimensionless), py is the oven-dry bulk density (kg m™2), ¢ is the effective heating
number — the proportion of fuel that is heated (dimensionless) before ignition occurs,
Qig is the heat of preignition — a function of fuel moisture content, specific heat, and
assumed temperature at ignition (kJkg™'), and (1+¢ W+ S) is the multiplication

factor for slope and wind speed (dimensionless).

In simple terms, the nominator of equation 3.1 represents heat released by the com-
bustion process, and the denominator represents the heat necessary to raise un-
burned combustible to the temperature necessary for ignition. When the computed
reaction intensity (/g) is null, fire does not spread. Figure 3.3 illustrates the main
processes at work and the effects of wind and slope. Rothermel’s fire behavior model
requires “fuel models” that describe the characteristics of different vegetation types.
Fuel models separate biomass pools by category (live and dead), component (dead
and live herbaceous and woody) and dead fuel size classes. Timelag is defined as the
time required for a fuel particle to reach 63% of the difference between an initial
moisture content and its equilibrium moisture content. Dead fuels are grouped into
timelag categories of 1-h (less than 1/4 in. diameter / leaves, needles and twigs),
10-h (1/4 — 1 in. diameter / small branches), 100-h (1 — 3 in. diameter / large
branches) and 1000-h (more than 3 in. diameter / trunks). The so-called “original
13 fuel models” of Albini (1976) describe various fuel beds and their characteristics
in their driest and most fire-prone state. Scott and Burgan (2005) added fuel models
for other vegetation types of the United States and introduced the concept of dy-
namic fuel models (to account for partly dry fuels), which are called the “standard
fuel models”. The characteristics of each fuel model are: fuel load by live component
(herbaceous and woody) and dead fuel size class (1-h, 10-h and 100-h) ; surface-
area-to-volume (SAV) ratio by component and dead fuel size class ; fuel bed depth ;
dead fuel moisture of extinction ; and heat content of dead and live fuels. The model
also requires information on fuel moisture for the live and dead fuels, as well as wind
speed and slope. The dead fuel moisture of extinction conceptually represents the
moisture threshold at which fire can spread, but needs considerable adjustments in

order to generate realistic output.
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Figure 3.3 - Schematic representation of a flame front in the Rothermel model and the
effects of wind and slope.

SOURCE: Adapted from Rothermel (1972).

Many operational semi-empirical fire behavior models used in the United States
are based on Rothermel’s equations, such as BEHAVE (ANDREWS, 1986) and the
National Fire-Danger Rating System (NFDRS) (BURGAN, 1988). BEHAVE and its
successor BehavePlus (HEINSCH; ANDREWS, 2010) are simple PC applications which
implement Rothermel’s fire behavior equations. BehavePlus is used to rapidly asses
fire behavior from fuel and environmental conditions. It can be used as a tool to cal-
ibrate custom fuel models for fuel beds which do not fall into one of the pre-defined
fuel models, comparing predicted behavior to that which is observed. Recent research
has lead to more realistic representation of fuel beds and overcome the limiting
premise of homogeneous fuel beds of the original Rothermel model. The Fuel Char-
acteristic Classification System (FCCS) (OTTMAR et al., 2007) allows to represent
actual fuel beds as a combination of different fuel bed stratum (ground fuels, lit-
ter, woody fuels, nonwoody vegetation, shrubs and canopy) and specify with greater

granularity the characteristics of the actual fuel bed components. The FCCS is often
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used in conjunction with the various “Natural Fuel Photo Series” which consist of
detailed fuelbed and standing biomass measurements for various natural settings in
the United States, Mexico and the cerrado of Central Brazil (OTTMAR et al., 2001).
Modified Rothermel equations (SANDBERG et al., 2007) represent fire behavior in
greater detail and realism by including the actual fuel components involved in the
combustion process. The FCCS is currently being used operationally in the United
States to study the possible effects of fuel treatments in potentially hazardous sites,
evaluation of first order fire effects such as smoke emissions and tree mortality. This
system has been adopted by Mexico and Portugal, and it is being considered as a

viable alternative in other countries.
3.1.3 Fire spread simulation models

Fire spread simulation models are used to simulated the spread of fire across a land-
scape, usually represented by discreet cells within a Geographic Information System
(GIS). The most realistic method is to couple a physical fire propagation model to a
high-resolution atmospheric model, thus representing the complex feedbacks between
the atmosphere and fire processes. HHIGRAD/FIRETEC from Linn et al. (2005) is
such a model and respects conservation of mass, momentum and energy for both
gas and solid phases. However, these models cannot be executed in real time due
to the complexity of the resolved processes, and require detailed knowledge of both
combustion and atmospheric processes. A more efficient approach is to couple an
atmospheric model to a semi-empirical fire behavior model, such as that of Clark et
al. (2004) and more recently the WRF-Fire (COEN et al., 2012) and WRF-SFire mod-
els (MANDEL et al., 2011), coupled to the WRF numeric weather prediction model.
Less computationally demanding fire models are build using semi-empirical or em-
pirical fire behavior models and modeling the fire spread on the landscape using a
number of numerical techniques using vector- or raster-based approaches, driven by
atmospheric observations or uncoupled simulations. The most efficient models use
empirical models with a Cellular Automata (CA) approach or other mathematical

analogues, with simple transitions rules.

Fire propagation has been modeled in an elliptic shape for quite some time (SULLI-
VAN, 2009b). Huygens’ wavelet principle (a dated theory to explain the propagation
of light waves) was applied to model an elliptically-shaped fire perimeter propaga-
tion —analogous to a propagating wave— by Anderson et al. (1982). It was subse-
quently implemented into operational fire spread models such as FARSITE in the
United States (FINNEY, 2004), Prometheus in Canada and SiroFIRE in Australia
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(a) MTT algorithm in FLAMMAP (b) Huygens’s wavelet principal in FARSITE

Figure 3.4 - Example of near-identical fire growth patterns using the MTT algorithm and
Huygens’s wavelet principal.

SOURCE: Finney (2002).
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Figure 3.5 - Input layers used by the FARSITE and FLAMMAP fire spread simulators.

SOURCE: Finney (2004).
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(SULLIVAN, 2009b), using these nations’ respective fire behavior models. However,
Huygen’s wavelet principle is computationally expensive and has problems with the
merging of convergent fire fronts. A technique using a “minimum travel time” (MTT)
method in raster space (FINNEY, 2002) implemented into the FLAMMAP software,
considerably speeds up the calculations of fire spread under constant atmospheric
conditions and generates similar results to FARSITE (see Figure 3.4). MTT is based
on Fermat’s principle in which a wave will follow the path of minimum travel time,
and by analogy the fire line follows the “path of least resistance”, or highest rate of
spread. FARSITE and FLAMMAP are both used operationally by the USDA Forest
Service and use Rothermel’s fire behavior equations. They takes as input the terrain
elevation, slope and aspect (from a Digital Elevation Model; DEM), fuel model and
canopy characteristics of the landscape, as well as weather data such as temperature,
relative humidity, wind and precipitation (see Figure 3.5). Optional information on
the canopy cover and height is useful for computing canopy shading and wind re-
duction at ground level as well as crown scorching. FARSITE and FLAMMAP use
the Rothermel fire behavior equations and fuel models to generate fireline intensity,
flame length, ROS, heat/area, reaction intensity, crown fire type and spread direc-
tion. The forest landscape simulation model Fire-BGC (KEANE et al., 1996) initially
used FARSITE for the fire behavior and spread calculations, but an updated ver-
sion uses a simple CA spread algorithm to decrease computation time. An ensemble
technique using FLAMMAP and the MTT algorithm has been developed by Finney
et al. (2010) for use in an operational wildfire management system, the Wildland
Fire Decision Support System (WFDSS). In the study, ensemble of weather forecasts

were use to generate burn probability maps from fire spread simulations.

Empirical fire models are commonly implemented using Cellular Automata (WOL-
FRAM, 1983), a concept introduced by von Neumann in the 1940s. In the context
of fire spread modeling, cells in GIS raster space can have a state of “unburned”,
“burning” or “burned”, set of rules defines the possible transitions from said states,
and fire can spread from burning cells to their neighbors, as illustrated in Figure
3.6. In percolation models, such as EMBYR of Hargrove et al. (2000), the proba-
bilities of fire “contagion” are calibrated from empirical studies. The disadvantages
of empirical fire spread models is that they must be calibrated for different regions,
which can limit their application over extensive regions. Another mathematical ana-
log, known as fuzzy logic theory, has been applied to fire spread modeling by Mraz
et al. (1999) and Vakalis et al. (2004). Simply put, fuzzy logic fuzzifies input data
(so-called crisp information) into discrete categories, and with simple rules based

on expert knowledge generates stochastic output which is then defuzzified and in-
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Figure 3.6 - Illustration of the Cellular Automata concept applied to fire spread modeling.

SOURCE: Hargrove et al. (2000).

terpreted. This approach is interesting when detailed information on fuel and local
conditions is scarce and fire spread behavior is not well known in exact numeric
terms. Cellular Automata have also been used in conjunction with Rothermel’s semi-
empirical model. Berjak and Hearne (2002) improved upon the empirical CA model
of Karafyllidis and Thanailakis (1997) by including Rothermel’s equations in the fire
propagation rules and applied their model to a heterogeneous savanna landscape in
South Africa. Peterson et al. (2009) used HFIRE, a relatively simple fire spread algo-
rithm, for simulating fire spread in synthetic landscapes and chapparal shrublands.
HFIRE uses rate and directions of spread calculated using Rothermel’s equations,
and a raster method using adaptative timesteps for fire spread. The program uses
the same input as FARSITE, and while requiring less computational time generate

similar results, thus providing a potentially useful alternative to FARSITE.
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3.1.4 Fire in the Brazilian tropics

Fire spread modeling in moist tropical forests such as the Amazon is a considerably
challenging task. Cochrane (2009) identifies the major challenges as high species di-
versity, the complexity of processes controlling surface fuel moisture, high variability
of organic decay rates and lack of fuel models despite many studies on fuel composi-
tion. Modern human activities are a significant source of ignitions and disturbance,
but climate and weather are the dominant controls on fire spread and intensity, as
seen in the extreme fire seasons during the 1997-1998 El Nifio event (ALENCAR et al.,
2006) and the Amazon drought of 2005 (ARAGAO et al., 2007; MARENGO et al., 2008).
Fire return intervals in moist tropical forests have been historically low, which has
lead to the establishment of fire-prone species. The high evapo-transpiration rates
combined with deep roots make moist tropical forests inherently resistant to mod-
erate drought. Ecologists have long sought to explain the mechanisms by which
drought can lead to fire vulnerability, despite natural resistance to drought, as pro-
longed droughts can render even undisturbed primary forests vulnerable to fire (RAY
et al., 2010). Possible mechanisms identified are: 1) drought-induced leaf shedding
which decreases LAI, increases incident solar heating and lowers litter moisture and
raises litter content ; 2) low surface soil moisture and 3) high vapor pressure deficit
(VPD) which both have a drying effect (RAY et al., 2010). There has not been so far
a satisfactory model which predicts fuel moisture content (FMC) and a “magical”
value at which fire can spread. However, anecdotal evidence points to a threshold
value of 12% (HOLDSWORTH; UHL, 1997) and Ray et al. (2005) identified threshold
values of 0.75 kPa VPD and 23% FMC for understory fire spread in the Amazon
rainforest. Various studies of under-story fire report generally slow (~20-40 cm/min),
low-intensity and low flame height (<50 ¢cm) flaming fronts (CARVALHO et al., 2010;
CARVALHO et al., 2003; COCHRANE et al., 1999, personal experience). Despite low
intensity and height flames, tree mortality due to understory fires is surprisingly
high, due to low resilience to fire and high flame residence times. There is evidence
of feed-backs of slash-and-burn and understory fires on tree mortality and increased
vulnerability to fire (LAURANCE, 2004; BARLOW; PERES, 2008). A few ground-based
experimental data exists supporting these claims (BALCH et al., 2008; BALCH et al.,
2009; BALCH et al., 2011; BRANDO et al., 2012; BRANDO et al., 2014; CARVALHO et al.,
2010).

Fires in the Amazon are usually small and limited to the understory, which makes
them difficult to detect by conventional global burned area mapping methods (ROY
et al., 2008; MORTON et al., 2011), making model validation over large areas difficult
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if not impossible. Silvestrini et al. (2011), Silvestrini et al. (2009), Silvestrini (2008)
made a first attempt to model understory fire spread using Cellular Automata,
with spread rules based on understory VPD, simulated by the CARLUC carbon
cycle model. Fire occurrence was modeled using fire risk maps derived from anthro-
pogenic and climatic factors (SILVESTRINI et al., 2011), and simulated fire spread
was compared to a local burned area map from high-resolution LANDSAT imagery
(ALENCAR et al., 2004). Although simulated burned area values were similar to those
observed, spatial match was rather poor. The spatial discrepancies could be caused
by the accuracy of the spatial locations of the simulated fire ignitions, errors in the
simulation of understory VPD and the arbitrary VPD threshold used in the prop-
agation rules. To the author’s knowledge, there have been no published studies to
date using the Rothermel model in the Amazon forest, and very few in other trop-
ical forests. Carapia (2006) cited the lack of proper fuel models for tropical forests
in a fire propagating study using FARSITE in the Parque Nacional da Floresta da
Tijuca near Rio de Janeiro. Cochrane (2009) elaborated on the need for a new suite
of fuel models for the moist tropical forest and better science to explain and predict
the processes controlling soil and understory fuel moisture. The Rothermel model
may not be suited for heterogeneous moist tropical forests due to the model’s design,
which assumes fuel homogeneity and cylindrical fuel particles (i.e. needles, which are
not present in tropical forests), and relies heavily on convective heat transfer, which
is low in the usually windless, closed-canopy tropical forest (Ernesto Alvarado, per-
sonal communication). While this assumption may be considered exagerated, there

is no proof that the Rothermel is indeed adequate for tropical forests.

Fire in savanna ecosystems such as the Brazilian cerrado is comparatively simple to
model, due to the prevalence of grasses as fire-carrying fuels and a clearly-defined
fire season (at the end of the dry season). Observed fire behavior data, although
scarce compared to that in temperate areas, have been published by Kauffman
et al. (1994), Miranda et al. (1996), Castro and Kauffman (1998), with rates of
spread near 0.5m/s. Fuel load is variable (with a dependence on physiognomy, species
composition and time since last fire), fuel consumption is highest where the biomass
density is lowest (nearly 100% in the grasslands) and woody species mortality is
surprisingly low, due to the rapid rate of spread, low flame height and fire tolerance
of the dominating species (MIRANDA et al., 2002; MIRANDA et al., 2009, and references
therein). The percolation model of (HARGROVE et al., 2000) was used by (ALMEIDA,
2012) to study fire spread in cerrado vegetation within the Parque Nacional das
Emas (PNE) — GO. Propagation probabilities were estimated from observed burn

intervals (as a proxy for accumulated fuel), obtained from high-resolution remote
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sensing imagery (FRANCA et al., 2007), and adjusted for wind speed and direction.
The standard fuel models of (SCOTT; BURGAN, 2005) contain various grass models
which may be applied directly to the grassy physiognomies of the cerrado (such as
campo limpo and campo sujo). The “stereo photo series” of Ottmar et al. (2001)
contain detailed biomass measurements from various sites in the cerrado, which can
be used to create custom fuel models. Mistry and Berardi (2005) conducted field
and modeling experiments in the Reserva Ecologica do Roncador (RECOR) - DF,
creating custom fuel models for the various vegetation types found in the cerrado
and using them as input for FARSITE in the RECOR ecological reserve. They
created the custom fuel models with information from various field experiments
and published biomass inventories and used the BEHAVE program as a calibration
tool. The authors commented on the difficulties of accurately simulating fire spread
in natural areas of the cerrado, due to the natural patchiness of these landscapes.
Fernandes (2003) used FARSITE for a study of fire-fighting strategies in the Parque
Estadual Serra do Rola-Moca — MG. Simulated burned area was similar in size
to observed through satellite imagery, but spatial pattern was somewhat different,
which the author attributed to limited knowledge on actual fuel composition and a
dated land cover map. Mbow et al. (2004) used FARSITE simulations as an input to
their fire risk model for a National Park in Senegal, and found that simulated area
correlated well with observations. They concluded on the importance of accurate
detailed spatial information on fuel composition and moisture to properly simulate

the spatial patterns of fire spread.
3.2 Methodology
3.2.1 Overview

This study lays the founding blocks of a much larger multi-scale modeling framework,
as depicted in Figure 1.2. The core of the proposed framework is the multi-scale LSM
model (MS-LSM) presented in Chapter 2. The lower-resolution interactions between
the land surface and the atmosphere can be either one-way (as in the offline INLAND
model) or two-way, when coupled to an atmospheric model (as in the BESM frame-
work). A LUCC model or historic observations (250m — 50km resolution) drive two
changes to the high-resolution land cover map: one directly through deforestation
and other LUCC processes (land cover changes, land abandonment, etc.), and the
other indirectly through deforestation and pastures fires. These ignition sources, as
well as natural processes such as lightning, are used to initiate the high-resolution
(250m) fire spread model. This model in turn interacts with the MS-LSM model
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in two ways: land surface properties are received from the LSM and land cover is
allowed to change through the combustion process. Atmospheric conditions are re-
ceived from the atmospheric module and emissions through combustion processes is

injected into the atmosphere (if applicable).

The fire spread model uses the Cellular Automata approach, with a simple fire spread
algorithm that spreads by percolation (using the von Neumann neighborhood) and
simple empirical fire spread rules. The model is implemented in Fortran90 for easy

integration with the main INLAND model. The main components of the model are:

e multi-scale framework (MS-LSM) for downscaling LSM properties to the

fine scale of the fire spread model (as described in section 2.2)

e high resolution land use map and other supporting data such as roads,

rivers (and eventually topography) to act as fire spread barriers

e custom fire spread/behavior module — determine if and when fire spreads
from a cell to adjacent cell and if a given cell can burn given land surface

and atmospheric conditions

3.2.2 Land cover map and other supporting data

The spatial scale at which the model is configured depends on these major factors:
computational resources, spatial detail of available land cover maps, and the knowl-
edge on fire behavior at such scale. The combination of these factors leads to a
subjectively determined ideal scale of 250m. Smaller scales such as 30 or 60m are
not desirable because it would be computationally expensive, and knowledge on fire
behavior in the Amazon and cerrado is not yet sufficient to warrant such a fine scale.
On the other hand, using a coarser scale removes the fine-scale structure of land-
scape fragmentation and forest edges, particularly in regions of “fishbone pattern”
deforestation, as shown in Figure 3.7. The PROVEG map suffers from a resolution
that is slightly too low (1km) and in its current form presents displacement which is
unacceptable at the scale considered — up to 2km as shown in Figure 3.8. Therefore
the map of choice for this work is the IBGE-TC map described in section 2.2.4. This
high-resolution map is used as an input for the subgrid tiling scheme in the INLAND
model (as described in section 2.2.5). The fire spread and behavior routines operate

at this same resolution.

The roads dataset from IBGE (ST _RODOVIA. shp) is used as a firebreak, effectively

limiting fire spread. Currently fine-scale rivers and other hydrological features are
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ignored if they are not represented in the 250m land cover map. Topography is not
currently considered, but it could be used as a fire break and also as a parameter in
the fire behavior and spread routines. The absence of consideration of topography

in the model implies modelling errors in areas of moderate or high slope angles.

Figure 3.7 - IBGE-TC land use map in eastern Pard state, at 250m (left) suffers from loss
of detail when resampled to 1km (right).

) IBGE-TC ) GLS2010 only ) PROVEG

Figure 3.8 - Land use maps overlayed on GLS2010 Landsat imagery (WRS 226/63 ac-
quired on 2010/07/24) showing a displacement of ~2km of the PROVEG map
and perfect alignment of the IBGE-TC map.
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3.2.3 Basic fire spread model structure and workflow

Firstly the main INLAND model is initialized, provided it is run in “high-
resolution map” mode (see section 2.2.5). The many-to-one relationship between
high-resolution grid cells and low-resolution tiles (see Figure 2.10) is kept in memory
for usage throughout the simulation, so that any property of the tile parent can be
accessed at any time. The firespread model is initialized and loads vegtype-dependent
firespread parameters, as well as an ignitions list, containing the day and time as well
as longitude/latitude position of fire ignitions. Next the Cellular Automata struc-
ture is created, with a firecell object created for each of the high-resolution points
in the simulation. Note that this entire structure is taxing on memory usage due
to the high resolution of the firecell grid, which consumes an extra ~1.25 MB of
memory for each INLAND grid cell (for example, a simulation covering the entire
Legal Amazon region with 2630 grid points and 2 tiles would require approximately
6.25 GB of memory, which is a large amount for desktop computers). This implies
that the fire spread model should only be used with a small number of low-resolution
INLAND grid cells when using a typical desktop computer. Processing time is not
so much a limiting factor, as CPU ressources are only necessary when simulating

the fire spread and the model complexity is rather low. The firecell properties are:

burnstate Burn state, one of {unburned, ignited, spreading (burning and

spreading), burning (burning only), burned}

vegtype The vegtype of the parent tile

firebreaktype Fire break type (1 if a road passes through the grid cell, else 0)
spreadrate Fire spread rate in m/s

burntime Time cell has been burning in seconds

The burnstate property is common in all Cellular Automata models (as that of
Hargrove et al. (2000) shown in Figure 3.6). The IBGE roads dataset, previously
converted from shapefile format to a 250m raster map, is used to determine the
firebreaktype of each firecell. This could be extended for other fire breaks such as
riverbeds or breaks in topography. Spreadrate is determined when the cell is ignited

and burntime is constantly updated.

The states of the firecell grid cells are allowed to change as illustrated in Figure
3.9. The main loophour() subroutine, summarized in a workflow diagram in Figure
3.10, is called at the end of each INLAND timestep loop (currently each hour). First
the ignitions list is consulted and if an ignition entry matches the current timestep

and location lies within the model domain, the corresponding cell state is set to
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Figure 3.9 - State diagram of the Cellular Automata in the fire spread model. Dotted
lines show stationary states and the dashed line shows interactions between
adjacent cells.

Figure 3.10 - Principal components of the main loophour() fire spread subroutine. Dashed
line shows interactions with adjacent cells.

ignited. A fast internal loop, currently executed 10 times for each hour loop, allows
to simulate fire spread and extinction on timescales shorter than the INLAND model
hourly loop. For each cell in the list of burning cells the following steps are executed,
simulating the typical rapid advance of a fireline, which is followed by longer burning
and smoldering phases and finally extinction:

a) burntime is updated

b) if the cell is in ignited state, set it to spreading

c) if the cell is in spreading state and the fireline has reached adjacent cells
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(based on the cell’s spreadrate and size), its state is set to burning and the

tryspread() subroutine is called for each of the four adjacent cells

d) if the cell has been burning for a sufficient time (spread time + burn time)

the fire burns out and the cell’s state is set to burned.

The tryspread() subroutine determines spread from a cell to its neighbors and can

be summarized by these simple rules:

a) do not spread to cells of certain vegtype
b) do not spread from cells with fire breaks
c¢) stochastically determine fire spread occurrence

d) set fire spread rate from vegtype parameters

The tryspread() subroutine determines if fire can spread from one cell to another.
Certain cells cannot burn based on their vegtype value (e.g. water). As real firebreak
size is typically much smaller than the 250m grid cell and their path within a grid
cell is not considered, any cell that contains a fire break may burn, but fire is not
allowed to spread from it to adjacent cells. This is rather simple but works well in
the case of linear fire breaks such as roads (shown in next section). Fire spread is
determined stochastically, based on the vegtype dependent fire spread probabilities
of the destination cell, which require calibration. For example, pasture has a much
higher chance of burning than evergreen tropical forest. The fire spread rate of each
cell is also dependent on wvegtype, using average values from scientific literature and
remote sensing data. These and other parameters are given in section B.2.2. Further
development of the model, based on modeled bio-physical parameters, are discussed

in section 3.3.3.
3.2.4 Influence of wind and topography

Fire rate of spread is heavily dependent on wind direction and speed, as well as
topography. Figure 3.3 illustrates the effect of wind and slope on a flame front, and
the Rothermel equation (Equation 3.1) includes factors for both wind and slope. A
strong wind tilts the flame in the wind’s direction, increasing radiative heat transfer
to surface fuels and rate of spread in the wind’s direction, whereas it lowers ROS
in the opposite direction. This principle has been used in the Cellular Automata

model of Berjak and Hearne (2002), which considers the flame angle between the
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surface and the flame front. Equation 3.2 (BERJAK; HEARNE, 2002) and Equation
3.3 (WEISE; BIGING, 1996) account for the effect of wind and Equation 3.4 (BERJAK;
HEARNE, 2002) accounts for slope effect:

Rw = RO exp(ﬂlﬁf) (32)
0; = arctan(By(U?/gH)") (3.3)
Rs = Rgexp(aby) (3.4)

where R, is the ROS adjusted for wind, R, is the ROS adjusted for slope, Ry is the
basic rate of spread (without wind or slope), 6; is the “flame angle” (angle between
the flame and the fuel, without slope), 6; is the “slope angle”, U is wind speed, g is
the gravity constant, H is flame height, and «, 51, B2 and 3 are empirical constants.
The U?/gH value is dimensionless and is called the Froude number. The effect of
wind and slope is to alter the flame angle, which is considered to have an exponential

effect on rate of spread.

In Berjak and Hearne (2002), the following empirical values are used for a South
African savanna landscape: g = 9.8m/s?, H = 2.8m, alpha = 0.0693, 5, = 0.0576,
By = 2.35 and (3 = 0.57. In a preliminary study, we use these values as they are
adequate for representing fire spread in savanna and pasture, present in our study
area. Table 3.1 shows examples of flame angle (6;), forward ROS (Ry), backward
ROS (Rp) in function of wind (U) and base ROS (Ry), using these empirical values.
For example, with a flame-height wind of 10km/h, forward ROS is 16.56 times
stronger than basic ROS, and backward ROS is almost nil.

Table 3.1 - Examples of ROS adjusted for wind speed.

o ROS (m/s)
Ul 6 ) RS
0 0.00 1.00 1.00 1.00
1 4.72 1.00 1.31 0.76
) 27.34 1.00 4.83 0.21
10 48.73 1.00 16.56 0.06
20 68.29 1.00 51.08 0.02

As the INLAND model only considers wind speed (using climatological wind speed
from the CRU dataset), this study considers fixed wind directions. For further stud-
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ies wind speed and direction from re-analyses (such as the ERA40 dataset) can be
used, using monthly values of the 1961-1990 period to compute monthly climato-
logical averages, interpolated to the model resolution (0.5°) using nearest neighbor
resampling. Equation 3.2 and 3.3 were used to compute the northward (Rn), south-
ward (Rs), westward (Rw) and eastward (Re) ROS, in function of the meridional
(north-south) and zonal (west-east) wind components at flame height. As the model
uses the von Neuman neighborhood, only wind from the main cardinal directions is
considered. In order to represent arbitrary wind directions, the 8-cell Moore neigh-
borhood must be used. For simplicity the u2 variable (wind speed at level z2 — ef-
fective bottom of the upper canopy) at each timestep was considered, as this height
is fairly constant across land cover types (2.5-3m). Note that daily and hourly wind
magnitude vary (due to the use of an internal weather generator), which introduces
a stochastic element in the ROS. When a cell is ignited, the Rn, Rs, Rw and Re
values are calculated and for each neighbor the “time to spread” value is calculated,
based on current rate of spread (in the proper direction) and distance to the edge
center of said neighbor. This simplified approach neglects changes in ROS during
the period which fire spreads to the next cell.

3.2.5 Influence of surface and air moisture

An important factor in fire spread is the presence of surface litter and its moisture.
LAT and VPD (Vapor Pressure Deficit) play an important role in determining surface
Fuel Moisture Content (FMC), as sunlight can decrease soil moisture during the day
and high VPD values (or low relative humidity) can dry surface fuels more quickly
(RAY et al., 2010). VPD can be computed from INLAND model variables using
Equation 3.5:

Q
gsat(esat(T), P)

VPD = (1 - ) x esat(t) (3.5)

where VPD is in Pa, Q is actual specific humidity, T is temperature in K, P is
surface pressure in Pa, esat is saturation vapor density in Pa and gsat is saturation
specific humidity; T and Q are available in the model at various levels and esat and

gsat are computed from the other values.

VPD can be computed at hourly intervals, accounting for changes in relative hu-
midity, temperature and the drying effects related to LAI and solar heating. It can

also be obtained at various heights: middle of the lower canopy, middle of the upper
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canopy, 2m above the surface and in the free atmosphere above the upper canopy.
All but this last height are function of actual land cover, therefore values may be
different amongst tiles with different land cover type. The level chosen is 2m as it
does not vary in height and is close to the height that most VPD measurements
are taken in the field. VPD at 2m can be used as a condition for fire spread when
above a certain threshold. FMC is not available in the INLAND model and should
be estimated from surface soil moisture, litter content and VPD. Both litter content

and moisture are not considered directly at this point.
3.2.6 Experimental setup

Two small areas (2x2 INLAND model grid points) have been selected to implement
and test the fire spread model. The first, shown in Figure 3.11, is largely deforested
and is located at the eastern border of Para and Mato Grosso states. The second is
less deforested and is typical of “fishbone” deforestation patterns, located in eastern
Para state and shown in Figure 3.12. In both cases, a previous model run has been
executed for a duration of 100 years using the IBGE-TC high resolution map and 4
tiles, with the fire spread model disabled. This allows for most INLAND model values
to stabilize to their potential or modified vegetation state (for natural/modified tiles
respectively), as explained in section 2.2. The execution of the fire spread model is
as follows: the INLAND model is executed in restart mode with the firespread model
enabled, taking off where the previous 100 years model run stopped. A number of
predefined ignitions (time and location are defined by the modeller) is used in order
to start actual fire spread, all located in areas of pasture in order to ensure that the
fire lines do in fact spread. The model is run for an entire year and daily values of

burnstate are saved to a high resolution map for analysis.
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Figure 3.11 - Map of the “highly deforested” domain test area in Southeastern Pard, show-
ing vegtype and roads.
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vegtype - vegetation type - static

Figure 3.12 - Map of the “fishbone pattern” test area, showing vegtype and roads.

3.3 Results
3.3.1 Sensitivity study of basic fire spread model

In this section the basic fire spread model and its parameter sensitivity is illustrated.
First are shown results for the “highly deforested” test case. Figure 3.13 shows fire
model sensitivity to the use of roads acting as fire breaks. In the case without fire
breaks, fire spreads to most of the area in a few days after a single ignition in
the middle of the model domain, as the landscape consists mainly of pasture, with
few obstacles to stop fire spread. Forested areas are largely intact as the basic fire

spread parameters inhibit fire spread to forest. The shape of the fire line is almost
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—but not quite— concentric due to the simplicity or the fire spread algorithm em-
ployed. Changing the fire spread velocity depending on spread direction (lateral vs.
straight) would allow to make spread more circular. Adding mode ignitions does not
significantly change the final outcome (not shown). The introduction of roads allows
to contain the spread to a much smaller area, even when additional ignitions are
included. This more closely resembles real-life fires which tend to be more isolated.
The sensitivity to model parameters, without fire breaks, is illustrated in Figure
3.14. The left column shows a decrease in fire spread rate in pasture (from 0.2 to
0.05 m/s). After 15 days the fire line has spread to a far smaller extension than in
the control case. In the right column we see the effect of an increase in fire spread
probability in forest (from 0.005 to 0.5): almost the entire landscape is burned, but

at a relatively slow pace, due to a slow fire spread rate in forest.
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(a) no roads (b) roads (c) roads and three ignitions

Figure 3.13 - Fire spread state at 3 day intervals (from top to bottom) with and without
roads acting as fire breaks. Yellow cells are ignited, dark red are spreading,
red are burning and grey are burned.
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(a) lower pasture spread rate (c) higher forest spread prob-
(0.05m/s) ability(0.5)

Figure 3.14 - Fire spread state (3 ignitions) at 5 day intervals (from top to bottom) show-
ing sensitivity to firespread parameters (spread rate and probability). Yellow
cells are ignited, dark red are spreading, red are burning and grey are burned.
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Here are shown results from simulations done with three ignitions in the “fishbone
pattern” test area. Figure 3.15 shows results with and without fire breaks. Without
fire breaks the fire line spreads to most pasture areas surrounding the ignition points
but does not spread to all pasture areas, contrary to the previous area, because the
deforestation is not as extensive. The inclusion of fire breaks isolates the burned
area patches further, as the roads generally cross the deforested areas in this “fish-
bone” pattern, limiting fire spread to one side of the road and confining spread at
crossroads. Figure 3.16 shows a hypothetical “apocalyptic” scenario with high fire
spread probability in forest (0.5), similar to fire patterns observed in years of ex-
treme drought. Fire initially spreads through the deforested areas, but soon creeps

through forest and reaches other deforested areas.
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(a) with fire breaks (b) without fire breaks

Figure 3.15 - Fire spread state in a “fishbone” deforested landscape (3 ignitions) at 3 day
intervals (from top to bottom) with and without roads acting as fire breaks.
Yellow cells are ignited, dark red are spreading, red are burning and grey are
burned.

64



Figure 3.16 - Fire spread state in a “fishbone” deforested landscape (3 ignitions) at 7
day intervals (from top to bottom) with fire breaks and high forest spread
probability (0.5). Yellow cells are ignited, dark red are spreading, red are
burning and grey are burned.
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3.3.2 Sensitivity to wind speed and direction

Sensitivity to wind speed is demonstrated in an experiment located in the “highly
deforested” area, but with land cover consisting entirely of pasture and base ROS
of 0.1 m/s and fire spread probability of 0.75. Figure 3.17 shows burn states after a
single ignition in the center of the domain, with northerly wind speeds of 0, 2.5 and
10 m/s (at 10m height, and no stochastic daily/hourly variations in wind speed). In
the case of no wind (left column), fire spread shape is circular, as expected, while
in the case of low and high wind speeds (center and right column, respectively) the
shape is roughly elliptical, with higher ROS in the southern direction. Note that the
fire does not spread much against high winds, consistent with a u2 wind of 2 m /s and
low backward ROS of 0.1 m/s, versus a high forward ROS of 1 m/s (approximately).
Figure 3.18 shows results in a landscape consisting of tropical forest, with the same
fire spread parameters as in the previous case, to evaluate the effect of sub-canopy
wind speed only. In this case the effect of wind is minimal but slightly noticeable in
the case of high winds. This is due to the fact that sub-canopy wind is much lower
than 10m input wind speed in a dense forest (because of a high roughness length) —

in this case 0.34 m/s, compared to 2 m/s in pasture.

Similar sensitivity experiments were done using the IBGE-TC land cover map used
in section 3.3. First are shown results for “highly deforested” area, a landscape
dominated by pasture, with some isolated forest patches. Figure 3.19 shows results
similar to the pasture-only scenario, but with unburned patches in the forested areas:
circular fire perimeter in the absence of winds and a roughly elliptical shape in the
presence of low and high northerly winds. In the “fishbone pattern” study area, the
configuration chosen was 3 ignitions, no fire breaks and 3 wind cases: no winds and
strong northerly and westerly winds. Figure 3.20 shows fire spread states at 3 day
intervals. In the northerly wind case, fire spreads slightly more to the south and less
far north compared to the no winds case. In the westerly wind case, fire spreads more
rapidly to the east and more slowly to the west. This illustrates the potential for
more realistic fire spread representations in fragmented landscapes, in which wind

direction and spatial structure are important in determining which areas are burned.
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(a) wind=0 m/s (b) wind=2.5 m/s (c) wind=10 m/s

Figure 3.17 - Fire spread states at 3 day intervals (top to bottom) in a pasture landscape
with varying northerly wind speeds. Yellow cells are ignited, dark red are
spreading, red are burning and grey are burned.

(a) wind=0 m/s (b) wind=2.5 m/s (c) wind=10 m/s

Figure 3.18 - As in Figure 3.17 but in a forested landscape, using fire spread parameters
for pasture. Yellow cells are ignited, dark red are spreading, red are burning
and grey are burned.
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(a) wind=0 m/s (b) wind=2.5 m/s (¢) wind=10 m/s

Figure 3.19 - Fire spread states at 2 day intervals in the “deforested landscape” study
area with varying northerly wind speeds. Yellow cells are ignited, dark red
are spreading, red are burning and grey are burned.
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(a) northerly wind (10 m/s) (b) no wind (c) westerly wind (10 m/s)

Figure 3.20 - Fire spread states at 3 day intervals (from top to bottom) in the “fishbone
pattern” study area with varying wind direction. Yellow cells are ignited,
dark red are spreading, red are burning and grey are burned.
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3.3.3 Sensitivity to surface and air moisture

Figures 3.21 and 3.22 show the yearly-averaged values of wsoia (surface soil mois-
ture), totalit (abov-e ground litter carbon) and vpds2 (VPD at 2m) that have been
downscaled from the INLAND tiles to the high resolution maps. For each INLAND
tile, the values are identical in all corresponding high-resolution pixels. In the case of
the “highly deforested” area (Figure 3.21), soil moisture and surface litter are lower
in deforested areas, while VPD is higher. We also see discontinuities in the moisture-
related values at the borders between INLAND grid cells, showing that moisture is
very sensitive to the input climate data, perhaps more so than actual land cover.
These discontinuities could introduce artificial barriers in fire spread simulations and
should be addressed with a blending algorithm. Discontinuities are less apparent in
the “fishbone pattern” area (Figure 3.22), which is in a location that suffers less
from drought. In this case the difference between forested and deforested areas is

much more pronounced and fire behavior should also show marked differences.

VPD values fluctuate at various timescales: daily (due to changes in temperature,
affecting relative humidity), seasonally (due mainly to changes in precipitation in
the annual cycle), and inter-annually (due to climate variability). In areas with dis-
tinct wet /dry seasons VPD follows an annual cycle, with high values during the dry
season, creating conditions more favorable for fire spread. Figures 3.23 and 3.24 show
the annual cycle of moisture-related variables for the two study areas (using a single
grid point for each). In both cases the left column shows values for a “normal” year
(driven by CRU precipitation climatology) and the right column simulates a “dry”
year (where input precipitation is halved). As in previous cases, the model was pre-
viously run for a 100-year spinup period with CRU-derived precipitation. Variables
zinprec (monthly averaged precipitation from CRU) and rain (daily precipitation
determined from INLAND’s weather generator) show a marked dry season, which
is stronger in the “highly deforested” area (Figure 3.23). Seasonal changes in daily-
averaged VPD (vpds2) and surface soil moisture (wsoia) are more visible in pasture
(vegtype 18) than in forest (vegtype 1). In the first study area, VPD reaches higher
levels during the dry season, but only once crosses the 750 Pa threshold (shown as a
horizontal line) in the forested tile, suggesting that fire would not spread in normal
years during the dry season. However, in the “dry” scenario, forest VPD is higher
than 750 Pa for a few weeks. Note the sudden drop in VPD and peak in soil mois-
ture in the middle of the dry season (in September), following a few precipitation
events. In the case of the “fishbone pattern” area (Figure 3.24), changes in VPD

and soil moisture in the forested tile is much less marked. Even in the “dry” year
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vegtype - vegetation type - static
wsoi - average soil moisture (fraction)
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totalit - total above ground litter carbon (kg/m~2)

Figure 3.21 - Various fire-related variables downscaled from the INLAND model with tiles
to the high-resolution land cover map, the “high deforested” area. Yellow cells
are ignited, dark red are spreading, red are burning and grey are burned.

configuration, VPD stays well below 500 Pa, which would inhibit fire spread in the

forest.

The 750 Pa VPD (at 2m) threshold condition for forest was incorporated into the fire
spread model. To illustrate this, a number of simulations were done in the “highly
deforested” domain, with an ignition on September 2 (in a period of high VPD) in
a pasture area near the center of the domain. Fire spread states at 7 day intervals
(5 days after ignition) are shown in Figure 3.25, for both the “normal year” and
“dry year” precipitation inputs. In the normal case, fire spreads only to pasture
areas, while in the dry scenario, fire slowly creeps into forested areas. Note that in

the last date plotted (September 21), fire has stopped spreading in forested areas,
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vegtype - vegetation type - static
wsei - average soil moisture (fraction)
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totalit - total above ground litter carbon (kg/m~2) vpds2 - VPD at2m (Pa)

Figure 3.22 - As in Figure 3.21 but for the “fishbone pattern” area.

following the precipitation events which brought VPD below the 750 Pa threshold.
This illustrates the capability of the model to terminate fire spread following changes

in weather conditions.
3.4 Discussion

The sensitivity studies of the simple empirical fire spread model, coupled to the
INLAND DGVM, show that it is able to create realistic patterns of fire spread
under different land cover types (namely forest vs. pasture) and spatial deforestation
structures (largely deforested vs. “fishbone” patterns). The model also creates very
distinct fire spread spatial patterns when considering roads as deterministic fire

breaks.
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Finally the effects of the two main climatic drivers of fire spread and occurrence
—wind and fuel moisture— were examined. It was shown that: variations in wind
magnitude can be represented at the sub-canopy level; an ideal elliptic fire shape can
be simulated in the presence of wind; and the effects of wind are much less important
in dense forest than in open areas such as pasture. The most important element for
representing the occurrence of fire spread (vs. the rate of spread) is fuel moisture,
which can be approximated by sub-canopy VPD. While normal (climatological)
conditions do not favor fire spread within tropical forests in the model, even during

the dy season, these conditions can be met by inducing drought conditions.

These results show the importance of using a land surface model than can represent
the effect of varying land cover (forested vs. open areas) in order to represent sub-
canopy wind and moisture conditions. They also highlight the importance of using
subgrid tiling in a coarse-scale model, in order to represent subgrid-scale variations
of important parameters (i.e. wind, moisture) related to fire occurrence and spread.
The fire spread model thus presented, once properly calibrated, will contain the key
elements needed to simulate fire occurrence and spread in the Brazilian tropics and

study the effects of climatic variability.
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Figure 3.23 - Annual cycle of moisture-related variables in the “highly deforested” area,
representing a “normal” and “dry” year.
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Figure 3.24 - As in Figure 3.23, but for the “fishbone pattern” area.



(a) normal year (b) dry year

Figure 3.25 - Fire spread states at 7 day intervals when 750 Pa VPD threshold is used
for determining fire spread in forest. Contours identify the land use map
(pasture vs. forest). Yellow cells are ignited, dark red are spreading, red are
burning and grey are burned.
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4 EVALUATION OF GLOBAL BURNED AREA PRODUCTS IN THE
BRAZILIAN ARC OF DEFORESTATION

4.1 Introduction

Biomass burning of intentional, accidental or natural origin contributes significantly
to atmospheric emissions of carbon dioxide and other trace gases, atmospheric pol-
lution, and ecological disturbances. Projected changes in climate (e.g. warmer global
temperatures, extremes in precipitation) suggest an increased frequency and severity
of wildfires, especially when coupled to land use changes in the tropics (CARDOSO
et al., 2008). The global tropics are areas that currently suffer from the highest inci-
dence of wildfires and, as they contain a large biomass pool, are a potentially high
source of atmospheric emissions through biomass burning (BOWMAN et al., 2009;
COCHRANE, 2009). Tropical rainforests are rendered vulnerable to wildfires through
deforestation, agricultural practices and ecological and climatic feedbacks (BARLOW;
PERES, 2008). Tropical savannas (such as the cerrado of Brazil) are naturally sub-
jected to wildfires but climate extremes and human practices are important factors
for fire occurence (BOWMAN et al., 2009). Extreme droughts such as the 1997-1998
El Nino and the 2005 drought in the Amazon cause widespread vegetation burning
(ARAGAO et al., 2007; COCHRANE, 2003). To understand the potential synergies be-
tween climate change, land use changes, climate extremes, ecological processes, and
wildfires (COCHRANE; LAURANCE, 2008), researchers are increasingly turning to Dy-
namic Global Vegetation Models (DGVMs)—with a representation of fire processes
included—for global studies (ARORA; BOER, 2005; SITCH et al., 2003; THONICKE et
al., 2010).

Calibration and validation of such global fire models require reliable datasets on fire
occurrence, on a global scale and for extended periods. A few suitable burned area
products are available, especially those based on imagery from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) satellite-based sensor platform. These
include the MCD45A1 (ROY et al., 2008) and MCD64A1 (GIGLIO et al., 2009) prod-
ucts, which are available at their native resolution of 500m, and the Global Fire
Emissions Database (GFED) (WERF et al., 2010), at a coarser scale. Evaluation of
these global products requires regional- and local-scale studies to compare them
against known fire occurrence data. Whereas reliable, more ground-truthed data on
burned area exist for mid-latitude areas such as the United States, Canada and Eu-
rope (e.g. the LANDFIRE program) (ROLLINS, 2009), there are few such databases

available for the tropics. There has been some evaluation in selected tropical areas,
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mostly in Africa (GIGLIO et al., 2009; ROY; BOSCHETTI, 2009).

This works aims to evaluate the performance of the MCD45A1, MCD64A1 and latest
GFED burned area products in areas of the Brazilian “arc of deforestation” which
lies at the ecotone of the Brazilian Amazon rainforest and the cerrado savanna.
The goal is twofold: to evaluate the fine-scale structure and performance of the
high-resolution MODIS products, and to evaluate the regional-scale performance of
GFED and resampled data from the MODIS products. Our approach is to compare
the global products with burned area maps generated from high-resolution products
such as Landsat Thematic Mapper (TM) sensors. Our analyses focuses on two scales:
the native scale of the MODIS products (500m) which is suitable for local-scale
studies and the native scale of the latest GFED product (0.25°), which is at the
lower end of the scales used in DGVMs. Ideally, such a study would encompass a
large sampling of temporal and spatial scales. As a first step we decided to study
the 2010 dry season, a period during which biomass burning was anomalously high
due to a severe drought in the Amazon (MARENGO et al., 2011) and cerrado. Due
to spatial heterogeneity in forest composition and deforestation in the Brazilian
“arc of deforestation”, we selected various sites with distinct and representative
features, such as degree of deforestation, fragmentation type (e.g. “fishbone” vs.

largely deforested).
4.2 Data
4.2.1 Landsat TM burned area maps

Individual Landsat scenes were selected based on a number of criteria, in order to
represent the spatial variability in burned area amount and spatial structure in the
area of interest — the Brazilian “arc of deforestation”. Our goal was to capture the
following features: populated (and highly deforested) vs. remote areas, many vs.
few burns, and pasture vs. deforestation burns. The area and selected scenes are
shown in Figure 4.1. We decided to map the burn scars in two images from each
scene, one taken near the beginning of the 2010 dry season and one near the end
(except for scene 226/070, where we used four images). Overlapping the mapped
burn scars from the two dates allowed us to determine which burn scars detected
at the end of the dry season were not present at the beginning, indicating fires that
must have happened between the dates of the two images. Data from the MODIS
burned area products (see below) indicate that, on average, over 90% of burning in
2010 occurred between the dates chosen for each scene. However, the amount of time

between images is large enough to allow for vegetation regrowth after fires, and as
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such this method could result in some underestimation of dry-season burned area.
Specific dates with low contamination by cloud and smoke, as well as high amounts
of burn scars (for the last map) were chosen for analysis. The scenes and dates chosen
are shown in Figure 4.1. Landsat imagery was obtained from INPE’s Image Catalog
server (INPE - National Institute For Space Research, 2012) and geo-referenced with ortho-
rectified imagery from the NASA GeoCover dataset, using the Universal Transverse
Mercator coordinate system (UTM) with appropriate zone (as given in Table 4.1)

and the WGS-84 datum. Atmospheric correction was not deemed necessary.

Table 4.1 - UTM zone, mapping method, and dates for both images from each scene of the
products used in this study. Dates are given in MM /DD format for Landsat 5
imagery and Julian day of year for the MODIS products.

Landsat UTM Mapping First Date Last Date
scene zone method Landsat MODIS Landsat MODIS

224 066 228 LSMM 06/24 175 09/28 271
224 067 228 visual 07/26 207 09/12 255
226_ 070 218 visual 06/22 173 09/26 269
226_ 071 218 visual 07/24 205 09/26 269
225_ 065 228 LSMM 06/15 166 09/03 246
226_ 067 218 LSMM 07/24 205 10/12 285
227_065 218 LSMM 06/13 164 09/01 244
232_ 067 208 LSMM 05/15 135 08/19 231

Scenes 224/067, 226/070 and 226,/071 were mapped for a previous project using
Landsat 5 Thematic Mapper (TM) Bands 3 (630-690 nm, red), 4 (760-900 nm,
near infrared), and 5 (1550-1750 nm, short-wave infrared), and numerous active
fire products (e.g. MODIS, NOAA, GOES, METEOSAT) from INPE’s active fire
database (INPE - National Institute For Space Research, 2014), using SPRING software
(CAMARA et al.,, 1996). Landsat imagery was used to visually identify and digitize
burn scars, with the guidance of active fire occurrences to assist in the interpreta-
tion. The remaining scenes were processed using the Linear Spectral Mixing Model
(LSMM) technique (LIMA et al., 2012; SHIMABUKURO et al., 2009). We used Landsat
bands 5, 4 and 3 with similarity=8 and area=25 parameters to generate the vegeta-
tion, soil, and shade components of the LSMM method. The ISOSEG algorithm was
used on the shade component (with an acceptance threshold of 75%) to generate a
burn scar map, which was visually inspected and corrected for false positives (such

as water and relief shading).

79



TN

Figure 4.1 - Location of Landsat scenes used, overlaid with burned area from MCD45
during the 2010 dry season.

Geo-referenced imagery (R5G4B3 color composition in GeoTIFF format), as well as

final burn scar maps (polygons in shapefile format) are available on request.
4.2.2 MODIS daily burned area products (500m) MCD45 and MCD64

The Collection 5 MODIS burned area product (MCD45A1, hereafter referred to
as MCD45) is a global dataset estimating burned area at daily temporal resolution
(with an average delay of one day due to the presence of clouds and smoke) and 500m
spatial resolution (ROY et al., 2008). The MCD45 algorithm identifies burned areas
based on changes in reflectance following the removal of vegetation and deposition of
ash and charcoal by burning. The MCD45 product has been evaluated in numerous
global studies (ROY et al., 2008) but few tropical areas (RIVERA-LOMBARDI, 2009;
ROY; BOSCHETTI, 2009). In areas with dense vegetation, such as the Amazon, the
MCD45 product under-estimates burned area mainly due to understory fires which
cannot be detected through changes in reflectance and are frequently of smaller scale
than the mapping algorithm. However, the algorithm fares better in open areas such
as savannas and grasslands (ROY et al., 2008). Rivera-Lombardi (2009) analyzed the
performance of the MCD45 product in the Brazilian states of Acre and Rondonia
and concluded that although agreement was not very good, it remained the best
tool for the systematic estimation of burned areas at regional or larger scales in this

region.
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A different methodology (hereafter referred to as MCD64), developed by Giglio
et al. (2009), combines 500m MODIS surface reflectance products and 1km MODIS
active fire products to map burn scars. Compared to burned area maps derived from
Landsat imagery, the MCD64 product is satisfactory except in areas of dense forest,
and false positives have been identified in areas suffering from intense deforestation
(GIGLIO et al., 2009).

Both MODIS burned area products have a resolution of approximately 500m in the
MODIS sinusoidal projection and are distributed in Hierarchical Data Format (HDF)
format with monthly resolution in 10°x10° tiles. MCD45 files are available from
ftp://e4ftl01.cr.usgs.gov/MOTA/MCD45A1.005/ and MCDG64 files from ftp:
//fire:burnt@fuoco.geog.umd.edu/db/MCD64A1/. We obtained the 2010 monthly
MODIS sinusoidal tiles covering the area of interest (h11v09, h11v10, h12v09,
h12v10, h13v09 and h13v10). For each tile, individual HDF4 monthly tiles were
converted to GeoTIFF format and aggregated into a single file containing burned
area date for 2010. The Quality Assessment (QA) values were not considered (i.e. all
pixels identified as burned were used). The various tiles were converted into a single
mosaic. These operations were done using the GDAL Geospatial Data Abstraction
Library (GDAL, 2013).

4.2.3 GFED4 daily burned area product (0.25°)

The Global Fire Emissions Database (GFED) is a global dataset of estimates of
burned area and emissions from biomass burning (GIGLIO et al., 2010; GIGLIO et al.,
2013; WERF et al., 2010). Burned area estimates from the fourth version of GFED
(GFED4) consist of daily maps at 0.25° resolution covering the period 1995-2011.
The GFED4 product uses active fire observations from the VIRS and ATSR sensors
to estimate burned area before the MODIS period (1995-2000), and a method sim-
ilar to that used in the MCD64 product during the MODIS period (2000-present)
(GIGLIO et al., 2013). Burned area and emissions estimates from previous versions
of GFED are used in most evaluations of the fire components of climate and earth
system models (THONICKE et al., 2010).

The GFED4 burned area data were obtained from ftp://fire:burnt@fuoco.geog.
umd . edu/gfed4/, in the form of global maps at 0.25° resolution in the HDF format.
Individual daily maps of burned area for 2010 were combined into a single file in the
NetCDF format that contained daily values of burned fraction (for ease of compari-
son with other products). For each of the Landsat scenes evaluated, the daily burned

fraction values within the mapping period (see Figure 4.1) were added. These steps
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were performed using GDAL (GDAL, 2013) and CDO (Climate Data Operators)

software packages.
4.3 Methods
4.3.1 MODIS burned area products at native (500m) resolution

In order to remove the effects of differences in spatial resolution of the Landsat
and MODIS burned area maps, all analyses were performed at the native MODIS
resolution of 500m (more precisely, 462.5m). Landsat burned area polygons at their
native 30m resolution were rasterized and resampled to 500m resolution, with a
500m pixel marked as “burned” only if at least 50% of the 30m pixels included in
its boundaries were identified as burned. Landsat and MODIS burned data were
filtered to include only pixels where the burn date was between the first and last
Landsat images of each scene. Therefore, any burn scars identified in the MODIS
products before/after the first/last Landsat map were discarded from the analysis.
For each of the scenes analyzed, the MODIS mosaics were cropped and masked using
the Landsat overlap polygons and re-projected to the same coordinate system and

datum as the Landsat maps.

We used several techniques to compare the accuracy of the MODIS products at 500m
to our Landsat-based maps. So-called “confusion matrices” or “contingency tables”
are commonly used in assessments of spatial classification agreement, as they provide
information on the agreement between a given classified map with a reference map
(CONGALTON; GREEN, 1999). Here, we used confusion matrices to evaluate overall
accuracy (OA, the fraction of correctly classified pixels) as well as omission and
commission error of the burned class (OE and CE; the fraction of actual burned and
unburned pixels, respectively, that were incorrectly classified). Estimated omission
errors can be considered more reliable than commission errors in our analysis, since
it is much more likely for our Landsat-based mapping method to miss an actual
burn scar (e.g., due to vegetation regrowth before the second Landsat image for a
scene) than for it to map a burn scar where no fire occurred. We also used several
other metrics developed for the evaluation of spatial classifications, including the
Cohen Kappa score (K). This is a traditional metric used in the evaluation of spatial
classifications, with values < 0 indicating poor agreement, 0-0.20 slight, 0.21-0.40
fair, 0.41-0.60 moderate, 0.61-0.80 substantial, and 0.81-1 almost perfect agreement
(LANDIS; KOCH, 1977). Kloc, and Khisto (or Kquantity) are related metrics that
allow better discrimination between location and quantification errors, respectively
(HAGEN, 2002; PONTIUS, 2000).
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We calculated these metrics, as well as burned area fraction for the entire scene, for
all scenes and both MODIS products. We also plotted maps of burned area, over-
laying MODIS products and Landsat data in order to show areas of agreement and
disagreement and visually evaluate the accuracy of MODIS burned area products.
Calculations and plots were done using R (R Core Team, 2012) and GDAL software
(GDAL, 2013).

4.3.2 MODIS and GFED4 at coarser resolutions (5km and 0.25°)

As there may be some differences in spatial structure due to different spatial resolu-
tions of the Landsat maps and MODIS burned area products, we analyzed burned
area estimates at a coarser resolution. Individual burned pixel maps at 500m reso-
lution were resampled to burned fraction maps at 5 km resolution, where each pixel
contains the fraction of underlying pixels marked as burned. From these maps, we
computed scene-wide burned fraction (i.e. average across all cells in each scene) for
comparison among products. In order to quantify the agreement in spatial structure
between the MODIS products and Landsat maps, we calculated the spatial Pear-
son correlation of burned fraction in each scene, by pairwise comparison of burned
fraction Landsat and MODIS pixels. While this does not measure agreement in the
magnitude of burned fraction, it does indicate whether the detected burns are well
situated spatially. For example, a negative correlation between two products would
indicate that one product tends to find high burned fraction pixels where the other
finds low burned fraction pixels and vice versa, even though the scene-wide average

burned fraction might be identical.

We performed the analyses mentioned above at a 0.25° resolution as well, with
MCD45 and MCD64 maps being resampled using the aforementioned procedure
and GFED4 daily maps being used at their native resolution (0.25°).

4.4 Results
4.4.1 MODIS burned area products at native (500m) resolution

Area-averaged burned fraction by scene (at 500m resolution) of the Landsat,
MCD45, and MCD64 products is shown in Figure 4.2. There is significant vari-
ability in burned fraction from scene to scene, and both MODIS products capture
this variability, with Pearson correlation coefficients of 0.99 and 0.95 for MCD45 and
MCD64, respectively (not shown). There is a tendency for the MODIS products to

underestimate burned extent, and MCD64 seems to show larger differences (positive
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or negative) than MCD45. Average values (over all scenes) give an overall view and
an indication of relative performance of both products. Scene-wide burned fraction
(from Table 4.2) is very similar between the Landsat and MODIS products (11%
and 10% on average, respectively) and shows good agreement of both products in
quantifying the amount of burned area, with a very small absolute error but a large

average relative error (~30% underestimate).

Table 4.2 - Scene-wide burned fraction estimates from MCD45 and MCD64 products at
native 500m resolution, compared with the resampled 500m Landsat burned
area product, for each Landsat scene. Negative values of relative error indicate
underestimates by the MODIS products. Also shown are average values across
all scenes and for scenes with high Landsat-mapped burned fraction (“High
BF”, defined as > 10%) and those with low burned fraction (“Low BF”).

Burned Fraction (Relative Error)

Landsat scene

Landsat MCD45 MCD64

224066 30%  21% (-9%)  31% (+5%)
224067 17% 18% (+5%)  24% (+37%)
226_ 070 4%  12% (-17%) 9% (-39%)
226_ 071 14% 10% (-24%) 8% (-40%)
225_ 065 ™% 4% (-49%) 3% (-54%)
226_ 067 6% 3% (-41%) 5% (-17%)
227_065 2% 1% (-50%) 1% (-47%)
232_ 067 2% 1% (-49%) 1% (-53%)
Average: All 11%  10% (-29%) 10% (-26%)
Average: High BF 19% 17% (-11%) 18% (-9%)
Average: Low BF 4% 2% (-47%) 2% (-43%)

Table 4.3 shows that Kappa is within the “moderately acceptable” range on average
for both MODIS products, with a slight advantage for MCD45. Khisto is higher than
Kloc for both MODIS products, indicating that they are better at estimating the
amount of burned than its location, which is consistent with low absolute burned
fraction errors. Overall Accuracy is high (90%) but this is expected because (a) there
are only two classes (burned and not burned), and (b) the vast majority of pixels
are not burned. Omission errors are mostly higher than commission errors (~50%
and ~30%, respectively) for both products, although errors are slightly higher for
MCD64.
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Figure 4.2 - Burned fraction by scene (at 500m resolution) of Landsat, MCD45 and
MCD64 products.
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The MODIS products appear to perform particularly poorly in scenes with little
burning (burned fraction < 10%). If we consider only the scenes with Landsat-based
burned fraction of at least 10% (224/066, 224/067, 226/070 and 226/071), accuracy
as measured by most statistics (other than Kloc) improves markedly. Average relative
errors in scene-wide burned fraction are much lower (a decrease of nearly 20% to
an underestimate of ~%), average Kappa values are higher and even fall in the
“acceptable” category for MCD45, and Khisto values show very good agreement in

the quantity of pixels marked as burned.
4.4.2 MODIS and GFED4 at coarser resolutions (5km and 0.25°)

Scene-wide burned fraction and relative errors for the MODIS products resampled to
bkm are virtually identical to the 500m data (Table 4.4). Spatial correlation values
are rather high, especially for MCD45 (correlation > 0.8, except for scene 226/067).
This means that even if individual 500m burned pixels may not correspond to pixels
marked as burned by our Landsat mapping, at the 5km scale patterns of high and low
burned fraction values are well captured by both MODIS products. This indicates
a rather good agreement for the scenes with high burned fraction, with low relative

errors, especially in the case of MCD45.

Table 4.4 - Performance of the 5)km MODIS products relative to the Landsat product.

Burned Fraction (Relative Error) Spatial correlation

Landsat scene

Landsat MCD45 MCDeé64 MCD45 MCD64

224066 20%  21% (-6%)  31% (+8%) 0.82 0.57
224067 7%  18% (+5%) 23% (+35%)  0.95 0.89
226_ 070 13%  11% (-14%) 8% (-36%) 0.80 0.63
226_ 071 13%  10% (-23%) 8% (-39%) 0.88 0.79

225 065 % 3% (-51%) 3% (-56%) 0.86 0.84
226_ 067 6% 3% (-48%) 4% (-25%) 0.55 0.71
227 065 2% 1% (-53%) 1% (-50%) 0.84 0.86

232 067 2% % (-58%) 1% (-58%) 0.84 0.83
Average: All 11% 9% (-30%) 10% (-28%) 0.82 0.77
Average: High BF  18% 17% (-10%) 18% (-8%) 0.86 0.72
Average: Low BF 4% 2% (-51%) 2% (-47%) 0.77 0.81

Table 4.5 presents the results of comparing the MODIS and GFED4 products to our
Landsat product at the scale of 0.25°. As expected, area-averaged burned fraction

and relative errors of the MODIS products are very close to those at 500m and
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bkm scales. Spatial correlation values are even higher at this coarse resolution (>0.9
and >0.8 for MCD45 and MCD64, respectively), due to a smoothing of local-scale
differences between the Landsat and MODIS products at this scale. The values
for GFED4 are virtually identical to those of MCD64 at 0.25° resolution, which is
expected since GFED4 is based on MCD64 data. This is illustrated in Figure 4.4,
which shows 0.25° maps of burned fraction from all products for a single scene.
Noteworthy of the MCD64 and GFED4 products at this resolution is that while
scenes with high burning have lower relative errors (near zero on average) than
scenes with little burning, spatial correlation there tends to be worse, although still

acceptable.
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4.4.3 Spatial analysis

Figure 4.3 shows maps of scene 224 /067 (with a burned fraction of 17% in the Land-
sat burned area product) in order to illustrate the performance of the MODIS and
GFED4 products at various scales. Maps for other scenes are available in the Sup-
plementary Material or on request. The top row shows burn scars at 500m resolution
of MCD45 (left) and MCD64 (right) products; pixels where burns were identified in
both Landsat and MODIS data are in red, those in Landsat only in green, and those
in MODIS only in blue. The middle row shows the end-of-season Landsat 5 image
(RGB composition of Bands 5, 4, and 3, obtained on 2010/09/12 ; left) and the bkm
map of burned fraction from our Landsat product (right). The bottom row shows
the bkm burned fraction maps for the MCD45 (left) and MCD64 (right) products.
In the 500m burn scar maps, red areas showing agreement between Landsat and
MODIS products predominate. However, there are a number of what appear to be
understory fires (in the northwest quadrant) that were not mapped in the Land-
sat or MCD45 products. Such fires are notoriously hard to identify (MORTON et al.,
2011), and may have been identified better from the Landsat imagery with the help
of the LSMM method. Another area of disagreement is in the southeast quadrant
(shown with a small arrow), where smoke and an active fire line show evidence of
an ongoing fire that was partially mapped in the Landsat product. The burn scar
mapped in the MCD64 product (but not in MCD45) is visible in the subsequent
Landsat map of 09/28 (not shown) and is genuine, but the date attributed to the
burn is too early. This explains some of the discrepancies between the products, as
the date of burn attributed to the MODIS products may be offset from reality and

thus could skew the evaluation.

The 5km burn fraction maps shown in Figure 4.3 (last 3 sub-figures) allow a focus
on larger scale patterns rather than small scale “noise”. Particularly striking are the
large burn patch to the northwest (where MCD64 shows higher burned fraction val-
ues), a V-shaped (inverted) burn pattern to the northeast, and significant burning
in the southeast. These indicate that the MODIS products are well capable of cap-
turing the spatial patterns of burn scars, with some limitations on the actual burn
amount in some areas (as described above). With a focus on even larger scales, Fig-
ure 4.4 shows burned fraction at 0.25° resolution for MCD45, MCD64, Landsat and
GFEDA4. First, we see that, as expected, MCD64 and GFED4 are nearly identical.
Second, we see that the differences between both MODIS products are very small,
consistent with a spatial correlation of 0.98 (Table 4.5). Third, the large relative er-

rors in scene-averaged burned fraction of the MCD64 product are much less notable
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visually than in the 500m and 5km maps, but are still present.
4.5 Discussion

In this study we evaluated the performance of two MODIS-based global burned
area products in the Brazilian “arc of deforestation” during the dry season of 2010,
a period with a high occurrence of fires in this region. We compared the MODIS
products to burn scar maps produced from Landsat TM imagery at small (500m),
intermediate (5km) and coarse (0.25°) spatial scales in 8 Landsat scenes. We found
that the burned area products tend to under-estimate total burned area, but scene-
averaged burned fraction is satisfactory in the scenes with high burned fraction. In

scenes with low burned fraction, absolute error is small but relative errors are large.

At the native scale of the MODIS products (500m) errors in burn scar location
are not ideal but are deemed acceptable, Kappa scores are better for MCD45 but
burned fraction errors are less for MCDG64, errors in omission are higher then errors
in commission, and results are generally better for scenes with high burned fraction
values. It is also noteworthy that errors in omission are likely more robust, since we
are fairly confident that most burn scars identified in the Landsat maps are genuine.
However, errors in commission may indicate that any of the MODIS products are
correct and actual burn scars were not identified in our Landsat maps. This could
be due to any of the following: (1) the long period between the Landsat maps used
to generate the final burn scar maps (80 days on average, except for scene 226,/070),
(2) errors in the classification of the Landsat maps, particularly in forested areas
subject to understory fires, and (3) errors in the date attributed to the burn scar in
the MODIS products.

At coarser scales (bkm and 0.25°), we find that spatial correlation is good and
increases with scale, and is best for MCD45. Spatial patterns of high and low burned
fraction are well represented, even if total scene-averaged burned fraction is not
perfect. The MCD64 and GFED4 products perform slightly better in terms of total

burn amount.

In light of these results, we conclude that, for this area and period of study (2010 in
the Brazilian “arc of deforestation”), the MODIS burned area products are satisfac-
tory at scales of 5km and above, therefore suitable for global studies. The MCD45
product has a slight advantage over MCD64, although if total burn area is of higher
concern than spatial representation, the MCD64/GFED4 products are preferred.

Also, as GFED products are readily available at coarse scale and also provide at-
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mospheric emissions estimates, they are more accessible for global-scale climate re-
search. We recommend extending this analysis over more extended periods of time, in
order to evaluate the effects of climate variability on the performance of the MODIS
global burned area products in this area. This is necessary in order to ascertain that
the effects of climate extremes on burned area are captured in these burned area
products, before using them to evaluate global climate model performance in the

region.

92



MCD45 - 500m 5 . MCD64 - 500m

W Landsat
- MCD64
W intersect

Landsat Bands 543

MCD45 - 5km MCD64 - 5km
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5 CONCLUSION

The primary goal of this work was to represent fire spread in a DGVM across
fragmented landscapes in the Brazilian “arc of deforestation”. As DGVMs cannot,
by design, represent any detailed spatial structure, a means was devised to overcome
this limitation. The strategy employed was to implement subgrid tiling inside the
INLAND DGVM and create a multi-scale framework to bridge the gap between the
coarse scale of the DGVM and the fine-scale of the detailed landscape. This work has
shown that representing fine scale details is possible, with much less computational
cost than increasing model resolution. Further work is needed in order to parametrize

the new land use types included inside the model (e.g. pasture, urban).

Fire spread across the landscape is simulated using a simple custom fire spread
model coupled to the INLAND DGVM using this framework. Sensitivity studies
have shown the potential of such an approach, which allows to explore different
fire spread scenarios in different spatial configurations. It has been shown that the
model is responsive to changes in parameters and is very sensitive to landscape
structure and fragmentation. However, it must be improved in order to make use
of the biophysical (e.g. soil moisture, VPD) and vegetation properties (e.g. litter,
LAT) simulated by the DGVM. This work has investigated the down-scaling of a
DGVM to the fine scale fire spread processes, further research and implementation

are needed to up-scale fire spread to the coarse scale of DGVMs and ESMs.

Finally, this work has evaluated global burned area products in the Brazilian “arc of
deforestation” during a year with high fire occurrence (2010). It was demonstrated
that these products represent well the amount and broad spatial structure of burned
area. While they are by no means perfect and not suitable for detailed local-scale
studies, they are sufficiently reliable for climate-scale studies. It therefore seems
reasonable to use them as calibration and validation tools for studies using the
modeling framework developed in this work. However, in order to ascertain that
these models also respond well to climatic variations, it would be advisable to study

their reliability in other years with less fire occurrence.
The following topics are suggested to improve and make use of subgrid tiling and
the multi-scale framework in INLAND:

e research pasture and other new land use vegtype parameterizations

e represent past and projected land use transitions as natural and deforested
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tiles with varying tile fractions
e prepare and validate a global high-resolution land cover dataset

e improve the PROVEG dataset to make it suitable for local-scale studies

The following improvements and studies are suggested for the firespread module:

e improve the fire spread algorithm by using the 8-cell Moore neighborhood

instead of the 5-cell von Neumann

e identify and calibrate the important biophysical parameters to drive the

fire behavior module
e implement and calibrate a LUCC component to the ignitions module
e up-scale the fire spread processes to the DGVM

e perform climate-change studies to investigate the relationships between

LUCC, climate and fire

And finally the following suggestions apply to burned area product validations:

e extend the study to other years in order to ascertain the reliability of the

products in function of climate variability

e perform a similar study in the cerrado biome
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A.1.1 ABSTRACT

We present an evaluation of the performance of MODIS-based burned area prod-
ucts MCD45A1 and MCDG64A1 in the Brazilian “arc of deforestation” region at
various spatial scales. Compared to maps produced with imagery from the Land-
sat 5 Thematic Mapper (TM) sensors, the MODIS burned area products tend to
slightly underestimate total burned area, with very small errors in scenes with large
amounts of burned area. They are deemed acceptable in terms of spatial location
at their native resolution of 500m. They perform better at coarser scales (5km and
0.25°), where the spatial variability of burned areas is particularly well represented.
We conclude that these products are well suited for regional- and global-scale studies
of burned area for the region and period analyzed. The MCD45 product is preferred
for studies where spatial variability is important, whereas MCD64 represents total

burned area better.
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A.2 Comparacgao de dados de area queimada obtidos por sensores re-
motos TM e MODIS no Parque Nacional Serra da Canastra, MG
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APPENDIX B - INLAND MODEL VARIABLES, DEFINITIONS AND
SUPPORTING INFORMATION

B.1 Important variables

B.1.1 Variables that pertain to the simulation parameters
npoil The number of “real” model grid points

mlpt The number of tiles that each model grid point contains

npoi The actual number of model grid points (npoi = mipt * npoil)

B.1.2 Variables that pertain to each model grid point

vegtype The vegetation/surface type of the grid point at model initialization
vegtypeO The vegetation type determined by the vegetation dynamics module
tilefrac The fraction that each subgrid tile occupies in “real” grid point
landuse The fraction that each subgrid tile occupies in “real” grid point

plai The initial LAI of each PFT

B.2 Input files

B.2.1 PFT, vegtype, and landusetype parameters

: tropical broadleaf evergreen trees
: tropical broadleaf drought-deciduous trees

: warm-temperate broadleaf evergreen trees

: temperate broadleaf cold-deciduous trees

1
2
3
¢ 4: temperate conifer evergreen trees
5
6: boreal conifer evergreen trees
7

: boreal broadleaf cold-deciduous trees
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8: boreal conifer cold-deciduous trees
9: evergreen shrubs

10: cold-deciduous shrubs

11: warm (c4) grasses

12: cool (c3) grasses

13: soybeans

14: maize

15: wheat

16: sugarcane

1: tropical evergreen forest / woodland

2: tropical deciduous forest / woodland

3: temperate evergreen broadleaf forest / woodland
4: temperate evergreen conifer forest / woodland
5: temperate deciduous forest / woodland

6: boreal evergreen forest / woodland

7: boreal deciduous forest / woodland

8: mixed forest / woodland

9: savanna

10: grassland / steppe

11: dense shrubland

12: open shrubland

13: tundra

14: desert

15: polar desert / rock / ice

16: wetlands

17: cropland

18: pasture

19: urban

plaievgr : initial total LAI of evergreen tree (upper canopy) PFTs
plaideci  : initial total LAI of deciduous tree (upper canopy) PFTs
plaishrub : initial total LAI of shrub (lower canopy) PFTs
plaigrass : initial total LAI of grass (lower canopy) PFTs
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# NOTE: These data are read in to array plai_init.

# The original variable names could be dropped.
B
# plaievgr plaideci plaishrub plaigrass Veg Type
o

5.00 1.00 0.25 0.25 1

1.00 5.00 0.25 0.25 2

4.00 1.00 0.25 0.25 I3

3.00 1.00 0.25 0.25 I 4

1.00 3.00 0.25 0.25 I 5

3.00 1.00 0.25 0.25 ' 6

1.00 3.00 0.25 0.25 b

2.00 2.00 0.25 0.25 ' 8

0.50 1.00 0.50 2.00 9

0.25 0.25 0.50 2.50 I 10

0.10 0.10 1.00 0.50 11

0.00 0.00 0.25 0.25 112

0.00 0.00 1.00 1.00 I 13

0.00 0.00 0.05 0.05 I 14

0.00 0.00 0.05 0.05 I 15

5.00 1.00 0.25 0.25 I 16

0.00 0.00 0.05 0.05 I 17

0.00 0.00 0.05 0.05 I 18

0.00 0.00 0.05 0.05 I 19
e
# Land Use type classifications
e
C : natural

1

2: cropland
c 3: pasture

4

: urban

B.2.2 Fire spread parameters

# Misc. definitions

# roads file (relative to datadir)

"hrmap/amz_roads.nc"
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# ignitions file (relative to this dir) - set to empty if you want none

# max 1024 lines, max.
# 1980-01-01 12 -50.80 -9.50

"firespread_ignitions.txt"

# spreadrate

# spreadprob

0.003333333
0.003333333
0.

O O O O O O O O O O o o o o o o
O N B B B B B B R RO R B B B s e

of 80 chars. each like this

: base rate of spread (m/s)

: base probability of fire spread from one cell to the next

0.005
0.005

O O O O O O O O O O O o o o o o

.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
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Domain configuration file:

default, 5.0 -1
sam, 13.1 -5
global, 90.0 -9
br, 0 -3
toc, -3.0 -12.
smalll, -7.75 -9.
small2, -14.25 -14.
small3, -14.25 -14.
spl, -18.75 -25.
sp2, -23.75 -24.
amazlegal, 5.2b
teste, -18.75
stop, 0.0

I here every line mus

| name,

B.2.4

snorth

ssouth swest

5.0 -75.0 -55.0 ! default run (Amazon)
5.0 -81.0 -35.25 ! South America
0.0 -180.0 180.0 I global

5 -65 -35

0 -56.0 -42.0 ! Tocantins area
26 -50.25 -48.75 ! small test areas
74 -57.75 -57.25 ! 4 points

50 -57.75 -57.51 I 1 point

756 -b63.75 -43.75 I SP

74 -46.75 -43.75 I SP

-17.75 -74.0 -44.1 ! legal Amazon
-22.0 -53.75 -46.75

0.0 0.0 0.0
t be in the format

seast

climate and land surface input files

Table B.1 - climate and land surface input files

file description units
cld.mon.nc monthly mean cloud cover percent
deltat.mon.nc  diurnal temp range degC
frostd.mon.nc  ground frost days days/month
prec.mon.nc monthly mean precipitation mm/day
rh.mon.nc monthly mean relative humidity percent
temp.mon.nc  monthly mean temperature degC
tmax.mon.nc  monthly maximum temperature degC
tmin.mon.nc ~ monthly minimum temperature degC
trange.mon.nc monthly temperature range degC
vapp.mon.nc  monthly mean vapor pressure hPa
wdir.mon.nc 10 metre wind direction degrees
wetd.mon.nc  monthly wet day frequency days
wspd.mon.nc  monthly mean wind speed m/s
vegtype.nc cover types none
topo.nc topography m
surta.nc land /sea mask mask
soita.clay.nc soil clay percent percent
soita.sand.nc  soil sand percent percent
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B.3 Output files

B.3.1 Output file variables
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Table B.2 - yearly output file variables

variable description units

aet average evapotranspiration mm /year
anpptot total above-ground npp kgm2year~!
awce average volumetric water content cm
caccount end of year carbon correction kg/m?
co2mic total microbe respiration carbon kg/m?
co2root total root respiration carbon kg/m?
c02s0i total soil respiration carbon kg/m?
drainage drainage mm /year
fu fractional cover of upper canopy fraction
fl fractional cover of lower canopy fraction
neetot total net ecosystem echange carbon kg/m?
nmintot total nitrogen mineralization kg/m?
npptot total npp kgm™2year—!
rootbio total live root biomass carbon kg/m
srunoff surface runoft mm /year
totalit total above ground litter carbon kg/m?
totlaiu total lai for upper canopy fraction
totlail total lai for lower canopy fraction
totbiou total biomass for upper canopy kg/m?
totbiol total biomass for lower canopy kg/m?
totfall total litterfall kg/m?
totrlit total below ground litter carbon kg/m?
totcsoi total soil carbon w/o litter kg/m?
totcmic total microbial carbon kg/m?
totanlit total above ground litter nitrogen kg/m?
totrnlit total below ground litter nitrogen kg/m?
totnsoi total soil nitrogen w/o litter kg/m?
trunoff total runoff mm /year
tsoi average soil temperature degrees C
VWC average volumetric water content fraction
wisoi average soil ice fraction
wsoi average soil moisture fraction
landusetype land use (1-4) none
tilefrac tile fraction none
vegtype vegetation type - static none
vegtypel vegetation type none
biomass biomass for each pft kg/m?
exist existence for each pft none
npp npp of carbon for each pft kgm2year—!
plai leaf area index for each pft fraction
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B.3.2 Example yearly output file

NetCDF definition of a yearly output file, containing 4D (longitude, latitude, tile,

time) variables:

netcdf inland-yearly-1980 {
dimensions:
longitude = 92 ;
latitude = 137 ;

pft = 16 ;

tile = 4 ;

time = UNLIMITED ; // (1 currently)
variables:

double longitude(longitude) ;
longitude:long name = "longitude" ;
longitude:units = "degrees_east" ;
double latitude(latitude) ;
latitude:long name = "latitude" ;
latitude:units = "degrees_north" ;
double pft(pft) ;
pft:long name = "plant functional type" ;
pft:units = "none" ;
pft:axis = "E" ;
double tile(tile) ;

tile:long name = "tile" ;
tile:units = "none" ;
tile:axis = "Z"

double time(time) ;
time:long name = "time" ;
time:units = "days since 1979-12-31" ;

float npptot(time, tile, latitude, longitude) ;
npptot:long name = "total npp" ;
npptot:units = "kg m-2 year-1" ;
npptot:missing value = 9.e+20f ;

float anpptot(time, tile, latitude, longitude) ;
anpptot:long name = "total above-ground npp" ;
anpptot:units = "kg m-2 year-1" ;

anpptot:missing value = 9.e+20f ;
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B.3.3 Example yearly PFT output file

NetCDF definition of a yearly PFT output file, containing 5D (longitude, latitude,

pft, tile, time) variables:

netcdf inland-yearly-pft-1980 {
dimensions:

longitude = 92 ;

latitude = 137 ;

pft = 16 ;

tile = 4 ;

time = UNLIMITED ; // (1 currently)
variables:

double longitude(longitude) ;
longitude:long name = "longitude" ;
longitude:units = "degrees_east" ;
double latitude(latitude) ;
latitude:long name = "latitude" ;
latitude:units = "degrees_north" ;
double pft(pft) ;
pft:long name = "plant functional type" ;
pft:units = "none" ;
pft:axis = "E"
double tile(tile) ;

tile:long name = "tile" ;
tile:units = '"none" ;
tile:axis = "Z" ;

double time(time) ;
time:long name = "time" ;
time:units = "days since 1979-12-31" ;
byte exist(time, tile, pft, latitude, longitude) ;

exist:long name = "existence for each pft" ;
exist:units = "none" ;
exist:missing value = -127b ;

float plai(time, tile, pft, latitude, longitude) ;
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plai:long name = "leaf area index for each pft" ;
plai:units = "fraction" ;
plai:missing value = 9.e+20f ;

float biomass(time, tile, pft, latitude, longitude) ;
biomass:long name = "biomass for each pft" ;
biomass:units = "kg/m~2" ;
biomass:missing value = 9.e+20f ;

float npp(time, tile, pft, latitude, longitude) ;
npp:long name = "npp of carbon for each pft" ;
npp:units = "kg m-2 year-1" ;
npp:missing value = 9.e+20f ;

float burnpft(time, tile, pft, latitude, longitude) ;
burnpft:long name = "burned fraction for each pft" ;
burnpft:units = "km™2" ;

burnpft:missing value = 9.e+20f ;

B.4 INLAND model diagrams
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Start of yearly loop

nday = nday + 1

iday = jday + 1
TRUE
v
opeN
File = callliman! False
conffinland.infle
TRUE
True

call pheno.

FALSE

TRUE
2

4o 220iday
ndaypmimonth)

istyrm = 9999

Number of
timesteps per day

niter =
nt{86400.0/dtime)

the time step and
total number of
iteration per day

Variable TEST

dvisiblento

Estimated
spinmax = int{spincons) siope.

} spinmax
I

Estimated

Plenmin, plenmas, ple
Plens, startp, endp

Apenas para
simular 0D
o (1 npo

TRUE

FALSE
ime = step-1) *

e
ey "

call climaniz

2059 False

[ dorsoiyear= )
st

WRITE
nrun + iyrlast

allrd_param

co2cone = co2init
o2conc = 021

TRUE
R

aallreadit

w ——

iy1=iyrlast +1
iy2 = yrast ¢ nrun

Figure B.1 - Complete INLAND flowchart.
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APPENDIX C - LAND COVER MAPS

Table C.1 - IGBP and INLAND land cover class equivalences

IGBP INLAND
ID Name ID Name
0 Water 30 Water
1 Evergreen Needleleaf forest 4 Temperate Evergreen Conifer Forest
2 Evergreen Broadleaf forest 1 Tropical Evergreen Forest
3 Deciduous Needleleaf forest 5 Temperate Deciduous Forest
4 Deciduous Broadleaf forest 2 Tropical Deciduous Forest
5 Mixed forest 8 Mixed Forest / Woodland
6 Closed shrublands 11 Dense Shrubland
7 Open shrublands 12 Open Shrubland
8 Woody savannas 9 Savanna
9 Savannas 9 Savanna
10 Grasslands 10 Grassland / Steppe
11 Permanent wetlands 16 Wetlands
12 Croplands 17 Cropland
13 Urban and built-up 19 Urban
14 Cropland/Natural vegetation mosaic 17 Cropland
15 Snow and ice 15 Polar Desert / Rock / Ice
16 Barren or sparsely vegetated 14 Desert
254 Unclassified 127 Unclassified
255 Fill Value 127 Unclassified

Table C.2 - Mapping between PROVEG and INLAND land cover classes

PROVEG INLAND
ID Name ID Name
0 Unclassified 127 Unclassified
1 Floresta Perene 1 Tropical Evergreen Forest
2 Floresta Decidua 2 Tropical Deciduous Forest
3 Floresta Mista 8 Mixed Forest / Woodland
6 Cerrado 9 Savanna
7 Arbustos/campo 10 Grassland / Steppe
8 Caatinga 11 Dense Shrubland
11 Solo Exposto 14 Desert
12 Agropecudria 18 Pasture
13 Agua 30 Water
15 Area Urbana 19 Urban
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Table C.4 - Mapping between TERRACLASS and INLAND land cover classes

INLAND
TERRACLASS ID Name
FLORESTA 127 Unclassified
FLORESTA SOB NUVEM 127 Unclassified
HIDROGRAFIA 30 Water
VEGETACAO SECUNDARIA 20 Unclassified
NAO FLORESTA 127 Unclassified
DESFLORESTAMENTO_ 2008 108 Pasture
AGRICULTURA_ANUAL 17 Cropland
AGROPECUARIA 18 Pasture
MOSAICO_DE_OCUPACOES 18
PASTO LIMPO 18
PASTO_SUJO 18

REGENERACAO COM_PASTO 18
PASTO COM_SOLO_EXPOSTO 18

MINERACAO 14 Desert
AREA_UrbanA 19 Urban
OUTROS 127 Unclassified
AREA NAO OBSERVADA 127 Unclassified
NC 127 Unclassified
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Figure C.1 - GlobCover 2009 Land Cover Map
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Figure C.2 - MCD12Q1 2009 Land Cover Map, using the INLAND classification (see Table

C.1)
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Figure C.3 - IBIS Land Cover Map, using the INLAND classification
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Figure C.4 - MCD12Q1 2009 and IBIS Land Cover Maps -
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a) PROVEG

I Tropical Evergreen Forest
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b) IBGE / TERRACLASS

Figure C.5 - Land Cover Maps for Brazil, using the INLAND classification. a) PROVEG
and b) IBGE2006/ TERRACLASS.
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Figure C.6 - PROVEG, IBGE-TC and MCD12Q1 land cover maps, vegtype of tiles 1 and
2 of the Amazon region. Legend is the same as in Figure C.5.
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