Effect of biomass burning emissions on the
carbon cycle of the Amazon for 2010-2015

Supervisors:
Author:
uenor dr. Ingrid van der Laan-Luijkx

Santiago Botia B Prof. dr. Maarten Krol

DEPARTMENT OF METEOROLOGY AND AIR QUALITY

WAGENINGEN UNIVERSITY

April 24, 2017






Thesis Report: Biomass burning and carbon cycle in the Amazon 2010-2015

Acknowledgements

First I want to thank Ingrid van der Laan-Luijkx. It was great to work under her supervision and
I certainly learned a lot from her. Her guidance was always insightful and motivating. I will also
like to thank Maarten Krol and Wouter Peters for their sharp comments and support. I want also
to acknowledge Michiel van der Molen and Erik van Schaik for running SiBCASA and sharing the
output efficiently. Moreover, thanks to Erik for the time spent having fruitful discussions. I will like
to thank Ivar van der Velde for his fast and helpful response when asked about his implementation of
SiBCASA’s fire scheme. Finally, thanks to Narcisa Banda for providing the optimized fires for their
analysis and for doing the CO forward simulations. The data used in this study is the result of large
efforts by a wide research community and in particular the National Center for Atmospheric Research,
the MACC project and the GFED database.

Image: Fire Season-2014 in the Bolivian-Brazilian border. Retrieved from the NASA EOSDIS
Worldview tool at: https://worldview.earthdata.nasa.gov.



Thesis Report: Biomass burning and carbon cycle in the Amazon 2010-2015

Abstract

Fire emissions represent one of the main pathways by which carbon is transported from the
land to the atmosphere, and thereby represents a fundamental component of the carbon cycle.
Tropical forests are known to contribute extensively to fire emissions. The Amazon, in particular,
contributes a significant amount of fire emissions as it has fire seasons driven by dry periods,
which are further enhanced by seas surface temperature anomalies in the Pacific and Atlantic
oceans. Previous studies have shown that the effect of drought on fire emissions of the Amazon
could significantly affect the carbon uptake, by turning the forest from a net sink to a net source
of carbon for a particular year. In this study the work of van der Laan-Luijkx (2015) is extended
to the period 2010-2015 including a new set of fire emissions and a new biosphere flux source.
Fire inventories based on burned area (Global Fire Emissions Database version 4), radiative
power (Global Fire Assimilation System versions 1 and 1.2) and fire hotspots (Fire Inventory
from NCAR) will be used as biomass burning fluxes for the TM5 global transport model. The
fire inventory comparison showed that burned area based estimates can differ due to different fire
scheme approaches within the carbon stocks framework (SIBCASA and CASA biosphere models)
and land cover distribution. Mortality and combustion completeness need to be revised within
SIBCASA'’s fire scheme to get better regional estimates. The TMb5 simulations showed better
agreement for COz than for CO with the observations, although the model had a good match
aloft, above 3000 m for both tracers. The simulations tend to overestimate concentrations during
the wet season and underestimate during the fire season at lower heights, below 1000m. In
conclusion, it was difficult to find a better fire inventory to reproduce the observed the CO2 and
CO vertical profiles due to spatial and temporal factors.

Keywords: Biomass burning, fire inventory, net biome exchange, vertical transport, carbon
dioxide, carbon monoxide, Amazon
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Chapter 1

1 General Introduction

The atmosphere, together with the terrestrial biosphere, the soils and the ocean are the reservoirs in
which the carbon biogeochemical cycle acts at timescales that range from hours to millenia. Geologic
reservoirs play an important role but at much longer timescales [Le Queré et al., 2016]. The oceanic
and terrestrial reservoirs act as sinks of carbon, capturing it from the atmosphere. Atmospheric carbon
dioxide concentrations (COs) have risen from 277 parts per million (ppm) to 400 ppm in less than 300
years, from 1750 to 2015 [Le Queré et al., 2016]. The rise in the last century has been more steep due
to anthropogenic activities such as fossil fuel combustion and land use change [Stocker et al., 2013].
During the last decades there has been great interest in the response of oceanic and terrestrial sinks to
the input of CO4 to the atmosphere and also on the radiative balance of the atmosphere itself [Ciais
et al., 2013, Stocker et al., 2013, Le Queré et al., 2016]. The sinks of carbon together with the radiative
properties of the atmosphere are highly dependent on the concentrations of COs in the lower part of
the atmosphere: the troposphere [Ciais et al., 2013, Stocker et al., 2013]. High CO4 concentrations
lead to disturbances in the energy balance of the Earth system, and rising atmospheric temperature
which results in global warming [Stocker et al., 2013, Schimel et al., 2014].

Tropical forests act as a large carbon reservoir, they store 471 & 93 PgC representing 55% of the
global total carbon stock and from which 56% is stored biomass [Pan et al., 2011]. The Amazon
forest represents 50% of the total tropical forest area [Malhi et al., 2006] and its carbon stock was
estimated between 77-95 PgC [Saatchi et al., 2007] as aboveground biomass, but another estimate
reports a range of 90-120 PgC [Andreae et al., 2015]. The global terrestrial carbon sink, of which the
Amazon is an important contributor, has been estimated in 2.6 + 1.2 PgC/yr by Ciais et al. [2013]
and more recently in 3.1 £ 0.9 PgC/yr by Le Queré et al. [2016], which represents approximately
30% of the annual fossil fuel and land use change emissions. The latter has been estimated as the
difference between the terms of the global carbon balance: on one side land use change emissions and
fossil fuel emissions, on the other oceanic sink and the growth rate in atmospheric CO4 concentration.
Therefore there is high uncertainty associated to this estimate [Le Queré et al., 2016]. It has been
reported that world’s forests have been a sustain carbon sink in the last decades [Pan et al., 2011].
On that study it was concluded that tropical deforestation was mostly compensated by carbon uptake
of both, tropical regrowth and tropical intact forests, thus boreal forests were responsible for driving
the net terrestrial carbon sink. However, a recent study by Brienen et al. [2015] showed a long term
decreasing trend on biomass accumulation in the Amazon. They concluded that this was due to an
increased biomass mortality which in turn affects carbon residence times. Brienen et al. [2015] were
based on an established network of plots that are well distributed in the Amazon forest, representing
one of the largest bottom-up studies in this field. The authors acknowledged the fact that this decline
has not been yet observed in the atmosphere mainly because not all dying biomass is immediately
converted into COaq, it is subjected to a decomposition process in which a fraction is converted into
soil carbon. Thus the Amazon’s necromass pool has increased considerably. Hence, the continuity of
the terrestrial carbon sink represents one of the main issues that triggers research on land use change
emissions (i.e. fire) and carbon cycle dynamics [Pan et al., 2011, Ciais et al., 2013, Schimel et al.,
2014, Brienen et al., 2015]. It is unknown how this sink will develop in the future under changing
climate, affected by biomass burning and biospheric COy exchange. [Pan et al., 2011, Stocker et al.,
2013, Brienen et al., 2015].
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The Amazon carbon sink is strongly affected by land use change emissions, which are driven by
human activities such as deforestation, logging, shifting cultivation, and non anthropogenic activities
such as forest regrowth after disturbances or abandonment of agricultural activities [Le Queré et al.,
2016]. Deforestation is directly linked to biomass burning [Van Der Werf et al., 2010], which in
tropical regions is the most changing and largest contributor to land use change emissions [Van
Der Werf et al., 2010, Le Queré et al., 2016]. This human induced disturbance has been recently
associated to rainfall patterns upwind and downwind of deforested areas, mainly during the dry
season in the Amazon [Khanna et al., 2017]. Thus, deforestation together with natural phenomena,
such as enhanced droughts by sea surface temperature (SST) anomalies, have a huge impact on the
carbon cycle of the Amazon [Lewis et al., 2011, Espinoza et al., 2011, Feldpausch et al., 2016]. Biomass
burning in the Amazon represents one of the main mechanisms by which carbon is transported from
the land to the atmosphere and is highly influenced by the aforementioned forcings [Baldocchi, 2008,
Wiedinmyer et al., 2010].

Fire and biomass burning effects on the carbon cycle and climate materialize at different spatial and
temporal scales; fire events occur on timescale of minutes to days and on a spatial scale of individual
stands to hectares [Loehman et al., 2014]. In the tropics and the subtropics most of the fires are
ignited by humans [Kaiser et al., 2012], which represents a threat added to the fact that the frequency
of fires in the Amazon is likely to increase in the future [Gloor et al., 2012, Liu et al., 2014]. The
net carbon uptake by the biosphere is influenced by fires as well as the variability of the atmospheric
CO; growth rate. Fires also contribute to the atmospheric burden of CH,, CO, N3O, and other
combustion products such as aerosols and ozone precursors [Hantson et al., 2016]. Greenhouse gases
lead to global warming with a positive radiative forcing [Bowman et al., 2009, Stocker et al., 2013,
Le Queré et al., 2016]. Aerosols have a direct and an indirect effect. The first one is related to the
aerosol optical properties which can result in scattering or absorption of radiation, resulting in negative
or positive radiative forcing, respectively. The second one, is due to the cloud-aerosol interaction, in
which two opposing effects are found: 1. increasing amount of cloud condensation nuclei can decrease
cloud droplet size resulting in a larger cloud lifetime and increased albedo and 2. black carbon can
inhibit cloud formation in the lower atmosphere by increasing the susceptibility to evaporation and
resulting in less cloud cover [Bowman et al., 2009, Stocker et al., 2013, Liu et al., 2014]. Furthermore,
diffuse radiation due to aerosols during the fire season of the Amazon has been related to an increase
net primary productivity (NPP) [Rap et al., 2015], representing another indirect effect of aerosols in
the carbon cycle. Ozone resulting from fires has a direct effect on plants reducing photosynthesis and
indirectly affecting the lifetime of GHG such as methane by changing the abundance of the OH radical
[Hantson et al., 2016]. These interactions are a source of large uncertainty in current climate models
[Stocker et al., 2013].

Each year an area larger than the Indian subcontinent is burned by biomass burning and wildfires
[Giglio et al., 2013, Hantson et al., 2016], representing almost 4% of the global vegetated area [Ran-
derson et al., 2012, Giglio et al., 2013]. Thus, fire represents one of the main disturbances that affects
vegetation dynamics, it impacts ecosystem functioning, biodiversity, plant community structure and
carbon storage [Hantson et al., 2016]. All these interactions and effects depend on the seasonality,
fire intensity and the frequency that fire affects a particular region [Hantson et al., 2016]. For the
Amazon region, it has been shown that during dry years fires are intensified [Gatti et al., 2014, Van
Der Laan-Luijkx et al., 2015, Marengo and Espinoza, 2016].
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During 1997, 1998, 2005 and 2010 anomalously low river levels and deficient rainfall were recorded,
suggesting that during the last two decades extreme hydrological events have been more frequent
[Gloor et al., 2015, Marengo and Espinoza, 2016]. Droughts are associated to El Nifio Southern Oscil-
lation in the Pacific Ocean, but it is important to note that droughts are not always occurring during
El Nino years [Marengo and Espinoza, 2016]. The tropical Atlantic ocean plays also an important role
in the Amazon hydrology due to moisture inflow and its changes during the dry and the wet season
[Gloor et al., 2015, Marengo and Espinoza, 2016]. The 2005 drought was associated to a positive
sea surface temperature anomaly of the tropical Atlantic during a non El Nifio year [Marengo and
Espinoza, 2016]. The fire season is dependent on these hydro-meteorological patterns which are found
to be intensified in the last years [Gloor et al., 2015].

Furthermore, fires can also have important social impacts. [Hantson et al., 2016] report that more
than 5 million people globally were affected by 300 major fire events in the past 30 years, and that the
effects on air quality result in 260,000 to 600,000 premature deaths globally each year. Interestingly,
human activities can influence fire regime and enhance feedback mechanisms involving vegetation,
climate and human health. Land use change in the tropics enhance fire activity while fire can be
suppressed by altering the fuel load of some regions [Hantson et al., 2016]. Therefore understanding
the interaction between human disturbances such as deforestation via biomass burning is crucial to
cope with forthcoming changes in the Amazon region and in the global carbon balance.

1.1 Problem Statement

Previous studies [Gatti et al., 2014, Van Der Laan-Luijkx et al., 2015, Alden et al., 2016], have
shown that drought is affecting the annual carbon balance of the Amazon by turning the terrestrial
sink into a source of carbon. Gatti et al. [2014] present the carbon budget for the Amazon with an
observation based analysis that is used to calculate fluxes for the years 2010 and 2011. Their fire
emissions are derived from CO:CQO5 ratios. It is shown that the carbon balance for 2010 was of 0.48
+ 0.18 PgC yrtand for 2011 a value of 0.06 & 0.1 PgC yr-'was reported. These results are revisited
by Van Der Laan-Luijkx et al. [2015] using a South American version of the CarbonTracker Data
Assimilation System (CT-SAM), which uses inverse modeling to study the carbon cycle. CT-SAM
uses the TM5 model to transport a set of carbon fluxes from which CO5 mole fractions are estimated.
In CT-SAM the difference between the simulated and the observed mole fractions is minimized using
an ensemble Kalman filter. Their results showed that for the dry year 2010 the carbon budget of the
Amazon represented a net source ranging from 0.07 & 0.42 to 0.31 £ 0.42 PgC yr-!whereas the 2011
represented net sink ranging from -0.15 £ 0.42 to -0.27 + 0.42 PgC yr!. These results are slightly
different from those of Gatti et al. [2014] as the 2010 (in Van Der Laan-Luijkx et al. [2015]) represents
a smaller source and the 2011 a stronger sink. Van Der Laan-Luijkx et al. [2015] work represents the
first effort to integrate COo and CO observations from the Amazon forest with the regional biospheric
CO3 exchange and the spatio-temporal information of fires. A more recent study [Alden et al., 2016],
presents a sub-regional approach in which NBE is calculated for a three year period (2010-2012)
in 5 subregions in the Amazon. A Bayesian atmospheric transport inversion was used for the flux
estimates. Their results are focused more into the NBE annual and interannual variability. However,
their results are statistically consistent with the results of Gatti et al. [2014] and Van Der Laan-Luijkx
et al. [2015] for the 2010-2011 NBE difference (i.e. 2011-2010). The value reported by Alden et al.
[2016] was 0.28 £ 0.45 PgC, that for Gatti et al. [2014] was 0.22 4+ 0.26 PgC and the range reported
by Van Der Laan-Luijkx et al. [2015] was of 0.08-0.26 PgC yr!.
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Given these facts, it is clear that dry years in the Amazon are affecting fire emissions and carbon
uptake. In this regard, it is worth noting that the last ENSO event (2015-2016) had a large impact
on the Amazon forest with unprecedented warming and larger extent of extreme drought [Jiménez-
Mutoz et al., 2016]. Hence understanding the behavior of fires under these stresses by monitoring
their emissions is fundamental to estimate carbon sinks and sources. Several efforts have been made
on this line of research, fire emissions and burned area have been monitored and reported by different
initiatives producing several fire inventories, such as: The Global Fire Emission Database (currently
the fourth version, GFED4), which provides burned area, the Global Fire Assimilation System (GFAS)
and the Fire Inventory (FINN) from the National Center for Atmospheric Research (NCAR), both
reporting fire emissions estimates. Burned area, which is given by a fraction of the grid cell area that
burns, is currently coupled to biosphere models in order to obtained biomass burning emissions [Van
Der Werf et al., 2010, Van Der Velde et al., 2014]. GFED4 coupled to a biosphere model, GFAS and
FINN were used by Van Der Laan-Luijkx et al. [2015]. There it was shown that these fire inventories
have considerable differences in the Amazon, that need to be further analyzed for an extended period
of time to obtain a better idea of their variability.

The present study aims to compare these fire inventories with a regional approach in the Amazon.
It also focuses on the biosphere CO5 exchange as well as the atmospheric transport of CO5 and CO
emitted by fires. Therefore, in this study the following challenges will be addressed: 1. assessing
the variability between current fire inventories to estimate fire emissions in the Amazon and 2. a
comparison of the simulated transport of fire emissions with observations in the Amazon for an
extended period of time (2010-2015) relative to Van Der Laan-Luijkx et al. [2015]. The research
questions derived from the aforementioned:

Research Question 1: What are the differences (in terms of yearly values, spatial distri-
bution and biome attribution) between the fire inventories used to calculate fire emissions in
the Amazon for years 2010-2015?

Research Question 2: What is the carbon balance in the Amazon for the years 2010-2015,
based on fire and NBE fluzes?

Research Question 3: What are the main drivers causing different emission estimates
between SiIBCASA-GFED/ and CASA-GFEDJ, considering they have the same burned area
nput?

Research Question 4: How well do transported atmospheric CO mole fractions match CO
observations made in four aircraft sites in the Amazon for the period of 2010-2015%

Research Question 5: How well do transported atmospheric COg mole fractions match
COy observations made in four aircraft sites in the Amazon for the period of 2010-2015?
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1.2 Conceptual Background

The present section gives an overview of the general processes and tools that are treated or used
in this thesis. First a description of the combustion process, focused on biomass combustion is given.
Secondly, the generic approach to calculate fire emissions is described followed by the fundamen-
tal concepts of biosphere models. Finally a definition of the data assimilation cycle is provided to
contextualize the reader with the main framework that embraces the present research.

1.2.1 Combustion Process

Radiative forcing, as defined by the IPCC, is a measure of the net change in the energy balance
of the Earth system in response to some external perturbation (expressed in W m~2) [Stocker et al.,
2013]. In Figure 1 the impacts of the combustion products on the radiative forcing terms are shown.
Vegetation fires affect 8 out of the 14 radiative forcing terms that disturb the energy balance of the
Earth system. Therefore the products from combustion are abundant and they vary according physical
and chemical factors.

Long-lived greenhouse g

CH, HaIFcarbons

N,O
Ozone Stratospheric I[I
Tropospheric
Stratospheric water vapor
fromCH,
Surface albedo Land usel]:IBlack carbon on snow

Aerosols (direct)

Aerosols (indirect)

Linear contralls

Solar irradiance

LD

-015 0 015 1 1I.5
Radiative forcing (W m2)

Figure 1: Estimated contribution of fire associated with deforestation to changes in radiative forcing
compared to 1750 A.D. The shaded inner bar (blue indicates cooling; red, warming) is the estimated
fire contribution to the total radiative forcing of individual agents identified by the IPCC (unshaded,
outlined bar). From Bowman et al. [2009]

The combustion process consists in four stages, each contributing with different products to the
bulk fire emissions: COs, CO, CHy, aerosols and ozone precursors, among others. These stages
depend highly on meteorological factors and vegetation characteristics. These stages are described
below based on Van Leeuwen and Van Der Werf [2011]:

10
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1. Ignition: The ignition phase is driven by environmental and fuel factors. Environmental factors
such as temperature, wind speed and relative humidity and fuel characteristics such as size,
density and water content. When the fuel meets the correct conditions, mainly low water
content, the flaming stage can begin.

2. Flaming: During this stage a thermal degradation of fuel enhanced by air releases several com-
pounds, mainly COs, volatiles and water. When almost all volatiles are released the flaming
slows down and the smoldering stage comes into play.

3. Smoldering: In this stage the combustion proceeds at lower temperatures, resulting in the
emission of incomplete oxidized compounds, like CO. This stage can last for several days even
under relatively high fuel water content. Slower rate of heat production in this stage leads to
the extinction stage.

4. Extinction: The principal causes of fire extinction are rainfall, fire spread to moist fuel sources,
and physical gaps of fuel that prevent fire from spreading farther.

As Van Leeuwen and Van Der Werf [2011] show, the stages of combustion can occur at the same
time, thus these stages are simplified in this description. Additional factors like topography and
aboveground biomass need also to be taken into account in open fires. The ratio between stage 2
and 3 determine the proportion of emitted substances in a particular fire and it is also associated to
the combustion efficiency, which is the fraction of carbon converted to COy [Van Leeuwen and Van
Der Werf, 2011].

1.2.2 Fire emission methods

Fire emissions are currently estimated using mainly two methods. The first, used in the GFAS
inventory, uses satellite measurements that obtain fire radiative power (FRP), integrated to fire radia-
tive energy (FRE), which correlates with total fire emissions, in particular to dry matter combusted
[Kaiser et al., 2012]. Other methods use surface reflectance to obtain burned area and burn day
estimates [Giglio et al., 2013]. The latter is used by GFED4 and FINN. These fire inventories based
on burned area follow the traditional approach, in which carbon (C) emissions are calculated within
a grid cell for a given time interval is based on Seiler and Crutzen [1980] following equation 1:

Fcarbon or (Ez) :Ax,t *Bx*FB* (EFZ) (1)

Where Fegrpon (E;) is the carbon emission (or emission of a given specie 1), A, ; the area burned
at time t and location x, B, is the biomass loading at location x (on dry weight basis), and F'B; the
fraction of the biomass burned. This approach together with emission factors (EF;) can also be used
to estimate emissions from other species. Emission factors (EFs) correspond to grams of trace gas
emitted per kg of dry matter consumed during combustion [Van Leeuwen, 2014]. In this thesis, the
focus is not directly in emissions emission, as the fire inventories used already incorporate them to
calculate biomass burning emissions, thus here the focus is on CO and COs emissions. In chapter 2
an overview of the fire inventories used and their main characteristics are described.

11
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1.2.3 Carbon balance

The traditional approach to calculate a global carbon balance follows equation 2 and is based on
Le Queré et al. [2016]. On the left side of the equation the sources of carbon and on the right side the
sinks of carbon. These fluxes are in balance, thus an unknown term of the equation can be calculated
as the residual of the others, as is currently the case for Chiosphere- The sources are mainly fossil
fuel combustion emissions (f f) and land use change emissions (LUC). The sinks are the carbon that
remains in the atmosphere (Cgyp, ), the carbon that is captured by the ocean (Coeeqrn) and that taken
up by the biosphere (Chiosphere). All the fluxes are in PgC/yr, although Cigyy, is commonly reported
in parts per million (ppm, 1ppm corresponds to 2.12 PgC [Le Queré et al., 2016]).

Eff +Ervc = Catm + Cocean + Cbiosphere (2)

E¢r and Cgey are relatively well known. Fossil fuel emissions rely mainly on national energy
consumption data and the atmospheric COy concentration has been directly measured at remote
locations. Land use change emissions are constrained mainly by book keeping methods [Le Queré
et al., 2016], fire based inter-annual variability [Van Der Werf et al., 2010] and dynamic vegetation
models [Le Queré et al., 2016], all having some differences between them. The oceanic uptake is
based on both, direct observations and also ocean biogeochemical models [Le Queré et al., 2016]. The
uncertainty of each one of these methods is given in detail in Le Queré et al. [2016]. Therefore, the
biospheric sink is calculated as the residual of the other terms. However, dynamic vegetation models
also provide the Net Biome Exchange (NBE), which represents the net flux from the biosphere to the
atmosphere, or viceversa. NBE is equivalent to Chiosphere and is calculated as:

NBE = NPP — Resphe (3)

All terms also in PgC/yr. NPP is the net primary productivity by plants, which is the difference
between the gross primary productivity, the amount of carbon allocated to plant tissues, and the
autotrophic respiration, the fraction that is respired back to the atmosphere. Resppes is the het-
erotrophic respiration at a biome scale, mainly in CO; form that is due to microbial respiration in
decomposition processes. These terms can be calculated by biogeochemical models and in this study
the focus is mainly on NBE. NBE can be also defined as the non fire fluxes between the vegetation-soils
and the atmosphere [Alden et al., 2016].

NBE and the seasonal biomass burning are the main components driving the regional carbon
balance in the Amazon. Fossil fuel emissions and oceanic uptake from equation 2 play a minor role
[Van Der Laan-Luijkx et al., 2015, Alden et al., 2016]. Thus, a carbon balance can be calculated by
adding NBE and the bulk fire emission estimates for each each fire inventory used (equation 4). These
fire estimate is given by each of the fire inventories described in Chapter 2. From an atmospheric
perspective positive values of NBE and Cyaiance mean a flux from the biosphere to the atmosphere
(source of carbon) whereas negative values mean a flux from the atmosphere to the biosphere (sink
of carbon). The rapid vertical mixing of CO9 in the Amazon allow this climatological net carbon
balance, in which the NBE and Fires are more important that other fluxes. [Van Der Laan-Luijkx
et al., 2015].

Chatance = NBE + Fire (4)

12
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1.2.4 General ecosystem carbon model

In this study a comparison of two biosphere models is done, specifically their fire scheme. Their
implementation to calculate fire emissions. The SiIBCASA [Schaefer et al., 2008] and CASA [Potter
et al., 1993] biosphere models share the biogeochemical part (CASA) and they are similar in their
approach to obtain carbon stocks. They are described in Chapter 2 as fire inventories based on burned
area coupled to carbon stocks and in chapter 3 I touch upon their fire scheme. Here I describe the
general approach by which carbon models circulate carbon between the different components of the
terrestrial ecosystems. Following the approach of Luo and Weng [2011] this model follows:

dx(t)
dt

—U(t) - b+£et)-A-X-z(t) (5)

Where z(t) describes a carbon pool size vector, depending on the pools each model has. U(t), is
the carbon gained and fixed by photosynthesis, b is a vector containing the partitioning coefficients
of the fixed carbon to the plant pools (leaves, roots, wood) and finally A and C are the matrices
containing coefficients to estimate carbon transfer between pools and the release of carbon via res-
piration. &(t) describe the environmental effects that affect cycling and respiration rates. Equation
5 is illustrated in Figure 2. Fixed carbon (U(t)) is commonly modeled using a big leaf approach,
in which photosynthesis is scaled up to ecosystem levels by using the leaf area index (LAI) or the
absorbed fraction of photosynthetically active radiation (Fpq,). Carbon allocation (b) mainly follows
the availability of nutrients, light and water. Cycling rates (C') on biosphere models depend on type
of vegetation and latitude for vegetation, and for soils is function of the organic matter. These rates
describe the residence time or turnover times of carbon in each pool. The transfer rates (A) dictate
how carbon moves or transformed from one pool to another [Sierra, 2015].

This general description aims to contextualize the reader with biosphere models and how they
calculate the carbon stocks that will be burned when coupled to a burned area inventory. Chapter
3 describes which of the carbon pools are subject to fire for each of the models studied. It is worth
mentioning that this description is by no means exhaustive as these processes were not changed in
this study. The SiBCASA and the CASA models’ output was used to create experiments that are
described in chapter 3. The reader is referred to Potter et al. [1993] and Schaefer et al. [2008] to get
a complete description of all the equations and assumptions that are within these models.
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Figure 2: Graphical representation of the components of equation 5. COs fixation by plants is included
in the term U(t) and allocation of fixed carbon to plant pools is represented by b. Cycling rates and
transfers among different ecosystem compartments are represented by the product A - C', which can
be modified by the environmental scalar £(¢). SOM stands for soil organic matter. Figure taken from
Sierra [2015].

1.2.5 Carbon Tracker Assimilation System

The general framework in which this thesis takes place is the Carbon Tracker Data Assimilation
System [Peters et al., 2007], hereafter CarbonTracker. CarbonTracker is an inverse method to estimate
surface CO4y fluxes using atmospheric observations and prior knowledge of the fluxes from modeling
frameworks. Despite the CarbonTracker system was used only in a forward mode, it is considered rel-
evant to describe with which components of this process this research deals with. The CarbonTracker
system is described in Figure 3. This system consists on using COs net fluxes from the biosphere,
fires, the ocean and fossil fuel combustion to simulated their transport in the atmosphere. A first
transport simulation is done to predict CO5 concentrations at certain locations. This first transport
is called here ”forward simulations” and they are performed with the TM5 global transport model.
Once predicted values are sampled from the TM5 at the locations of interest a comparison to observed
or measured concentrations at those same locations is done. So far these are the processes done in this
study. The CarbonTracker continues by optimizing the differences between simulation and observed
values to obtain optimized fluxes [Peters et al., 2005, Van Der Laan-Luijkx et al., 2015]. With these,
a new cycle is performed again to get better estimates. The optimization process is not done here.
In this thesis, a detailed comparison of the fire fluxes for the Amazon is presented and together with
the biosphere fluxes from SIBCASA and CASA a carbon balance for the Amazon is estimated. An
analysis of optimized fires is given in the appendix, this is considered to be a follow up of this thesis.
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Figure 3: Data assimilation cycle. The ensemble Kalman filter is a data assimilation technique by
which differences between simulated and observed concentrations are optimized. Based on [Peters
et al., 2005, Van Der Laan-Luijkx et al., 2015]
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1.3 Thesis Outline

The following chapters are organized following a step by step approach. Each chapter contains a
brief introduction, methods, results, discussion and conclusion sections. It is worth mentioning that
although the chapters focus on specific topics they can not be read individually and the structure of
the thesis follows a main line of research. The first chapter deals with the first and the second research
questions:

Research Question 1: What are the differences (in terms of yearly values, spatial distri-
bution and biome attribution) between the fire inventories used to calculate fire emissions in

the Amazon for years 2010-2015%

Research Question 2: What is the carbon balance in the Amazon for years 2010-20157

In Chapter 2 a comparison of the fire inventories used is presented. In this chapter I also touch
upon the net biome exchange obtained from two different biosphere models that are used to estimate a
total carbon balance for the Amazon for each year of the study period. Chapter 3, answer the second
research question and builds up on the main findings of Chapter 2, by investigating the main drivers
of differences between two of the fire inventories, both based on the same burned area input.

Research Question 3: What are the main drivers causing different emission estimates
between SiIBCASA-GFED/ and CASA-GFED/, considering they have the same burned area
mput?

In Chapter 3, I describe the fire scheme of two biosphere models and illustrate how these models
obtain fire emissions from burned area. Chapter 4, answers research questions four and five. It
presents the simulated profiles of CO5 and CO concentrations in four sites of the Amazon. These
emissions are provided by the fire inventories described in chapter 2 and their simulated profiles
are compared to observations. The simulations are done with the TM5 global transport model, the
main settings and drivers of the model are described in the methods section of this chapter. Finally,
Chapter 5 summarizes the main conclusions of the previous chapters and provides guidelines for follow
up studies. An appendix section follows the last chapter with additional information related to each
one of the chapters mentioned. It is worth mentioning that in the appendix a chapter 6 is presented
providing a preliminar analysis of an optimized version of the fire inventories. This is part of the
follow up recommended in the conclusions and by no means is exhaustive.

Research Question 4: How well do transported atmospheric CO mole fractions match with
CO observations made in four aircraft sites in the Amazon for the period of 2010-2014%

Research Question 5: How well do transported atmospheric COg mole fractions match
with COgy observations made in four aircraft sites in the Amazon for the period of 2010-
2014°%

Disclaimer: In the present document when the plural "we” is used it means that in that particular
context more people were involved. This happens specifically in Chapter 3 and Chapter 4. But in
other chapters may also be the case when referring to other chapter’s results.

16



Thesis Report: Biomass burning and carbon cycle in the Amazon 2010-2015

Chapter 2

2 Fire Inventories Comparison and Net Biome Exchange (NBE)

In this chapter the main characteristics of the fire inventories used are mentioned (methods section).
The results focus on a regional comparison of these fire inventories for the Amazon. Fire emissions are
analyzed form a spatio-temporal perspective, showing the main points of differences. The results are
followed by a discussion section, which focuses on the main sources of differences seen in the results
and finally the conclusions are presented in the last section.

2.1 Methods and datasets description

2.1.1 Fire inventories description

An overview of each fire inventory is presented based on the articles in which each one was thor-
oughly described. Here, only main features such as spatial and temporal resolution are mentioned. It
is important to note that the following description corresponds to the features of the original datasets.
For the forward simulations they were modified to the same spatial and temporal resolution to meet
the requirements of further analyses done later on the next chapter using the TM5 global transport
model (see chapter 5). The fire inventories listed below, except CASA-GFED4, were also used by Van
Der Laan-Luijkx et al. [2015]. A summary of the main features of each fire inventory is shown in table
1.

1. Global Fire Emissions Dataset (GFED4): Provides a global burned area at 0.25 degrees spa-
tial resolution from mid 1995 through the present and daily burned area for a subset of the
time series extending back until 2000. The daily dataset is constrained to the Moderate Res-
olution Imaging Spectro-radiometer (MODIS) era, from 1999 onwards, because neither Visible
and Infrared Scanner (VIRS) nor Along Track Scanning Radiometer (ATSR) fire counts pro-
vide the capability to predict burned area at a time scale shorter than 1 month [Giglio et al.,
2013]. To obtain biomass burning emissions from burned area, biosphere models are used to
provide the fuel for combustion according to an imposed land cover. In this project two options
were used, one in which GFED4 burned area was coupled to the biosphere model SIBCASA
to obtain carbon emissions. And the second, is given by the original GFED4 data available in
http://www.globalfiredata.org, which is coupled to the CASA biosphere model; this inventory is
called here CASA-GFED4. These models calculate the carbon pools which are then subjected
to fire. SIBCASA-GFED4 and CASA-GFED4 have different fire schemes. On one hand CASA-
GFED4 has dynamic combustion completeness and mortality whereas SIBCASA-GFED4 has
prescribed fire parameters. Moreover, their biome distribution is different, thus these two mod-
els with the same burned area are represent two distinct fire inventories in this study. GFED4
burned area includes small fires, an addition to previous versions described in Randerson et al.
[2012]. An overview of SIBCASA and CASA models is given below.
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A. SiBCASA-GFED4 [Schaefer et al., 2008]: SiBCASA is a combination of the Simple
Biosphere model (SiB) version 3 and the Carnegie Ames Stanford Approach (CASA) model.
The former (SiB) provides the biophysical part and the latter the biogeochemistry (CASA).
The model calculates the exchange of carbon, energy, and water at 10 minute time steps and
at a spatial resolution of 1°x1° degree. The fire scheme in SIBCASA was implemented by Van
Der Velde et al. [2014], and the GFED4 spatial resolution of 0.25° was aggregated to a 1°x1°
degree. The burned area is used to calculate fire emissions by using prescribed tree mortality,
combustion completeness, fraction of biomass available for combustion and carbon pools in each
pixel. This is further described in Van Der Velde et al. [2014]. To obtain emissions from a
specific specie, emissions factors can be also used, but in this framework emissions are reported
as micro-moles of carbon per unit of area per second (umolC m~2 s~1).

B. CASA-GFED4 [Van Der Werf et al., 2010]: This biosphere prior results from coupling
the GFED4 database with the global biogeochemical Carnegie- Ames-Stanford-Approach: CASA
Potter et al. [1993]. CASA runs on a monthly time interval and simulates the carbon exchange
between the atmosphere and the biosphere. The model estimates carbon stocks which are then
burned according to the burned area input from GFED4. CASA has a higher spatial resolution
than SiBCASA providing information for 0.5°x0.5° pixels. The combustion completeness is
calculated within the model based on meteorological conditions. In the study Van Der Werf et al.
[2010] the modifications to the original modeling framework of CASA are well described. Van
Der Werf et al. [2010] provide a partitioning between deforestation fires and non deforestation
fires. A key difference from SiIBCASA is the dynamic approach of tree mortality which depends
on the fraction of tree cover in each pixel. Finally, trace gas emissions are derived using emission
factors from Akagi et al. [2011] and Andreae [2001]. Furthermore, CASA-GFEDA4 provides a
diurnal cycle of fire emissions. A percentage of the daily value is assigned to every 3 hourly time
step in each day. The percentage for each time step is constant for every month.

2. GFAS [Kaiser et al., 2012]: The Global Fire Assimilation System calculates biomass burning
emissions by fire radiative power (FRP). The MODIS instruments aboard the Terra and Aqua
satellites provide the observations of FRP, which is the rate of electromagnetic energy emitted
by a fire [Randerson et al., 2012]. Using biome specific conversion factors from the GFED
database version 3.1 dry matter burned is estimated from FRP [Andela et al., 2013]. The GFAS
mechanism has the capability of detecting fires in real time at high spatial (0.5°x0.5°) and
temporal resolution (daily). These data is available online at almost near real time. Biomass
combustion rate is calculated from specific land-cover emission factors from Andreae [2001].
Regarding the geographical distribution, the detection of small fires is limited by the pixel
resolution: when a fire burns over an area less than 500 x 500 m it is not detected. In this study
GFAS version 1 and 1.2 were used. Version 1.2 was used from 22-09-2014 onwards until 2016.

3. FINN [Wiedinmyer et al., 2010]: This product is based on satellite observations of active fires and
land cover, together with emission factors and estimated fuel loadings. Active fires are detected
with information provided from the MODIS instruments onboard the NASA Terra and Aqua
satellites. The dataset provides daily fires with a horizontal resolution of 1km?. Observations of
active fires are used to estimate burned area, instead of FRP as in GFAS. MODIS land cover and
vegetation continuous fields products are used to obtain the fraction of woody and non woody
vegetation. Each fire count was assumed to be 1 kmZ?of burned area for all land cover classes,
with the exception of savannas and grasslands which was assumed to be 0.75 km?[Andela et al.,
2013]. The emission factors used are those reported in the study of Akagi et al. [2011].
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Table 1: Summary the main feature for the fire inventories used in this study.

SiBCASA-GFED4 CASA-GFED4
Van Der Velde et al. [2014]

Van Der Werf et al. [2010] ~ Van Der Werf et al. [2010]

Source of data (MODIS) Burned Area Burned Area
Spatial Resolution 1°x1° 0.25°x0.25°
Temporal Resolution Daily Daily and 3h

Andreae [2001] Andreae [2001]
Emission factors [Akagi et al., 2011] [Akagi et al., 2011]

GFAS FINN
Kaiser et al. [2012] Wiedinmyer et al. [2010]

Source of data (MODIS) FRP Active Fires and land cover
Spatial Resolution 0.5°x0.5° degrees 1km
Temporal Resolution Daily Daily
Emission factors Andreae [2001] Akagi et al. [2011]

2.1.2 Biome Attribution

In this chapter a distribution of the total fire emissions is done according to an underlying land cover
map. This is done to have an idea of which of the biomes are contributing to the total fire emission
estimates in the defined regions of study and if this contribution changes between fire inventories. The
study region is given in Figure 4 and 5. The biome attribution was based on the land cover map used
in SIBCASA, which was further subdivided to get a better spatial resolution in the rainforest biome,
”Tall broadleaf-Evergreen trees”, the most dominant biome in the Amazon. For this the Koppen
climate classification was used [Kottek et al., 2006]. Figure 4 shows the biomes of SiBCASA and
Figure 5 shows the modified SiIBCASA-Koppen land cover. Note that the biome ”Tall broadleaf-
Evergreen trees” from Figure 4 is further splitted in 3 climate regions in Figure 5 in the region of
the Amazon. The fire emissions of each product were associated to the original SIBCASA landcover
map (Figure 5). This approach was previously used by Van Der Laan-Luijkx et al. [2015]; therefore
in this study was also applied to maintain consistency and make the results comparable. It is worth
mentioning that the SIBCASA calculates the carbon pools globally based on the biomes listed in
Figure 4.
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Figure 4: Land Cover map used in the SIBCASA model for the Amazon.
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Figure 5: Land Cover map used in SIBCASA for the Amazon, with further split into Koppen climate
regions in the Amazon.
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2.2 Results

2.2.1 Yearly Values and daily time series

Figure 6 shows an annual average biomass burning carbon emissions. All fire products show that
2010 had the highest emissions in the 2010-2015 period. However, there is a large difference between
products, ranging between: 0.54 PgC/yr (SIBCASA-GFED4) and 0.24 PgC/yr (GFAS). Note that for
2011 the emissions decreased and the variability between products is much lower; remarkably three
of the products report similar values 0.10, 0.08, 0.09 PgC/yr for SIiBCASA-GFED4, GFAS, CASA-
GFED4, respectively, whereas for FINN I obtained 0.17 Pg/yr. For 2012 the fire emissions increase
again along with the variation between fire inventories. The next year (2013) in general has lower
emission for all fire products. Note that FINN estimate decreases again in 2014, reaching a value of
0.05 PgC/yr. The other three fire products show increasing values from 2013 until 2015. In Table 2 a
detailed summary of the yearly values for each fire product is presented. Biomass burning emissions
scale with drought conditions and emissions are therefore larger in 2010 [Lewis et al., 2011, Gatti
et al., 2014, Van Der Laan-Luijkx et al., 2015]. The effect of 2015 El Nifio event, might be more
evident during 2016 fire emissions. It is interesting to note that on average, SIBCASA-GFED4 has
higher estimates, GFAS lies on the low side compared to the other fire inventories and CASA-GFED4
and FINN are between the first two mentioned.

0.7

Biomass burning CO, flux [PgC/yr]

2010 2011 2012 2013 2014 2015

Il SiBCASA-GFED4 I FINN
I GFAS [ CASA-GFED4

Figure 6: Annual mean carbon emissions from biomass burning according to different fire products:
SiBCASA-GFED4, GFAS, FINN, and CASA-GFEDA4.
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Table 2: Annual mean carbon emissions from biomass burning for the years 2010-2015 [PgC/yr]

Fire
2010 2011 2012 2013 2014 2015
SiBCASA-GFED4 0.54 0.10 0.33 0.14 0.23 0.31

GFAS 0.24 0.08 0.10 0.05 0.08 0.11
FINN 0.41 0.17 0.23 0.15 0.05 0.15
CASA-GFED4 0.46 0.09 0.19 0.08 0.15 0.19

In Figure 7 the time series of the daily fire emissions is shown. Note that the y axis range is
larger than that for the yearly values. Each value of this graph represent the yearly sum if that
value would happen for all days of the year, representing a yearly daily average. The fire season in the
Amazon, which occurs generally during the months of August until October, is well captured by all fire
products. The maximum daily emissions in the year 2010 clearly exceed those of the following years
in each fire product. However the variation between fire inventories is again considerable, mainly in
2010. In addition, notice that the fire season for FINN is stretched towards the months after October
for all the years except 2014. Moreover, it is interesting to see the timing of the fire season for each
fire inventory. For SiIBCASA-GFED4 generally the fire season starts earlier than for the others, the
difference is larger compared to GFAS and FINN and compared to CASA-GFED4 is more perceptible
in 2010 than for other years.

Biomass burning CO, flux [PgC/yr]

Jan ‘ Jan Jan 7 Jan Jan Jan 7 Jan

2010 2011 2012 2013 2014 2015 2016
— SiBCASA-GFED4 — FINN
— GFAS — CASA-GFED4

Figure 7: Daily time series of biomass burning carbon emissions in the Amazon for different fire prod-
ucts: SIBCASA-GFED4, GFAS, FINN, and CASA-GFED4. Note that the units PgC year'indicate
a yearly average (which represent the value for that particular year if that same estimate would have
been present all days of the year).
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2.2.2 Spatial Distribution biomass burning carbon emissions in 2010-2015

The spatial distribution for fire emissions was mapped for South America, for each fire product and
for 2010-2015. An average for the period of study is also shown (see appendix). For these maps, the
original information of each fire product was used in which the units mol C m ~2 s~! were converted
to gC m~2 day~!. The spatial distribution of the biomass burning emissions for each fire product
are shown for South America in Figure 8. For FINN and CASA-GFED4 the emissions were mostly
constrained to the Amazon whereas SIBCASA-GFED4 and GFAS report some emissions more to the
south of the Amazon, towards the north of Argentina (GFAS) and east Paraguay (SiBCASA-GFED4).
All products show emissions in the east of Bolivia. During 2012, SIBCASA-GFED4 has again the
highest emissions spread from east to west, along the 10°S parallel. The other three products follow
slightly the same spatial distribution but not with the same magnitude. During 2013 and 2014, GFAS
and FINN show low emissions in general, around 0.2 gC m~2 day~! while SIBCASA-GFED4 and
CASA-GFED4 have several regions with more than 0.6 gC m~2 day~!. Finally in 2015, while all fire
products have approximately the same spatial pattern their magnitudes differ. However, note that
for FINN the emissions are located above the 10°S parallel, for the other products they are along
this latitude. SiBCASA-GFEDA4 has regions with higher magnitudes, whereas the other products
with lower. Figure 9 shows the spatial differences between the four fire inventories, where SIBCASA-
GFED4 is chosen as a reference. This gives an idea of where are the major differences located. Average
fire emissions over 2010-2015 are used to calculate their relative difference and to calculate the ratio
between inventories (Figure 9).

The spatial differences shown in the top panel of Figure 9 indicate that SIBCASA-GFED4 has
higher emissions relative to the other inventories, mostly in the region northeast of Brazil and north
of Bolivia. This could be due to SIBCASA’s fire scheme and differences in land cover. In regions like
southern Paraguay, where yellow areas are shown, higher values are not consistent for all years. Above
zero values are the result of a particular year (i.e 2010). The latter is associated to both SIBCASA’s
fuel load in those areas and also the burned area reported for that particular location and year in the
GFED4 dataset.

In the bottom panel of Figure 9 the ratio of SIBCASA-GFED4 and the added value of SIBCASA-
GFED4 and the compared fire inventory (GFAS or FINN, or CASA-GFED4) is shown. A 1 indicates
that SIBCASA-GFED4 reports emissions while the other inventory does not; a value of 0.5 indicates
that both inventories have the same average fire emissions in that region for the study period; and
a value of 0 indicates that SIBCASA-GFED4 does not report emissions in those regions whereas the
other inventory does. For the dark blue areas at high latitudes a value of 0 is more likely to indicate
that both inventories have no fire emissions detected. It is interesting to see that SIBCASA-GFED4
has higher mean biomass burning carbon emissions in more regions than GFAS, suggesting a lower
mean reported by GFAS for the study period. When compared to FINN one can see that there
are more pixels along the 10°S parallel that are close to SIBCASA-GFED4’s mean, which suggest a
better agreement for the 6 multi-year mean between FINN and SiBCASA-GFED4. The ratio between
SiBCASA-GFED4 and CASA-GFED4 has more green areas, which is expected because they have
the same burned area. However locations with values close to 1 again highlight the fundamental
differences between each biosphere model fire scheme.
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Figure 8: Spatial Distribution of biomass burning carbon emissions (gC m™ day ') for each fire

product in South America (2010-2015). Zero indicates that in those areas both inventories have the

same average for the study period.
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Figure 9: Difference in mean (2010-2015) fire emissions for each fire inventory and SiIBCASA-GFED4
(top panel) and ratio of SIBCASA-GFED4 / (SiBCASA-GFED4 + (GFAS or FINN or CASA-
GFED4)) (bottom). Note that the bottom panel is unitless as it is a ratio between inventories.

2.2.3 Biome Attribution

The previous spatial differences are now associated to the different biomes present in the Amazon
in the SIBCASA model. This is important to see what type of vegetation is being combusted according
to each fire inventory. The biome distribution used is based on the SIBCASA land cover map and on
the Koppen climate regions [Kottek et al., 2006]. A detailed explanation about the selection of these
biomes is provided in the methods section and more general in Van Der Laan-Luijkx et al. [2015]. The
latter yields an improved resolution of the biomass burning emissions in the Amazon forest, which in
SiBCASA is mainly all defined as Tall Broadleaf-Evergreen Trees (TropFor). This improved biome
resolution map was done initially for an atmospheric inversion study [Van Der Laan-Luijkx et al.,
2015]. From now on when referring to biomes, these climatic regions are also being considered. The
first results in this section refer to a merged year analysis (2010-2015), while in the second part a
selected biome analysis is shown. In Figure 10 the percentage of the emissions per biome estimated
with each fire product for the 2010-2015 period are shown.
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It is important to mention that this biome distribution is all based on SIBCASA’s land cover and
might not be the same within the other fire inventories’ original definitions. Surprisingly, SIBCASA-
GFED4 has almost all emissions in TropFor and mainly TropFor: Tropical Savanna, as opposed to
the other fire products, which have up to half in Savanna and Grasslands. For GFAS and CASA-
GFED4 the TropFor contribution is very similar whereas in FINN amounts to more than half of the
total emissions. Furthermore, the emissions associated to Grasslands are not reported in SIBCASA-
GFED4, whereas on the other three products they are obviously relevant. The biome Savannah
has a minor contribution to the fire emissions of the SIBCASA-GFED4 product, while for the other
three products this biome represents at least 25% for FINN and slightly less than 50% for GFAS and
CASA-GFED4. Annual differences in the biome distribution are shown in the appendix.

SiBCASA-GFED4 prior FINN

== Tall Broadleaf-Evergreen Trees, Climate = Trop. Rainforest
== Tall Broadleaf-Evergreen Trees, Climate = Trop. Monsoon
= Tall Broadleaf-Evergreen Trees, Climate = Trop. Savannah
== Tall Broadleaf-Evergreen Trees, Outside South America

== Tall Broadleaf-Deciduous Trees
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Figure 10: Percent distribution of biomass burning carbon emissions in each biome for the period 2010-
2015 for each fire product. The total represents the total sum of emitted carbon for the 2010-2015
period.

In the following results a detailed analysis per biome is presented. The selected biomes were
those that had a higher percentage of biomass burning emissions in the previous analysis. The
selected biomes and climate regions are: TropFor:Tropical Rainforest, TropFor: Tropical Monsoon,
TropFor:Tropical Savannah, Savannah and Grasslands. In Figure 11 the percentual contribution to
the total fire emissions in each year is shown for each biome. For the TropFor:Tropical Rainforest all
fire products report a rather low contribution to the total, less than 10%, except for FINN in 2013
which reaches slightly more than 10%. In the TropFor: Tropical Monsoon is where the fire products
show relatively little variability between them. For each year the difference between the minimum
and the maximum percentage is within 8-16%. For the TropFor:Tropical Savannah SiBCASA-GFED4
has the highest percentage, more than 70% for all the years, while the other three fire products are
within 20 and 35% for all years. In contrast, the Savannah and the Grasslands biomes are where
SiBCASA-GFED4 has the lower percentage compared to the other fire products in all years, which
might be explained by the coarser resolution of SIBCASA that could have caused a mismatch between
the burned area and the biomes, when aggregating the burned area from 0.25°x0.25° to 1°x1°.
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Figure 12 shows the absolute fire emissions per biome per year. The TropFor:Tropical Rainforest
has indeed low emissions during the 5 year period, following from the low percentage reported earlier.
The T-BET:Tropical Monsoon has varying emission magnitudes throughout the 5 years with SIBCASA
and FINN having the highest emissions compared to GFAS and CASA-GFED4, except for 2014.
Even though there are differences in emission magnitudes, even with similar percentages. In the
TropFor:Tropical Savannah biome fire emissions of SIBCASA-GFED4 have rather a high variability,
ranging from 0.39 PgC/yr in 2010 to 0.07 PgC/yr in 2011. In the Grasslands, SIBCASA-GFED4 has
zero emissions for all years, while the other three fire products have estimated emissions of less than
0.05 PgC/yr, except for CASA-GFED4 in 2010. Even though CASA and SiBCASA had the same
burned area input, there are remarkable differences in the biome attribution of the emissions. The
latter suggests that there might be discrepancies with the fuel load associated to the land cover map
used in the different biosphere models. This will be further considered in the discussion section and
in Chapter 3.
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Figure 11: Percentage of biomass burning carbon emissions for each selected biome for the period of
2010-2015 for each fire inventory.
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Figure 12: Biomass burning carbon emissions for each selected biome for the period of 2010-2015,
according to the fire products used.

2.2.4 Diurnal Cycle for CASA-GFED4

The diurnal cycle is given with the CASA-GFED4 products and as it was mentioned before is the
same for each time step in each month. Figure 13 shows averaged fire emissions for each time step in
each month and year in the Amazon (region presented in Figures 4 and 5). Note that the time is given
in UTC, thus local time is -4 hours considering the time zone of Manaus, Brazil. Therefore the local
peak hour of fire emissions would be at 11:00 local time, which corresponds to 15 UTC shown in the
graphs. The fire season, according to the diurnal cycle of the CASA-GFED4 product is constrained
to the months of August until October, the same as what was seen in the daily time series.

Besides the substantial differences in magnitude when comparing 2010 to other years, note that
the fire emission peak alternates between August and September over the study period. For years
2010 and 2014 August was the month in which fire emissions were the highest, reaching 8 PgC/yr
and 2 PgC/yr, respectively. Meaning that 8 PgC/yr or 2 PgC/yr would have been the value for all
the entire year if that emission would have been reported for all time steps and all days of the year.
For years 2011, 2012, 2013 and 2015, September was the peak month, with less than 4 PgC/yr for all
years and suggesting a later start of the fire season. In particular 2015 had a rather high late onset of
the fire season, which could be already associated to the El Nino event [Jiménez-Munoz et al., 2016].
It is worth noting that even though the peak emissions changes between August and September, the
average fire emissions in each time step are very similar for both. In contrast, in October the magnitude
decreases significantly with respect to the previous months (August and September), with relatively
high emissions in 2010, 2012, 2014 and 2015. For 2010 it is remarkable that July has a perceptible
signal, slightly higher that October, suggesting that the onset in 2010 started before August.
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Figure 13: Average fire emissions for each 3 hourly time step in each month and year for CASA-
GFED4.

2.2.5 Spatial Distribution of Net Biome Exchange (NBE)

It is worth mentioning that SIBCASA provides a 3 hourly resolution for the NBE whereas CASA
has a monthly resolution. For CASA, a further conversion to 3 hourly was done based on its monthly
mean and 3 hourly information of temperature and radiation. The spatial distribution of the NBE
is shown in Figure 14. The NBE differs notably between the biosphere models. SIBCASA-GFED4
simulates a consistent uptake of carbon throughout the Amazon for all years, without a clear drought
response (i.e. 2010). There is a region in the northeast of Brazil where there is a release of carbon,
which is present from 2012 until 2015. For CASA-GFED4 the uptake is lower than in SiBCASA-
GFED4 and the Amazon even turns into a source of carbon to the atmosphere, particularly in 2010.
In 2012 the positive fluxes are present in the northeast of Brazil for CASA-GFED4 as well, but in the
following years they weaken considerably. In 2014, there was a release of carbon limited to the central
part of the Amazon, which is not visible for the next year, 2015. From this spatial distribution one
can argue that CASA has a higher sensitivity for dry periods than SiBCASA, in particular for the
2010 drought in the Amazon.
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Figure 14: Spatial Distribution of the NBE simulated for each biosphere model and for the 2010-2015
period in South America.
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2.2.6 Carbon Balance

An annual carbon balance for the Amazon was estimated using the annual average fire emissions
of each fire product and the Net Biome Exchange (NBE). The total balance was calculated by adding
the NBE and Fires as listed in Tables 3 and 4. Note that positive values denote a flux from the
biosphere to the atmosphere (release of carbon) and negative values a flux from the atmosphere to the
biosphere (uptake of carbon). No NBE values are attributed to neither GFAS nor FINN, because those
products provide direct fire emissions, thus the carbon balance for this two inventories is calculated
with SIBCASA-GFED4 NBE values. NBE is different between the two biosphere models. The NBE
for 2010 was surprisingly high for CASA-GFED4, which showed a flux to the atmosphere of 0.33
PgC/yr, compared to SiBCASA-GFED4, which estimated a flux to the biosphere of -0.39 PgC/yr.
Thus, the former suggests a release, while the latter suggests an uptake of carbon by the biosphere.
This happens again in 2014 with -0.52 and 0.11 PgC/yr for SIBCASA-GFED4 and CASA-GFED4,
respectively. Years 2011, 2012, 2013 and 2015 are similar in terms of the sign but not in terms of
the magnitude, while SIBCASA-GFED4 shows a strong uptake, CASA-GFED4 shows a weak uptake,
even close to neutral.

The total carbon balance has interesting results. For 2010 all fire products, except GFAS reported
a release of carbon from the biosphere. This is linked to the El Nino event that happened that year
which enhanced drought and thus fire emissions as it was already mentioned before [Lewis et al.,
2011, Gatti et al., 2014, Van Der Laan-Luijkx et al., 2015]). The next year (2011), all products agree
on an uptake of carbon with varying magnitudes, note the relatively small uptake of -0.045 PgC/yr
reported by CASA-GFED4. For the next years (2012-2015) SiBCASA-GFED4, GFAS and FINN
show a consistent uptake, whereas CASA-GFED4 shows a release of carbon to the atmosphere. In
the discussion of this chapter a comparison with other reported values is shown.

Table 3: Annual mean carbon emissions from biomass burning for the years 2010-2015 [PgC/yr]. This
Table is the same as Table 2, added here for a complete overview.

Fire
2010 2011 2012 2013 2014 2015
SiBCASA-GFED4 0.54 0.10 0.33 0.14 0.23 0.31

GFAS 0.24 0.08 0.10 0.05 0.08 0.11
FINN 0.41 0.17 023 0.15 0.05 0.15
CASA-GFED4 0.46 0.09 0.19 008 015 0.19

Table 4: Net biome exchange (NBE) for the years 2010-2015 [PgC/yr]

NBE
2010 2011 2012 2013 2014 2015
SiBCASA-GFED4 -0.39 -0.40 -0.60 -0.35 -0.52 -0.68
CASA-GFED4 0.33 -0.14 -0.02 -0.04 0.11 -0.09
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Table 5: Prior Amazon carbon budget for the years 2010-2015 [PgC/yr]

Total
2010 2011 2012 2013 2014 2015
SiBCASA-GFED4 0.14 -0.30 -0.27 -0.20 -0.29 -0.36

GFAS -0.15 -0.32 -0.49 -0.29 -0.43 -0.56
FINN 0.01 -0.23 -0.37 -0.20 -0.47 -0.52
CASA-GFED4 0.80 -0.04 0.17 0.04 026 0.10

2.3 Discussion

2.3.1 Yearly values, daily time series and CASA-GFED4 diurnal cycle

It is worth noting that there are several sources of uncertainty for each fire inventory. For FINN,
as it is remarked by Wiedinmyer et al. [2010], uncertainties are associated to land cover classifications,
fire detections (small fires), the assumed burned area, the biomass loading, the amount of fuel burned,
and the emission factors. For GFED4 the total uncertainty for daily burned area is calculated as the
combination of: 1. pixel miss-classification when downscaling the MODIS product to a 0.25 degree
grid cell and 2. the regression uncertainty when estimating burned area in the pre MODIS era Giglio
et al. [2013]. Number 2 does not apply in this study, as the data used was constrained to the MODIS
era. For GFAS the biome specific conversion factors from FRP to dry matter combusted are the main
source of uncertainty as these factors tend to change in time not only between biomes but also within
biomes [Kaiser et al., 2012, Andela et al., 2013].

The fire inventories used in this study were already compared previously at a global scale in
[Andela et al., 2013]. In the study regional differences are mentioned but focusing more on hemispheric
differences and there is not a detailed analysis for the Amazon. Another difference from that study
is the use of a different biosphere model as a source of fuel load for the GFED4 burned area product.
Thus, the present chapter provides a zoomed in approach for the region of interest highlighting the
main differences between fire inventories. As it was shown before (Figure 6), SIBCASA-GFED4 had
higher emissions for all years, with a possible overestimation due to higher fuel loads within the model,
a fast forest recovery from one year to the next with a prescribed tree mortality in the fire scheme and
a coarse resolution biome map [Van Der Velde et al., 2014]. These differences are more relevant when
comparing SIBCASA-GFED4 and CASA-GFED4, as they have the same burned area but different
vegetation distribution.

Andela et al. [2013] mention that for some regions of the globe GFAS estimates were in between
FINN and GFED (version 3.1) because GFAS is based on the same fire satellite observations as
FINN but uses conversion factors derived from GFED to convert fire radiative power to dry matter
combusted. This trend is not seen in the results presented here and GFAS was all years in the low
side, except for 2014 in which FINN was the lowest. These differences might be explained by the fact
that a newer version of GFED was used here and the different period analyzed. An additional reason
that might explain why SiIBCASA-GFED4 and CASA-GFED4 tend to be higher in the Amagzon, is
cloud cover in this area. As it mentioned in Andela et al. [2013], cloudy areas might affect FINN and
GFAS estimates, as they rely on FRP. Wiedinmyer et al. [2010] also support the limitation that cloud
cover presents in each satellite overpass for detection of fires, which may lead to underestimations, in
this case by FINN and GFAS. However, in Andela et al. [2013] and Kaiser et al. [2012] also mentioned
that GFAS corrects cloud covered areas by assuming the cloudy part of the pixel being the same as
the non cloudy part and for completely covered pixels it assigns the last clear observation.
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An additional factor that could influence FINN estimates relative to GFAS is that a fire count in
FINN corresponds to 1km? of burned area, which could be an overestimation for small agricultural
fires and on the other hand underestimation of the burned area in locations where it tends to be larger
such as Savannas and Grasslands [Andela et al., 2013, Wiedinmyer et al., 2010]. Wiedinmyer et al.
[2010] state that the latter tends to cancel at a global scale, but for regional studies this effect has
to be taken into account. In regards to the timing of emissions the results presented here (Figure 7)
coincide with Andela et al. [2013] showing a better timing of the fire season for FINN and GFAS,
somewhat after the timing seen for CASA-GFED4 and SiBCASA-GFED4. From the diurnal cycle
of CASA-GFED(4 is clear that fire emissions throughout the first months of the fire season (August
and September) have the same magnitude, which is similar for SIBCASA-GFED4 as the date of their
maximum daily fire emissions coincide but differ for FINN and GFAS.

2.3.2 Biome attribution

SiBCASA-GFED4 for the Amazon region adopted in this study does not have emissions in Grass-
lands and has very low values in Savannah. This is compensated by high emissions in the Tall
Broadleaf Evergreen Trees (TropFor) biome, which indicates that the GFED4 burned area in SiB-
CASA is burning mainly in the TropFor biome whereas in CASA there is a notable contribution to
the total emissions by the Savannah and Grasslands biome. This is unexpected as they have the same
burned area input: GFED4. This difference is mainly seen in the year 2010, where CASA-GFED4
had higher emissions in Savanna, of around 0.2 PgC/yr representing more than 40% of the total for
than year. It is important to note that in Andela et al. [2013] it is reported that GFED has higher
estimates for humid savannas and that FINN emissions for this biome are lower than for GFED and
GFAS, in which the largest spatial deviation is found.

The Koppen climate adjustment to divide the TropFor biome suggests that fires in the Amazon
are concentrated to the boundaries of the tropical forest where the criteria used by Kottek et al.
[2006] to define these regions is: the precipitation of the driest month should be lower than certain
threshold in which the mean annual precipitation is taken into account. These areas are likely to
coincide with the arc of deforestation in the southeastern part of the Amazon, that in the biome
distribution used here are represented as TropFor: Tropical Savanna biome and in CASA as Savannah
and Grasslands biome; definitions that might not be precise with reality. The clear differences in
percentages and magnitude of fire emissions for SIBCASA-GFED4 in the TropFor: Tropical Savanna
biome points again to the differences in carbon pools calculated by the SIBCASA model. The fact
that the other three inventories are closer to each other suggests that SIBCASA-GFEDA4 is likely
overestimating emissions (relative to other inventories) by a misrepresentation of the actual type of
vegetation present in that area and potentially in others.

2.3.3 Spatial Distribution of Fires and NBE - Carbon Balance

For the spatial distribution of fires emissions and NBE in this study the analysis was done for
all South America so fire emissions and carbon exchange outside the defined Amazon region can be
seen. In line with Van Der Werf et al. [2010] and Andela et al. [2013] the spatial distribution of fire
emissions (Figure 8) correspond to deforestation zones. For years (2013, 2014 and 2015) in which
SiBCASA-GFED4 and CASA-GFED4 show clearly more emissions than GFAS and FINN, a possible
explanation might be that burned area products like GFED4 are sensible to post burning landscape
marks from fires that happened in cloud covered areas as long as the cloud cover is not highly persistent
[Randerson et al., 2012].
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However, this advantage might be undermined by a wrong representation of the vegetation within
a biosphere model, in this case SIBCASA or CASA. Therefore, the spatial analysis supports that
SiBCASA is overestimating fire emissions due to larger fuel loads, as it was also mentioned by Van
Der Velde et al. [2014]. In the region of northeast Brazil along the 10°S parallel SIBCASA-GFED4
has a persistent high biomass burning area throughout the study period, which is also seen in other
inventories but too a much lesser extent and not for all years. This region is captured in the defined
Amazon region but a small portion of the areas farther east are not captured: those along the 45°W
meridian and between the equator and the 10°S parallel. From the spatial difference shown in Figure
9 one can conclude that GFAS, FINN and CASA-GFED4 have very low emissions or zero emissions
in these areas, something that has to be taken into account for regional studies using SIBCASA.

In regards to NBE there are remarkable differences between SIBCASA and CASA. SiBCASA has
a sustained uptake whereas CASA has a weaker uptake and for some years (i.e 2010) a net release
of carbon. The latter is due to a higher soil respiration caused by the drought that was enhanced
by the El Nifo event that occurred that same year [Lewis et al., 2011, Gatti et al., 2014, Van Der
Laan-Luijkx et al., 2015, Alden et al., 2016]. This aspect, which is not captured by SIBCASA, affects
the CO5 uptake which could be boosted in the biosphere models by a strong COs fertilization effect.
It is interesting to note that the uptake regions in SIBCASA coincide with the fire emissions pixels
suggesting that carbon uptake and fires emissions are happening in basically the same regions within
SiBCASA. Moreover, the differences in NBE can also be associated to the different biome distribution
in each biosphere model. This will be analyzed in detail in the next chapter.

The carbon balance shown in Table 5 is highly dependent on the NBE estimated by CASA and
SiBCASA. CASA-GFED4 estimates of the carbon budget indicate that this model might be under-
estimating the carbon uptake for some years, but the magnitude of this underestimations is hard to
know, as SIBCASA is, in contrast, showing a larger sink of carbon. For instance, for year 2010 CASA-
GFED4 estimates 0.8 PgC year'released to the atmosphere, whereas SIBCASA-GFED4 estimates is
of 0.14 PgC year!. Compared to other studies, the estimates presented here are within the same
order of magnitude, but still show a large variation. For 2010 Gatti et al. [2014] reports 0.48 + 0.18

PgC year?, Van Der Laan-Luijkx et al. [2015] 0.07 + 0.42 PgC yr'and Alden et al. [2016] 0.72 PgC

yrt.

2.4 Conclusions

A fire inventory comparison has been performed focusing on the Amazon for yearly averages
and daily time series. The fire inventories are able to capture the fire season in the Amazon but
they present differences for the onset of the fire season and average annual values. These differences
are due to fuel load differences and fire scheme for SIBCASA and CASA and more general for all
inventories, emission factors, land cover maps, assumed burned area (i.e. FINN) and assumptions
within each retrieval algorithm (i.e. for GFAS cloud cover correction). The diurnal cycle, obtained
from CASA-GFED4, indicates that at 15 UTC (11 local time) the fire emissions in the fire season
reaches its maximum value. August and September are the months in which the onset occurs, varying
for some of the years studied. The biome attribution and the spatial analysis of biomass burning
carbon emissions provide evidence to conclude that:

1. SiBCASA-GFED4 inventory is overestimating fire emissions in the TropFor: Tropical Savannah
biome relative to the other inventories and underestimating fire emissions in the Savannah biome.

2. The regions subject to these clear differences are mainly in the northeast of Brazil where SiB-
CASA has imposed the presence of 'Tall Broadleaf Evergreen trees’ and CASA Savannah and
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Grasslands.

3. Using a model specific land cover, in this case, SIBCASA’s land cover might give misleading
estimates for other burned area based fire products, like CASA-GFED4.

4. Even though SiBCASA-GFED4 has a good agreement at a global scale with other fire inventories
[Van Der Velde et al., 2014], when zooming in regionally large differences are found.

5. Models using the same burned area but different fire schemes present large difference in annual
average biomass burning emissions and spatial distribution.

It was shown that modeled NBE strongly affects the total carbon budget for particular years. For
SiBCASA-GFED4, GFAS, FINN, which all have the same modeled NBE, the Amazon was found to
be a net sink of carbon for 2011, 2012, 2013, 2014 and 2015. For 2010 all inventories except GFAS,
report a net source of carbon from the Amazon to the atmosphere. CASA-GFED4 showed a different
estimate for 2011, 2012, 2013, 2014 and 2015 in which the Amazon was found to be a net source of
carbon.

35



Thesis Report: Biomass burning and carbon cycle in the Amazon 2010-2015

Chapter 3

3 SiBCASA-GFED4 and CASA-GFED4 Comparison: From
Burned Area to Fire Emissions

The present chapter aims to investigate why SiBCASA and CASA are estimating different fire
emissions while using the same burned area input. In the previous chapter these differences suggested
that there are several factors within each model that might be driving these different estimates. The
underlying land cover in each model is one of these drivers. Moreover, the fire scheme in each model
might also contribute to these differences in which parameters such as tree mortality and combustion
completeness directly affect the fuel load given by the aboveground biomass in each model. Therefore
general description of each fire scheme is presented in the Methods section. In the results an experiment
using CASA’s land cover within SIBCASA to calculate fire emissions with the GFED4 burned area
is shown as well as a burned area analysis together with fuel load dynamics for SIBCASA. The latter
will give an indication of the main factors affecting each model estimates which is important for
atmospheric transport studies, in which a good set of fire emissions is needed. Note that in this
chapter we refer to SIBCASA and CASA without the GFED4 coupling, because we are dealing with
the model itself and not to the fire emissions associated to it. When written SIBCASA-GFED4 or
CASA-GFED4 we refer to the fire inventory resulting from this coupling.

3.1 Methods

In the present section the fire scheme of each biosphere model is described. The main mechanisms
by which emissions are calculated in each model are highlighted noting their fundamental differences.
Posteriorly the experimental set up by which CASA’s land cover was represented in SIBCASA for the
Amazon is described and finally the main assumptions by which fuel load and fuel consumption were
calculated are mentioned. The GFEDA4 fire inventory was described in the previous chapter and in
the general introduction the generic method to calculate fire emissions is described.

3.1.1 Biosphere models fire schemes

The detailed fire schemes of these biosphere models are described elsewhere in detail [Van Der Velde
et al., 2014, Van Der Werf et al., 2010], however it is worth highlighting the main mechanisms by which
these models calculate fire emissions.

3.1.1.1 SiBCASA fire scheme

The fire scheme in SIBCASA was implemented by Van Der Velde et al. [2014] and the following
description is based on their paper. The spatial resolution of the model is coarser than the GFED4
burned area, thus GFED4 burned area was aggregated from 0.25°x0.25° to the 1°x1° resolution of
SiBCASA. Once aggregated, the burned area is converted to a turnover rate as follows:
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BA

A=GA+5

(6)

Where A, (s71) represents the turnover rate, BA, (m?) the burned area reported in GFED4, G A,
(m?) the area of each grid cell and S the seconds in each month. This turnover rate is then used to
obtain the fire emissions as follows:

P
Ffire:A*MZCp'Ep (7)

n=1

Where Fy;, is the total fire flux per grid cell summed for all the p number of aboveground and fine
litter pools and calculated in each time step (umole C m=2 s=1). M represents the tree mortality ratio
given for each biome, C is the carbon stocks in each pool, and E is biomass available for combustion
in each pool, also called combustion completeness factor. Table 6 shows the combustion completeness
factors and mortality ratios for each pool and biome. Van Der Velde et al. [2014] implemented the fire
scheme in SIBCASA assuming that aboveground biomass and fine litter on the surface are affected
directly by fires. The fraction of the carbon within the aboveground pools that is not burned is
considered dead biomass and transferred to the fine litter pools. The fraction of fine litter pools
that is not burned is not further transfered. In SIBCASA’s fire scheme peat burning and organic soil
combustion are not included.

Table 6: Combustion completeness fractions for each biome and carbon pools. Note that tree mortality
is not pool dependent. CWD stands for coarse woody debris, surfmet, surfstr and surfmic stand for
surface metabolic, surface structural, and surface microbial, respectively. These represent the surface
fine litter pools. This table was adjusted from Van Der Velde et al. [2014], limited to the biomes
within the Amazon.

Biomes Storage Leaf Wood CWD Surfmet Surfstr Surfmic Mortality
Evergreen Broadleaf trees 0.9 0.9 0.5 0.2 0.9 0.9 0.9 0.9
Broadleaf and needleleaf trees 0.8 0.8 0.2 0.4 0.8 0.8 0.8 0.6
Savanna 0.9 0.9 0.3 0.5 0.9 0.9 0.9 0.05
Grasslands 0.9 0.9 0.3 0.9 0.9 0.9 0.9 0.01
Shrubs 0.9 0.9 0.3 0.9 0.9 0.9 0.9 0.01
Tundra 0.8 0.8 0.2 0.4 0.8 0.8 0.8 0.6
Agriculture 0.9 0.9 0.3 0.9 0.9 0.9 0.9 0.01

3.1.1.2 CASA fire scheme

Despite the fact that the CASA model was not run in this study, the output is analyzed and thus
is considered relevant to describe briefly its fire scheme. CASA’s main framework was modified by
Van Der Werf et al. [2010] and compared to SIBCASA’s fire scheme is more complex. For each grid
cell in each month the carbon emissions from fires are calculated based on burned area, tree mortality
and combustion completeness (CC, fraction of each pool combusted). These parameters are the same
in SiIBCASA, however, for each carbon pool a minimum and maximum CC is assigned (Table 7). The
CC used is then calculated, linearly, based on soil moisture conditions with CC closer to the minimum
value under relative moist conditions and closer to the maximum under relative dry conditions .[Van
Der Werf et al., 2010].
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Table 7: Minimum and maximum combustion completeness factor for different fuel types. These fuel
types are represented as pools within the modeling framework. [Van Der Werf et al., 2010)

Fuel Types CChin CChiaz
Leaves 0.8 0.9
Stems 0.2 0.8
Fine leaf litter 0.9 0.9
Coarse woody debris 0.4 0.9

Within CASA’s fire scheme there is a class, for each grid cell, to distinguish fire driven deforestation
emissions. Moreover, sub-grid cell information on the emissions due to different land cover types,
depending on fractional tree cover, is given. The latter also gives the possibility to estimate for each
0.5 degree grid cell the fraction of burned area that corresponds to herbaceous and woody burned
area. The deforestation rates are estimated empirically by assuming that deforestation fires are more
persistent and can burn for longer time periods. Thus, using active fire detections and burned area in
tropical regions where fires are observed consecutively, a cleared area can be estimated. This cleared
area is assumed to be the product of fire persistence and wooded burned area within each grid box.
From this, vegetations fields can be adjusted over time and account for changes due to fires in the
next fire season [Van Der Werf et al., 2010]. A further difference from SiBCASA, is that CASA
incorporates a fire induced mortality dependent on the fire persistence. For non deforestation areas
the tree mortality of the wooded fraction varies according to the fraction of tree cover in each grid
box as described in equation 8. As Van Der Werf et al. [2010] describe in their study, this equation is
function of tree cover fraction such that and Savanna and Grasslands type biomes had 1% of mortality
that increases as soon as tree cover exceeds 30%, to reach a maximum of 60% when tree cover reaches
more than 70%. For deforestation areas this equation was modified to have a mortality ranging from
80 to 100%.

M,, = (0.01 + 0.59)/(1 4 £25(0-5-TCWBA)) (8)

=2 BA, - TC;

TOWBA = 2= —
SiZ{ BA;

(9)

Where TCWBA is the tree cover weighted burned area computed from 5% tree cover bins in each
grid cell. This TCWBA is then used to obtained the mortality (M,,) as a function of the dynamic
tree cover. A detailed explanation of this fire scheme is given in Van Der Werf et al. [2010].

3.1.2 Experimental set up in SIBCASA

In order to study differences due to land cover and fire schemes for SIBCASA-GFED4 and CASA-
GFED4 we design two experiments within the SIBCASA model. SiBCASA was run globally from
1851 through 2009 in the study of Van Der Velde et al. [2014]. In 2009 the carbon pools reached
equilibrium, which is defined as Net Biome Exchange (NBE) = 0, the standard SiBCASA-GFED4
fire inventory is based on this long term spin up run. In the latter there is no variability due to
long term climate change effects. The driver data is used only from 1997-2009, which includes NDVI,
meteorology and burned area but in the years prior to 1997 it’s internal consistency is checked as is
described by Van Der Velde et al. [2014]. For our experiments we did short spin up runs from 2007 to
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2009 six times until we obtained NBE = 0. This process was done in a layered form, imposing only
one biome type to the entire globe and we did this for each one of the biomes in SIBCASA. Therefore
we ended with 13 individual runs. For instance, for the first run the whole world was simulated as
being Tall Evergreen Broadleaf trees. For the next run Tall Broadleaf Deciduous trees was the biome
simulated and so on for all the other land cover classes. SIBCASA runs on a 1x1 degree grid for all
the terrestrial areas of the globe, meaning that it has 14,538 grid points. The model solves energy,
COs3 and water transfer between the atmosphere and the biosphere with a time step of 10 minutes.
With the output of each run CASA’s land cover was built by identifying for the Amazon:

1. The grid cells that were representing the same biomes in both models. For instance, if a grid cell
is Evergreen Broadleaf Forest in CASA and in SIBCASA at this same location the biome is Tall
Evergreen Broadleaf trees, there was no further modification of this pixel. The same applies for
Savannas and Grasslands.

2. The grid cells that are Evergreen Broadleaf Forest in CASA and at the same location in SIBCASA
they are either Savanna or Grasslands. These grid cells were then changed to Tall Evergreen
Broadleaf trees.

3. The grid cells that in CASA are grouped in Savanna and Grasslands and in SiIBCASA are Tall
Evergreen Broadleaf trees. These grid cells, were manipulated in two different scenarios. On one
hand it was considered that all the area that meet that criteria was all Grasslands in SIBCASA
and on the other, All Savanna. Therefore two experiments were defined: 1. All Grasslands and
2. All Savanna.

3.1.3 Fuel load and fuel consumption in SIBCASA

In SiBCASA the pools that are subjected to fire are those listed in Table 6. Wood, leaves and
roots are considered living carbon but note that roots do not burn. Coarse woody debris and surface
litter are considered dead carbon and they all burn. These concepts will be used to calculate Fuel
Load and Fuel Consumption in SIBCASA. Fuel load (FL) is generally considered as the total amount
of aboveground biomass available for combustion [Van Leeuwen et al., 2014]. The fraction of FL that
is combusted is given by the combustion completeness (CC) factor. Thus, the product of CC and
FL yields fuel consumption (FC), which is the fraction of biomass transferred from the biosphere to
the atmosphere due to fires. The first two, FL. and CC, are generally given by biosphere models and
databases providing values for several type of biomes across the world [Van Leeuwen et al., 2014]. In
this work the simulated FL of SiBCASA together with the CC within SIBCASA’s fire scheme were
used to calculate FC. These estimates were compared to reported values, in particular to those of the
study of Van Leeuwen et al. [2014], in which a large amount of fieldwork data on FL and FC was
compiled.

For the estimates of FL we used SIBCASA’s pools: aboveground woody biomass and total litter
carbon. We do not use total living carbon because this output includes the carbon in roots, which
are not burned in SiBCASA. The output is given in moles of carbon per square meter (mole C m~2),
which is then converted to kgC m~2. By averaging the aboveground woody biomass and total litter
carbon over 2009-2015 together with the areas for each biome and the entire Amazon we calculate
mass of carbon per unit of area. This is then added to estimate Fuel Load (FL). Averaging the CC
factors using those corresponding to the wood and surface pools for each biome we can estimate a
averaged CC for each of the biomes. For the Amazon estimates we considered the CC of the wood and
surface pools of Tall Evergreen Broadleaf trees. These averaged CC factors are then used to obtain
FC. Van Leeuwen et al. [2014] estimates of FL. and FC are reported in tonne per hectare (t ha=1)
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on a dry weight basis. These values are converted to carbon using a dry matter to carbon factor of
0.5, which is reported in that same study. The areas that were used for each of the biomes and the
Amazon are listed in Table 14 in the appendix.

3.2 Results

Section 3.2.1 is focused on the description of the land cover used in CASA and SiBCASA for the
representation of the Amazon. Afterwards the results of the experiments done building CASA’s land
cover within SIBCASA are shown. The third section of the results focuses on a burned area analysis
and the last section gives a description of the fuel dynamics within SIBCASA.

3.2.1 Biome extent and differences in areas

A closer look to the biomes that are representing the Amazon in SIBCASA and CASA is given in
Figure 15. The total area of the Amazon in this study is 7.03 - 106 km?and the percentages shown are
calculated with respect to this total. SIBCASA has 66% of Evergreen Broadleaf trees, whereas CASA
81%. The Broadleaf and Needleaf trees biome in SIBCASA is equivalent to Deciduous Broadleaf in
CASA which represent the vegetation present in the frontier of the Andes mountain range and the
Amazon forest in SIBCASA but in CASA is constrained to the corner between the 20°S parallel and
the 60°W meridian. For SIBCASA this biome represents 4.8% and for CASA 0.99% of the total area
within the Amazon. A considerable difference between land covers is the differentiation of Savanna and
Grasslands in SIBCASA which amounts to 26% while in CASA this biome is grouped and represents
almost 16%. SiBCASA has a larger agricultural area within the study area (0.85%) but still it might
be an underestimation of the real agricultural extent within the Amazon. For CASA the agricultural
extent amounts to 0.5%. Shrubs and Tundra add up to 1.5% in SiIBCASA and similarly CASA has
1.4% of Shrublands but not accounting for Tundra. These biomes are limited to the same regions
approximately: the highlands of the Andes mountain range. From these spatial differences, we can
expect higher fire emissions in CASA due a larger extent of tropical forest and less extent of Savanna
and Grasslands. As it will be shown in the next sections this is not the case. It is important to note
that the native spatial resolution of CASA is 0.25°x0.25°, the areas reported here were aggregated to
1°x1° therefore CASA originally has differences within these 1°x1° grid cells.

In the spatial analysis of Chapter 2 was shown that SIBCASA-GFED4 was overestimating fire
emissions relative to the other fire inventories, especially in the region around the 10°S parallel and
the 55°W meridian. Looking at the biome distribution in Figure 15, SIBCASA and CASA have a mix
of broadleaf evergreen trees, savanna and grasslands, but CASA groups the last two biomes which
can result in an homogeneous treatment of the fire parameters for two different biomes. Moreover,
in SIBCASA there seems to be more broadleaf trees in that area which means more aboveground
biomass that could be subject to fire. In the next section a representation of the CASA land cover
is done within SIBCASA to estimate fire emissions and get more insight about what is driving the
differences between these two models.
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Figure 15: Area distribution (%) for the biomes present in the Amazon for the land cover used by the
SiBCASA model (A) and CASA model (B).

3.2.2 SiBCASA-GFED4 experiments with CASA land cover
3.2.2.1 Spatial Mismatch

The CASA land cover was represented in SIBCASA by finding equivalent biomes for each grid cell.
For instance, if a grid cell in CASA was found to be Evergreen Broadleaf Forest then the associated
emissions of that grid cell would correspond to the Tall Evergreen Broadleaf trees biome in SIBCASA.
Figure 16 highlights the regions that were reassigned in SIBCASA to built the CASA land cover. The
light green areas correspond to the areas that in CASA represented Savanna or Grasslands while in
SiBCASA they represented Tall Evergreen Broadleaf trees. Depending on the experiment these grid
cells where either assigned to Savannas or Grasslands in SIBCASA.
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The dark green regions are adding emissions to the Tall Evergreen Broadleaf trees biome in SiB-
CASA, as they changed from being Grasslands, in the former SiIBCASA land cover, to Tall Evergreen
Broadleaf trees. The tan regions represent regions that in CASA are Evergreen Broadleaf Forest but
in SIBCASA are Savanna, thus they were changed to Tall Evergreen Broadleaf trees. In summary, if
a grid cell in CASA had the same biome as in SIBCASA this grid cell did not change. But if the pixel
differs with respect to SIBCASA’s map, it was assigned to the SIBCASA biome that correspond to
that CASA biome. The representation of CASA’s land cover in SIBCASA meant that the extent of
the Tall Evergreen Broadleaf Forest grew from 4.7 - 106 km? to 5.7 - 10° km? and that the area subject
to the experiments was 0.3 - 10¢ km?. In the next section the resulting emissions of the experiments
are shown.

" * ol | Savanna and Grasslands in CASA
C— S i’ EBF in SIBCASA

20°5 : =y EBF in CASA
; Grasslands in SIBCASA

| EBF in CASA
Savanna in SIBCASA
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Figure 16: Spatial reassignment of grid cells in SIBCASA to build the CASA land cover. Note that
EBF stands for Evergreen Broadleaf Forest.

3.2.2.2 Yearly Emissions

CASA has Savanna and Grasslands grouped together in one biome, whereas SIBCASA has both
biomes separated, therefore two experiments were created in SIBCASA: 1. All savanna and 2. All
grasslands. In Figure 17 the yearly averages for these two scenarios are compared to the previous fire
inventories. Considering that the same burned area is used in both models and that the biome areal
extent after the grid cell reassignation resulted in same biome areas in both models, it was expected
to have similar estimates as CASA-GFED4. The latter, under the assumption that land cover is
the only source of differences. However it is interesting to see that in both cases emissions tend to
increase relative to GFAS, FINN and CASA-GFED4, but not always relative to SIBCASA-GFEDA4.
The latter occurs for 2010, 2011 and 2015. This can be explained because CASA has 20% more
Evergreen Broadleaf Forest than SiBCASA which means that there is considerably more biomass
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available for combustion. However, this does not explain the almost equal estimates for 2012, 2013
and 2014. A possible answer to this might be that SIBCASA treats combustion differently in Savannas
and Grasslands than CASA which will be leading to a very low contribution of these two biomes to
the total fire emissions. Differences in fuel load can be the cause of the differences between the All
Savanna and the All Grasslands scenarios, where the former tends to have slightly higher emissions.
A monthly time series for both of the experiments and the other fire inventories can be consulted in
the appendix.
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Figure 17: Yearly averages of biomass burning COs emissions according to different fire products:
SiBCASA-GFED4, GFAS, FINN, and CASA-GFED4, including the two experiments with CASA
land cover within SIBCASA: 1. All Grasslands and 2. All Savanna.

3.2.2.3 Biome Attribution

For these experiments a distribution of the total emissions in the biomes present in the Amazon was
done. The total emissions correspond to the accumulated fire emissions in all the simulation period.
For this distribution the default land cover in each biosphere model was used. The contribution of the
CASA and SiBCASA biomes to the total emissions is shown on Figure 18. Note that the experiments
are reported with the CASA biome classes. It is interesting that the experiments have a very similar
contribution to the standard SIBCASA-GFED4 even though they have CASA biome distribution.
The All Savanna experiment attributes 3% of the total fire emissions in 2010-2015 to the Savanna
biome. Tall broadleaf evergreen trees biome has 96.8% of the total emissions for this same period.
In this experiment emissions for the other biomes are so low that their contribution is minor on the
pie chart. In the All Grasslands experiment Tall Broadleaf Evergreen trees biome has 99.8% of the
emissions, whereas the Grasslands biome 0.05%. The latter suggests that the magnitude of total
emissions decreased in the All Grasslands experiment and the contribution of Grasslands to the total
is less, even though in both experiments the area is the same for the two biomes: Grasslands and
Savanna (1.12 - 10km?, 16%, see Figure 15 and Table 15 in the appendix).
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In SiBCASA the area of Savanna is less than in CASA, which explains the 1.97% of their contribu-
tion in the SIBCASA-GFED/4 fire inventory to the total emission magnitude. For the CASA-GFED4
inventory is clear that the contribution of the Savanna and Grasslands biome is much higher compared
to both SIBCASA standard and experimental runs; Savanna and Grasslands account for 33% of the
total emissions whereas the Evergreen Broadleaf Forest biome to 67%, less relative to the SIBCASA
experiments. The latter suggests that Savanna and Grasslands in the CASA model are contributing
with more emissions to the total, even if this biome is represented in SIBCASA with the same areal
extent. This result is to some extent counter intuitive, as a higher contribution of Savanna and Grass-
lands was expected in the two experiments. However, in the following sections the main reasons that
are triggering this are described.

SiBCASA-GFED4 CASA-GFED4

I Tall Broadleaf-Evergreen Trees
[ Tall Broadleaf and Needleleaf Trees
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3 Grasslands

Il short Broadleaf Shrubs
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[ savanna

I Agriculture

Figure 18: Biome specific contribution to biomass burning CO5 emissions for each biosphere model and
the experiments done in SIBCASA with the CASA land cover. The percentages are calculated with
the complete 2010-2015 period as the total. Note that the biomes listed for each of the experiments
are those of SIBCASA that are equivalent to the original CASA biome distribution.

3.2.2.4 Burned Area Analysis

As it was mentioned in Chapter 2, the GFED4 burned area was aggregated from 0.25°x0.25 to
1°x1° to meet SIBCASA’s spatial resolution. Here this area is used to distribute the amount of burned
area in each land cover and thus link the burned area in each biome to the contribution of this biome
to the total emissions. The burned area is given as fraction of each 1°x1° grid cell that burns. Despite
that the area in each grid cell changes with latitude and considering that this variation in the Amazon
is minor, we provide a grid cell area of 12,000 km?. With this assumed grid cell area the fraction
burned per grid cell can be easily interpreted from Figure 19. In addition, even though the burned area
analysis is constrained to 2010-2014, it still provides insight of the areas of consistent fires throughout
the years and it enables association to the simulated land cover in each biosphere model. Burned area
for each year varies considerably (Figure 19), for the year 2010 more intense fires occurred thus it is
possible to see some regions where 20% to 40% of the grid cell was burned. This alternates in the
following years after 2010, showing relatively high burned area fractions every other year. Recalling
the biome distribution seen in section 3.2.1 it is seen that most of the burned area is concentrated in
the Savanna and Grasslands regions of CASA and the Savanna, Grasslands and Broadleaf forest of
SiBCASA below the 10°S parallel and between the 60°W and 45°W meridians.
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Figure 19: Total fraction of burned area per pixel in the Amazon for 2010-2014. As a reference the
1°x1° grid cell area in the Amazon oscillates around 12,000 km?. The dark blue areas are places that
did not burn during that particular year.

The average burned area in the period 2010-2014 for the Amazon was 107,000 km?/yr and the
following partitioning is based on this average as a total. It is worth noting that for this analysis
we used the exact grid cell areas for Amazon region. When associating the average burned area
in the Amazon with the biomes in each land cover we estimate that their contribution to the total
averaged burned area (107,000 km?/yr) for 2010-2014 is as given on Table 8. In SIBCASA, Savanna
had the highest burned area in those years followed by the broadleaf trees and then by Grasslands.
For CASA’s biomes we estimate Savannas and Grasslands were the main contributor to the total
burned area, followed by Evergreen Broadleaf Forest. When adding up the burned area of Savannas
and Grasslands in SIBCASA we obtained 68,500 km?, which is 7,500 km? less than for Savannas
and Grasslands in CASA, meaning that even though the biosphere models have a different biome
distribution the total burned area for these biomes is similar. For the broadleaf forest biome, in
contrast, SIBCASA has 3,700 km? more of burned area than CASA, regardless of the fact that this
biome is larger in CASA than in SIBCASA. This can be explain by looking at the regions where
the burned area is concentrated, SIBCASA has more broadleaf forest in these areas than CASA. It
is interesting to see that within SiIBCASA the difference between fire emissions coming from Tall
Evergreen Broadleaf trees, and Savannas and Grasslands biomes is larger than in CASA (see Figure
18), even when the burned area for Savannas and Grasslands in CASA amounts to 65%.

Table 8: Averaged (2010-2014) burned Area for each biome in CASA and SiBCASA land cover. The
total averaged burned area for the Amazon is 107,000 km?. Note that these percentages do not add
up to 100% because the contribution of smaller biomes (tundra, agriculture, deciduous forest) was
neglected. Grid cell area differences were taken into account.

SiBCASA km? %
Tall Evergreen Broadleaf trees 33,700 32
Savanna, 41,500 39
Grasslands 27,000 26
CASA km? %
Evergreen Broadleaf Forest 30,000 28
Savanna and Grasslands 76,000 71
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Looking at the spatial distribution of the averaged burned area for the SIBCASA and CASA land
covers it is possible to confirm that SIBCASA is burning tropical forest where CASA has a large extent
of Savanna and Grasslands (Figures 20 and 21). However, when CASA’s land cover is represented with
SiBCASA’s carbon stocks we do not get the fire emissions expected from these biomes, as it was shown
in Figure 18. From Table 19 and Figure 20 we see that in SIBCASA the Tall Broadleaf Evergreen
trees are dominating biomass burning emissions with less burned area than Savanna, and Grasslands
and with a very low contribution the these last two biomes. In CASA we have the same pattern,
less burned area in Evergeen Broadleaf Forest, but the contribution from Savanna and Grasslands is

larger.
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Figure 20: Burned area per grid cell averaged over 2010-2014 for the main biomes in the Amazon

simulated by the SIBCASA model
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Figure 21: Burned area per grid cell averaged over 2010-2014 for the main biomes in the Amazon

simulated by the CASA model
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3.2.2.5 Fuel Dynamics in SiIBCASA

The amount of carbon prone to fire is one of the main drivers of the estimated emissions in
both biosphere models. In this section an analysis of the carbon pools that are subjected to fire
in SiBCASA’s biomes is presented. We focus mainly on the partitioning of these pools in the Tall
Evergreen Broadleaf trees, Savanna and Grasslands biomes, but also on the Amazon as a whole. The
total living carbon per unit of area was estimated from Figure 42 and Table 14 in the appendix. For
the entire Amazon we obtained 21.7 kgC m~2, for Tall Evergreen Broadleaf Forest 30.52 kgC m™2,
for Savanna 5.5 kgC m~2, and for Grasslands 0.3 kgC m~2. The living carbon pool is divided in
leaves, roots and wood pools, thus it is important to note that not all of these pools are subject to
fire. Roots do not burn and for the wood and leaves pool, SIBCASA determines the available biomass
for combustion for each biome and each carbon pool with the combustion completeness factor (see
Table 6). Based on the aboveground woody biomass in Figure 22 (which do not include leaves nor
roots), and the areas of each biome we estimate on average (2009-2015) the following: for the Amazon
15.8 kgC m~2, for Tall Evergreen Broadleaf trees 22 kgC m~2, for Savanna 3.9 kgC m~2, and for
Grasslands 0.06 kgC m~2. These estimates represent a portion of what is burned in SiBCASA in each
biome. As it is seen on Figure 22, the evolution of this biomass in each biome presents a fast recovery
after each fire season. In some cases, for the next fire season the amount of carbon is back to the
initial value relative to the previous year before the fire season. The latter is important from the fuel
load perspective, as it seems that in SIBCASA the fuel load is affected by a short time period after
each fire event.

To estimate the FL for each of these biomes we considered that the fuel prone to fire and given
in SiBCASA’s output was the aboveground woody biomass plus the total litter carbon (see Figure
43 in appendix). Here we are neglecting the coarse woody debris, which is also affected by fires
according to SIBCASA fire scheme, but is not in SIBCASA’s output. The resulting fuel load (FL) is
given on Table 9. In order to be able to compare SIBCASA’s estimates to what has been published
[Van Leeuwen et al., 2014], we calculate fuel consumption (FC), which is obtained from FL and
combustion completeness (CC). For these estimates we averaged the combustion completeness of the
surface pools and the wood pool for each biome (Table 6) as it was described in the Methods section
of this Chapter.

Table 9: Fuel load for the Amazon, and the main biomes analyzed here: Tall Evergreen Broadleaf
trees, Savanna and Grasslands. Note that the fuel load is calculated by adding the pools total carbon
litter and aboveground wood biomass for each pool.

SiBCASA FLkgC m~2] CC FC [kgC m~?]
Amazon 19 0.7 13.3
Tall Evergreen Broadleaf trees 27 0.7 18.9
Savanna 4.3 0.6 2.58
Grasslands 0.16 0.6 0.09

The FC is clearly something that triggers differences between CASA and SiBCASA vegetation
dynamics and consequently on the fire inventories associated to them. Moreover, the total living
carbon and the aboveground woody biomass in the Amazon simulated in SIBCASA is mainly Tall
Evergreen Broadleaf trees and it tends to increase over time due to the COg fertilization effect which is
quite strong within the model. Therefore, most of the fuel that is combusted in SIBCASA comes from
this biome, from which 90% (0.9 Mortality fraction, see Table 6) is dead after a fire event and which
is then efficiently turned into emissions, as given in Table 6 for each one of the living carbon pools
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excluding roots. The uncombusted fraction of these pools are transferred to the surface litter pools,
where they are subjected to fire during the next fire event. The uncombusted fraction of these pools
is not further transferred [Van Der Velde et al., 2014]. For Savannas and grasslands there is a lower
mortality which means that less of the available fuel dies after a fire event and thus the emissions would
be less even if the combustion completeness is high for each living pool. The COs fertilization effect is
also strong for the Savanna biome whereas in Grasslands it does not have any effect on the aboveground
wood biomass nor living carbon. The former varies without any increasing nor decreasing trend until
2015 when it decreases steeply. It is clear that in SIBCASA the biomes Savanna and Grasslands are
affected by the fire season as a decrease of the aboveground carbon biomass is shown between the
months of August and November.
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Figure 22: Total aboveground woody biomass evolution (2009-2015) for all the Amazon and the main

biomes within the Amazon area: the Tall Evergreen Broadleaf trees, Savanna and Grasslands biomes.
Note the different y axis.
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3.3 Discussion

In this Chapter CASA’s land cover was represented with SIBCASA’s carbon stocks to found that
regardless of having the same land cover distribution, the experiments resulted in higher fire emissions
estimates than in CASA-GFED4 and in some years than SiBCASA-GFED4. When looking at the
contribution of each biome to total emissions in 2010-2015 it was found that Savanna and Grasslands
in SiIBCASA have a minor contribution to the total and, more than 95% of emissions are due to Tall
Broadleaf Evergeen Trees. The latter was unexpected as the land cover of CASA has Savanna and
Grasslands grouped in one class, which results in a larger areal extent compared to the separate biome
classes in SIBCASA. Furthermore, the burned area was shown to be concentrated in the regions where
Savanna and Grasslands are present in CASA’s biome; supporting the fact that the low emissions of
this biome in the experiments are due to, fundamentally, low fuel load and fuel consumption. In
contrast, for Tall Evergreen Broadleaf forest fuel load was one to two orders of magnitude higher than
Savanna and Grasslands.

Regarding the differences in yearly averages of biomass burning COs emissions between the ex-
periments performed, and SiBCASA-GFED4 and CASA-GFED4, the following can be explained.
For 2010 and 2011 both experiments were higher than SIBCASA-GFED4 set up mainly because the
burned area for those years using CASA land cover increased in the tropical forest, which has a high
mortality (0.9) and high combustion completeness for the leaf (0.9) and wood (0.5) pools. For the next
years (2012, 2013 and 2014) the two experiments, even having a larger area of tropical forest (given by
the CASA land cover), had very similar fire emissions to the standard SiBCASA-GFED4 inventory.
This was driven by two main reasons. The first one is related to a decrease in burned area for these
years over the tropical forest. The second one is associated to a very low mortality for the Grasslands
(0.01) and Savanna (0.05) biomes. Even though the burned area within these biomes increased for
these years with respect to SIBCASA-GFEDA4, a low mortality affects the overall fire flux, as given
in equation 7. The latter explains also the absence of emissions in Grasslands in SIBCASA-GFED4
and is also supported by the Figures 41 and 40 in the appendix. These experiments showed that Tall
Evergreen Broadleaf trees in SIBCASA are the main contributor to fire emissions not only because of
their high amount of carbon per unit of area, but also due to the differences in mortality relative to
the Savanna and Grasslands biomes.

It was already reported that SIBCASA has higher fuel loads compared to CASA [Van Der Velde
et al., 2014], but in that study there are no estimates in this study we could not directly confirm that
because SIBCASA does not provide direct output for the pools that are subject to fire (i.e. leaves
and cwd). CASA’s fuel consumption is dependent on tree cover and is reported in Van Der Werf
et al. [2010] for Southern Hemisphere South America, as 1.3 kgC m~2 of burned area and Northern
Hemisphere South America as 1.0 kgC m~2 of burned area. These estimates include standing and
surface biomass, but they are difficult to compare to our estimates as the focus in this thesis is on
the Amazon, where higher fuel loads are found and its extent encompasses part of the northern and
southern hemisphere of South America. However, we can compare our estimates to those reported
by Van Leeuwen et al. [2014] where a compilation of several field measurements is provided. In this
study is reported the averaged fuel consumption for different biomes in t of dry matter per hectare
(t ha~!) by using a carbon to dry matter conversion factor of 2. This conversion factor is supported
by Andela et al. [2016], where an assumed fuel carbon content of 45% is used to compare dry matter
fuel consumption with net primary productivity. This conversion factor is used here to make their
estimates comparable to ours in kgC m~2. For tropical forests Van Leeuwen et al. [2014] report
6.3 kgC m~2 whereas here we found 18.9 kgC m~2 (assuming Tall Evergreen Broadleaf as Tropical
Forest), for Savanna they estimate 0.25 kgC m~2 while in SiBCASA we obtained 2.58 kgC m™2
and finally for Grasslands Van Leeuwen et al. [2014] report 0.21 kgC m~2 and SiBCASA 0.09 kgC
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m~2. Tt is interesting to see that for tropical forests and savanna SiBCASA is overestimating the

fuel consumption relative to Van Leeuwen et al. [2014] but for grasslands SIBCASA has one order of
magnitude less fuel for consumption. However, if we take into account mortality in our estimates,
which is affecting the final fire flux (see equation 7), we will still get an overestimation in the tropical
forest (17 kgC m~2) but an underestimation in Savanna and Grasslands (0.129 kgC m~2 and 0.001
kgC m~2), compared to VanLeeuwen2014 . In SiBCASA mortality within equation 7 is reported to
be related to the density of trees in a biome [Van Der Velde et al., 2014], from which it is assumed
to be the reason why there is such a low mortality for Savanna and Grasslands. The latter might be
reasonable for a global study, but for a regional study this might not be the case.

Furthermore, SIBCASA’s aboveground woody biomass was compared to published values of above-
ground biomass for the Amazon to assess if the simulated carbon pools where within expected values.
For the biome Tall Evergreen Broadleaf trees we estimated 22 kgC m~2. If we consider that this biome
is equivalent to old growth trees we can compare to the estimate reported by Saatchi et al. [2007],
25.4 kgC m~2, and not only find a similar value but also lower. However, Malhi et al. [2006] reported
16 kgC m~2 for intact forest in the Amazon. For Savanna and Grasslands SIBCASA simulates 3.91
and 0.05 kgC m~2, whereas Saatchi et al. [2007] reports 2.01 and 0.44 kgC m~2. Thus, SIBCASA
has a higher amount of aboveground woody biomass in Savanna but one order of magnitude lower in
Grasslands which is in line with the aforementioned fuel consumption. It is important to note that
these estimates differ on timing as those of Saatchi et al. [2007] and Malhi et al. [2006] were published
on 2007 and 2006. For the entire Amazon basin considering an area of approximately 7x10® km?
we estimate 15 kgC m~2 whereas Andreae et al. [2015] with an area slightly smaller, 6.9x10° km?,
estimates 17 kgC m~2. Therefore, SIBCASA’s aboveground wood biomass lies within reported values,
whereas the fuel consumption is overestimated in the tropical forests suggesting that the combustion
completeness and the mortality are both high.

An additional source of overestimation within SIBCASA is the strong recovery of the vegetation
after a fire season. The latter was assessed by looking at the aboveground woody biomass and the total
living carbon, shown on Figures 22 and 42 (in the appendix). It is known that CO4 effect in vegetation
acts very likely as a negative feedback, canceling out up to 30% of fossil fuel emissions Schimel et al.
[2014]. However, it seems that SIBCASA is growing leaves, roots and wood very fast after each fire
season, reaching the value of the prior year before the fire season. Although Schimel et al. [2014]
report that 60% of the land sinks are due to this feedback at a global scale, there is large variability in
the tropics and the inter-annual variability may be increasing. The rapid vegetation recovery induced
by a COs fertilization effect added to no water stress (Erik van Schaik, personal communication) in
SiBCASA’s simulated Amazon might be boosting vegetation growth after each fire season. The latter
is related to the simulated net biome exchange by SiBCASA (Chapter 2, Figure 14), which indicates
either a very strong uptake of carbon or a weak heterotrophic respiration.
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Therefore, further adjustments within SIBCASA such as including a fire induced mortality for the
vegetation present in the burned areas might help to differentiate the old growth forests, not affected
by fires, and the regrowing vegetation after a fire season. The latter could indirectly account for a non
COq fertilization growth and an induced COq induced growth. In addition, a fire induced mortality
is needed to represent after fire vegetation growth dynamically taking into account the biomass loss.
In this lines the study of Van Der Werf et al. [2010] is a good reference, in which mortality is a
function of fire persistance (for deforestation areas) and tree cover (non deforestation areas), both
variable in time. It is also worth mentioning that a biome approach to the CO; effect is already
feasible by implementing within SIBCASA’s dynamics the findings of studies recently published, such
as that cited in Nowak [2017], where FACE experiments for grasslands over a long time period have
shown that this biome has a decreased response to the increasing COs concentrations under extreme
conditions: too warm, too dry, or too wet.

3.4 Conclusions

In this chapter SIBCASA’s fire scheme and it’s response to a different land cover distribution was
analyzed, in particular that of CASA’s model. Differences in land cover are dependent on where
the burned area is concentrated, and by adding more tropical forest to the default SIBCASA set up
did not resulted in more fire emissions for all years. This was mainly influenced by the prescribed
parameters mortality and combustion completeness, which are driving to a large extent the contribu-
tion of Savannas and Grasslands to the total fire emissions in the Amazon. The latter is very likely
generating underestimations of these biomes and an overestimation in Tall Evergreen Broadleaf trees,
relative to CASA estimates. This was supported by the burned area analysis where it was shown that
in SIBCASA there was a considerable amount of burned area in the Savanna and Grasslands biomes,
and even though Savanna and Grasslands in SIBCASA amount to a larger areal extent compared to
the only class Savannas and Grasslands in CASA, fire emissions were still larger in CASA. The com-
parison of fuel load and fuel consumption to reported values [Van Leeuwen et al., 2014] supported the
fact that SIBCASA has high fuel load and fuel consumption for Evergreen Forest but low for Savannas
and Grasslands. Finally, an additional source of overestimation in SIBCASA for Broadleaf Evergreen
forests was identified as the rapid growth of vegetation after a fire season. Further adjustments to
SiBCASA, such as implementing a fire induced mortality and an adjustment of the CO, fertilization
effect were recommended to improve fire emission estimates.
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Chapter 4

4 Forward simulations in TM5 global transport model

The fire inventories discussed in chapters 2 and 3 were used to simulated the vertical profiles of
COq and CO at 4 sites of the Amazon. Observations done between 2010-2014 (2013 and 2014 not
shown) at those 4 locations are compared to the TM5 simulations. The overview of the TM5 model is
given in the methods and the results show the vertical profiles for each site, focusing on the wet and
dry season. To assess how well simulated values, obtain with the different fire inventories, represent
observations root mean square differences are calculated for each site and year and for all the simulated
period at each site as well. The overall skill of the TM5 to represent the observations depending on the
fire inventory used will be approach in the discussion. The conclusions summarize the main findings
of this chapter.

4.1 Methods and Observations

4.1.1 Observations

The aircraft sampling program at four sites in the Amazon, described in more detail in Gatti et al.
[2014], began in 2010 and it takes bi-weekly flask samples of CO5, CO, CH4 and sulphur hexafluoride
(SFg). The aircraft samples at different heights, ranging from the lower boundary layer, around 300
meters until 4500 meters above sea level (a.s.l) [Gatti et al., 2014]. The sites are shown in Figure
23. As is described in Gatti et al. [2014], the sites are located such that the dominant air flow at the
lower atmosphere in the Amazon is crossing them from east to west, being Santarem (SAN) and Alta
Floresta (ALF) the receivers of the air masses coming from the Atlantic ocean. Tabatinga (TAB) and
Rio Branco (RBO) are closer to the Andes mountain range and capture the signal of air masses that
predominantly have traveled westward, crossing a large extent of the Amazon forest [Gatti et al., 2014,
Andreae et al., 2015]. Santarem and Alta Floresta, besides having a strong signal from the forest and
ocean, they are also located close to large portions of agricultural lands and savanna. The aircraft
takes the samples, usually between 12:00 and 13:00 local time, time at which the boundary layer
present well mixed conditions over the Amazon and its considered to be considerably well developed
[Gatti et al., 2014]. The plane descends from 4500 meters to about 300 meters in a spiral trajectory
filling 12 flasks for TAB, ALF and RBO and 17 in SAN. The 0.7 litre flasks after each flight are
then send to the IPEN Atmospheric Chemistry Laboratory in Sao Paulo, Brazil to be analyzed [Gatti
et al., 2014].
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Figure 23: Location of aircraft sampling network sites in the Amazon.

4.1.2 TMS5 model set up and input fluxes

The TM5 model permits a two way nested zooming which is suitable to perform studies with high
resolution regionally but coarser resolution at a global scale. The boundary conditions of the nested
regions are provided by the coarser grid and the results within the fine grids are given back to the
coarse grid [Krol et al., 2005]. Generally, the set up of the TM5 contains three spatial resolutions, a
global coarse grid of 6°x4° and two nested regions of 3°x2° and 1°x1°. The 3°x2° intermediate grid
is used, as it is described in Krol et al. [2005], to: 1. study the resolution dependency of various
parameterisations 2. generate initial conditions for the underlying 1°x1° region and 3. avoid crude
transitions from the 6°x4° to the 1°x1° domains. The vertical levels in each grid are the same but
with higher resolution in the troposphere, as in this study there is no interest in the stratosphere
[Krol et al., 2005]. Here the same TM5 set up and fluxes as in Van Der Laan-Luijkx et al. [2015]
are used. The TMS5 global transport model, as it is shown in Figure 24 has a horizontal resolution
of 6°x4° (longitude by latitude) and two nested regions, one over South America with 3°x2° and the
other over the Amazon with 1°x1°. The injection height of the fire emissions are at the surface. The
meteorological information were retrieved from the ERA-Interim reanalysis with 25 vertical levels and
a 3 hourly resolution.
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Figure 24: TM5 model grid set up over South America. From the supplementary information of Van
Der Laan-Luijkx et al. [2015]

The fluxes needed to run the model are biosphere, fires, ocean and fossil fuel emissions. For the
nested regions the biosphere fluxes used here, in particular NBE, are from the SIBCASA and the
CASA model. SiBCASA NBE fluxes are used for the simulations with GFAS and FINN, whereas
the CASA NBE flux was used only for the CASA-GFED4 simulation. The fire fluxes for the nested
regions are given by SIBCASA-GFED4, GFAS, FINN, and CASA-GFED4-daily and 3 hourly. These
fire inventories are described in chapter 2 and 3. For the coarser grid outside South America, the
background as it is called here, optimized fluxes for the biosphere and the ocean are retrieved from
CarbonTracker Europe (http://www.carbontracker.eu). Background fluxes for fires and fossil fuels
are also from CarbonTracker Europe, but they are always fixed, meaning that they are not optimized.
For the ocean fluxes CarbonTracker uses the oceanic inversions performed by Jacobson et al. [2007]
and the fossil fuel dataset is a modified version of the EDGAR.2 database from 2011. Table 10 gives
a summary of the fluxes used in TM5.

Table 10: Summary of the fluxes used in TM5 for the CO5. Note that the 3°x2° grid includes Ocean,
thus the fire and biosphere fluxes are used only in the terrestrial regions of South America.

Fluxes 6°x4° grid 3°x%2° and 1°x1° grids
Biosphere = CarbonTracker CTE201-FT SiBCASA or CASA
Fires SiBCASA-GFED4 Fire Inventories described here
Ocean Jacobson et al. [2007] Jacobson et al. [2007]
Fossil Fuel EDGAR4.2 EDGAR4.2

It is worth noting that the CO forward simulations were performed by Narcisa Banda at Utrecht
University. The TM5 model was also used for these CO forward simulations but with a different set
up. For CO the fluxes needed are fossil fuels, fires and oxidation of non methane hydrocarbons. Here
the output of these forward simulations is analyzed and compared to the observations at the four sites
in the Amazon.
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4.2 Results

4.2.1 Simulated CO; and CO Profiles

The results are presented per site and per year and each figure shows the wet and the dry or fire
seasons. The profiles for 2013 and 2014 are not shown due to data restrictions. For the CO; profiles
the fire inventory CASA-GFED4 3 hourly is included, whereas for the CO profiles was not included due
to time constraints. For Santarem (SAN), Rio Branco (RBO) and Alta Floresta (ALF) observations
are available from 2010 until 2014, however for the fire season (August-November) of 2014 there are
no observations available. For Tabatinga (TAB) observations are available from 2010-2012. In these
results when the fire inventories are mentioned is to refer to the simulations done with each one of
them.

The observed COs profiles are generally more variable at lower heights, but during intense fire
seasons this variability can be convected aloft. This variability at low heights is due to the mixed
signal that the airplane is measuring, the CO5 coming from the fires, the CO respired by the canopy
and the soils and the CO5 that is removed by the uptake of the biosphere. CO profiles provide a
better representation of the fire signal, as the concentrations of CO are strongly dependent on fire
activity in the Amazon [Andreae et al., 2015]. In general terms CO profiles show more variability
than COs due to a stronger seasonal dependence.

When referred to the height intervals the altitude corresponds to meters above sea level. When
the size of the marker in the graphs (in general) is smaller than the minimum size of the legend it
means that at this height interval there were less observations than the minimum range shown on
the legend, but more than one. For all the observed profiles at each site, the mean concentration
every 500 m height interval is plotted. The mean is calculated over the wet or the dry season. The
latter is important to keep in mind, as the observed profiles per sampling date might be very different.
Therefore, the aim here is to represent with the TM5 model averaged profiles over each one of the
seasons and when observations are mentioned I refer to the mean observed values for the season in
context. If low amount of observations, less than three or two, resulted in high mean values with
respect to the next interval they were removed as they might be sampling errors. This happened in
few occasions and mainly at the first altitude interval.

4.2.1.1 Santarem

The simulated and observed COq vertical profiles for Santarem are given in Figure 25. Simulated
and observed profiles for the wet and the dry seasons are shown. Note that the variability is plotted
with box whiskers showing the 25 and 75 % percentiles. It is interesting to see that for 2010, the
simulated COs profile for the dry season are within the 50% of the observations for the lower height
intervals. Between 1200m and 3000m SiBCASA-GFED4, GFAS and FINN are on the low side of
the observed values. For both CASA-GFED4 inventories, this is not the case as they enter the 50%
region after 2200m. After 3200m all simulations fall back to the 50% of the observed values. In
2010 there is more variability aloft that for the other years, note the larger bars for the 25% and 75%
percentiles, after 2500m. The dry season for 2011 and 2012 present similar results. The simulations are
underestimating at lower heights with respect to the observations and in general they fail to reproduce
the observed mean variability. For these 2 years CASA-GFED4-daily falls in the 50% of the observed
values until the 2200m (2500) and 2700m (2012). Above 2700m the other fire inventories tend to
improve, in particular SIBCASA-GFED4, which captures very well the shape of the observed values
in both years. In 2012 CO4 concentrations were more variable aloft that in 2011 and the range of the
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observed COs concentrations for 2012 lies higher as well. The latter might be associated to the fact
that in 2012 there were more fire emissions during the dry season than in 2011. However this is not
the case when 2010 and 2012 are compared, knowing that 2010 presented the highest annual average
fire emission. In 2013 the CASA inventories show again a good match until the fifth height interval,
whereas SIBCASA-GFED4, GFAS and FINN only until the third interval (not shown). These three
fire inventories improved aloft but in general all fail to reproduce the shape of the mean observed
values. However, it is worth noting that these are mean profiles, and the match might be different
for individual sampling days. The dry season of 2013 (not shown) has also more observations than
2010 and has a higher concentration range (392-397 ppm) suggesting that lack of sampling in 2010
results in lower concentrations even though it is known it had an intense fire season. The latter is
supported spatially as well, as it is seen that Santarem is located in the hot spots presented in Figure
8, in Chapter 2.

Simulated CO4 concentrations during the wet season in Santarem have in general a better agree-
ment with observed values than simulations during the fire season. Observed values during the wet
months (January-August) show a clear pattern, with low variability at high altitudes and high vari-
ability at low altitudes; which points to the absence of fire induced CO2 concentrations. From these
profiles I can also argue that the NBE signal is more clear in the absence of fires as there is an
evident differentiation of the CASA-GFED4 inventories and SiBCASA-GFED4, GFAS and FINN
(FINN and GFAS include the NBE signal calculated by SiBCASA, only here in this thesis). The
latter explains why SiBCASA-GFED4, GFAS, and FINN are very similar throughout the years in
this season, even overlapping between them. NBE flux in CASA is higher than in SIBCASA thus,
vertical CO concentrations tend to be higher as well. Finally, I highlight the good agreement between
simulated and observed values for all inventories in 2010 and only for SIBCASA-GFED4, GFAS and
FINN in 2012 and 2013 (not shown), following neatly the shape of the observations.

In Figure 26 the CO vertical profiles for Santarem are shown. As it was mentioned before, CO
concentrations are more fire dependent, therefore the difference between the seasons is much more
clear than for CO5 . Different from the CO; profiles, CO concentrations are not directly linked to
vegetation fluxes. During the dry season there are more outliers, which indicate the presence of high
CO concentrations due to fire activity. These high concentrations are difficult to reproduce for the
TM5 at low altitudes (i.e. in 2010, 2011 and 2012). In 2010, simulated values are considerably
out of the variability range and they underestimate the observed values. It is important to note, as
with COs, that during this year there were less observations done in the fire season. For 2011 and
2012, the match between simulations and observations improves for SIBCASA-GFED4 and FINN.
SiBCASA-GFED4 has a distinct shape above 1800m following the variability of the observations, this
is particularly seen in 2012. GFAS , FINN and CASA-GFEDA4-daily fail to match the shape of the
observed concentrations at lower heights, however they fall into the 50% range in the last heights
intervals, being this the case for 2013 as well (not shown). It is interesting to see that during the fire
season CO concentrations at low altitudes are, for all years, almost 100 ppb higher than in the wet
season. During the wet season observed CO concentrations are lower at all the sampling heights below
4000m than for the dry season. There is less variability at all heights intervals and for all years the
observed values converge to 100 ppb at the last height interval. This is similar for some years in the
dry season, which might indicate that CO concentrations above 4000m are not significantly affected
by fire emissions. However in 2010 a 50 ppb difference between both seasons is observed at this height,
suggesting that during this year there was indeed a fire signal above 4000m. During the wet season
the CO signal varies less and the simulations are clearly closer to observed values. SIBCASA-GFED4
tends to have higher CO concentrations when compared to the other simulated fire inventories, which
is in line with the higher annual fire emissions averages found for the whole Amazon in chapter 2,
when compared to the other inventories.
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Figure 25: Simulated and observed COs vertical profiles (ppm) for Santarem. The observations (orange) are plotted at the mean
sampling height every 500m intervals. The size of the points denote the number of observations done within each 500m interval. The
black bars indicate the 25% and 75% percentiles of the observations with dashed lines indicating the minimum and maximum values of
the 25% and 75% percentiles. The black dots represent outliers. The red line, which is SIBCASA-GFED4 in some years is behind the

green line, which is FINN.
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Figure 26: Simulated and observed CO vertical profiles (ppb) for Santarem. The observations (orange) are plotted at the mean sampling
height every 500m intervals. The size of the point denotes the number of observations done within each 500m interval. The black bars
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4.2.1.2 Alta Floresta

Figure 27 shows the observed and simulated COs vertical profiles in Alta Floresta for both wet and
dry seasons. During the dry season, simulations generally tend to converge to a similar estimate in the
free troposphere, above 4000m, but CASA-GFEDA4-daily and CASA-GFED4-3hourly are consistently
having higher values than the other fire inventories. In 2010 CASA-GFED4-daily and CASA-GFED4-
3hourly present a good match in the first two height intervals but then they diverge simulating higher
concentrations. SIBCASA-GFED4 shows an improvement above 1000m following closely the observed
values. FINN and GFAS are on the low side of the observed values, but converging aloft, above 3000m,
with the 50% of the observed CO5 concentrations. During these years, the simulated values at the
heights closer to the surface (less than 500m) have the largest difference, 384 ppm for GFAS and 392
ppm for CASA-GFED4-daily . For 2011 there is less spread between the simulations, but they all fall
off from the observed values close to the surface. For 2012, the simulations are able to capture the
observations, in particular SIBCASA-GFED4 and CASA-GFED4-3hourly fall always within the 50%
range. For 2013 (not shown) there was not enough information for the lower height interval, however
CASA-GFED4-daily and CASA-GFED4-3hourly are in better agreement with observations between
700m and 1700m whereas the other inventories improved above 2500m.

During the wet season the simulated COs profiles show an considerable improvement with respect
to the fire season, in particular for all the years except for 2014 (not shown). For years 2010 and 2011
the simulations are closely following the observations, always within the 25-75% percentiles range. For
2012 and 2013 this is also the case but the differences between the CASA inventories and GFAS, FINN
and SIBCASA-GFED4 are more clear. This difference is even more clear in 2014 (not shown), where
the CASA inventories are overestimating the observations by almost 2 ppm above 1000m, whereas
the SiIBCASA-GFED4, GFAS and FINN matched very well the observed values above 500m.

In Figure 28 the CO vertical profiles are shown for Alta Floresta. The dry season profiles has again
a strong fire signal, as it was expected for the location, reaching 300 ppb in 2010 below 500m; 80 ppb
more than in Santarem at the same height and year. The simulations for this year could reproduce
the observations with a defined shape within the 50% of the observed values, note that SIBCASA-
GFED4 simulation represents the observed extremes with a remarkable skill. For the next two years
the simulated profiles fall within the 50% variability range at almost all heights. For 2013 simulated
concentrations at lower altitudes, below 2000m, were underestimated (not shown). However, for this
dry season the TMb5 simulations are particularly close to the observations. During the wet season,
as in Santarem, the CO concentrations do not vary at all showing an almost constant profile along
100 ppb at all heights. Similar as for CO in Santarem, SIBCASA-GFED4 tends to have higher CO
concentrations at all heights than the other fire inventories pointing again towards the high values
obtained at the Amazon scale in Chapter 2 for this inventory.
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4.2.1.3 Rio Branco

On Figure 29 the dry and wet season COs profiles for Rio Branco are shown. The CASA inventories
are again higher than the other fire products for both seasons. Nevertheless, during the fire season
for 2011, 2012 and 2013 (not shown) all simulations are lower than observed values presenting large
differences below 1300m. As in the previous sites the simulations improved aloft and converge to
a similar value. During the 2010 below 2000m GFAS, FINN and SiBCASA-GFED4 underestimate
observations whereas CASA-GFED4 daily and 3 hourly overestimate relative to the observations. The
spread between simulations is maintained at higher altitudes with a range of almost 4 ppm at the
3500-4000m interval. Note also a large difference for 2013 at the first 500m interval between observed
concentrations and simulations. It is also worth noting that in this year for some height intervals the
size of the marker is smaller than the minimum size of the legend because at these heights there were
less than four observations but more than one. Therefore, the differences at the first interval might
be related to a lack of sampling which might bias the mean observation mean to high values.

The wet season for Rio Branco has also some height intervals with less observations than the
minimum range shown on the legend. However, the match between observations and simulations for
the years 2010, 2011, 2012, and 2013 (not shown) does not seem to be affected by this. There is in
general a good representation of the observed values for these years with a slight difference between
the CASA inventories and SIBCASA-GFED4, GFAS and FINN. For the year 2014 (not shown) this
difference is more clear at all heights and when compared to the observed values CASA-GFED4 daily
and 3 hourly are overestimating by 2 ppm above 700m.

The CO vertical profiles for dry and wet seasons in Rio Branco are shown on Figure 30. For the
dry season again there is a high CO concentration at lower heights and an intense seasonal influence.
The wet season presents the same pattern, as seen for the other sites, with a constant observed and
simulated CO concentration (100 ppb) at all heights. For the wet season of 2010 SiBCASA-GFED4
overestimates observed values below 2000m but the simulated profile converges aloft to the observed
concentrations.

The dry season in 2010 had again the most variable CO vertical profile which is well captured
by CASA-GFED4, GFAS and FINN. SiBCASA-GFED4 for 2010 and 2012 overestimates observed
concentrations which is interesting when compared to Santarem, where in these same years this fire
inventory underestimates observations. The latter might be related to the high fire emissions seen in
Chapter 2 for the SIBCASA-GFED4 inventory in the Rio Branco region (9°S and 67°W). Note that
the land cover imposed in SIBCASA at this location is mainly broadleaf forest but here there is a
strong influence of other biomes and human activity as well as it can be easily seen on satellite images
or in google earth. In other words, the vertical profile simulated using SiIBCASA-GFED4 might be
high due to high fire emissions in that same area due to a misrepresentation of the land cover in
SiBCASA. For the dry season in 2011 and 2013 (not shown) the simulated profiles match better with
observations.
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4.2.1.4 Tabatinga

The CO (left panel) and COs (right panel) vertical profiles for Tabatinga are shown in Figure
31. Due to lack of observations for the years after 2012, there are less vertical profiles available.
Simulated CO5 concentrations for the fire season tend to be underestimating observed values below
1000m, showing large spread between simulations, in particular for 2010. SiBCASA-GFED4 and
CASA-GFED4-3hourly during this year have similar values, presenting a good match with observations
above 1200m. Above this height CASA-GFED4-daily has higher values, whereas GFAS and FINN
lower values relative observations. During 2011 the CASA inventories present an abrupt decrease
between 2000m and 2500m, when at the same height observations are increasing. The latter might
be explained by an uptake of CO5 by the biosphere within the CASA model that is being propagated
vertically. This can also be the case for the other fire inventories but to a much lesser extent as at
this height interval the other simulated profiles (i.e. GFAS, FINN and SiBCASA-GFED4) fail to
reproduce the seasonal observed mean values as well.

For the wet season there is a considerable improvement of the simulations with respect to the
observations for 2010 and 2011. It is interesting to see that for 2011 at the 2000m - 2500m interval
there is again a notable change, showing an increase in concentrations, but now for all inventories.
This is the same height interval in which the abrupt change in the dry season was seen, supporting the
idea that there might be a specific driver for that height and that year generating this behavior. This
peak in the wet season of 2011 can be associated to a respiration signal within the SIBCASA and the
CASA models. For 2012, there are no observations below 500m and the simulations deviate from the
observed values until 2500m of altitude, where they all enter the 50% range of variability. Generally
the simulated CO4 profiles show high concentrations for the CASA inventories in both seasons, mainly
at a daily resolution (light blue). However, the fire season of 2010 is an exception presenting lower
concentrations for CASA daily and 3 hourly than the other three inventories, but inverting this above
2600m.

The observed CO profiles have a strong variability during the dry season of 2010, which suggest
that the signal of intense fire seasons coming from the east and southeast is perceived in Tabatinga.
During 2011 we observed the same tendency to high values as for CO9 in 2011 dry and wet seasons.
The high fire induced CO concentrations were much lower in 2012, almost 100 ppb less than in 2010.
The wet season has a more steady vertical structure for all years, with observed concentrations lower
than 150 ppb at lower heights and converging to 100 ppb aloft. This is matched mainly by GFAS,
FINN and CASA-GFED4 but overestimated slightly by SIBCASA-GFED4. The CO signal from fires
can reach Tabatinga but for years with low fire emissions at the Amazon scale, this might not be the
case, as 2012.
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4.2.2 Root mean square differences (RMSD)
4.2.2.1 RMSD for each site and each fire inventory

In order to asses the skill of the TM5 simulations shown in the previous section, the RMSD
between the observed and simulated mole fractions of CO5 were calculated for each year, the dry and
wet seasons. The results for all sites are shown in Figure 32. For Santarem SiIBCASA-GFED4, GFAS
and FINN had a better match during the wet season but for the fire season CASA-GFED4 daily
and 3 hourly matched better the observed values. For the whole year analysis the CASA inventories
show a similar pattern as for the wet season, but with slightly less variability, suggesting that the
skill during the entire year is dominated by the wet season. In Alta Floresta CASA-GFED4 3 hourly
was the best source of fire fluxes, indicating that in this site having a higher time resolution improves
the simulations. At this site GFAS had the worst skill for the fire season of 2011, 2012, and 2013
and the dry season of 2010, 2012, and 2013. In Rio Branco during the dry season GFAS is again
presenting the highest RMSD for 2011, 2012 and 2013, whereas during the wet season for the same
years GFAS lies on the low side together with FINN and SiBCASA-GFED4. The CASA inventories
for the wet season present the highest RMSD except in 2011. The entire year in Rio Branco the
RMSD for the fire inventories changes from year to year. SIBCASA-GFED4 was the best inventory
in 2010, CASA-GFED4 daily in 2011 and in 2012, in 2013 SiBCASA-GFED4 and FINN are the best
inventories and finally in 2014 together with GFAS they are again presenting the lowest RMSD. In
Tabatinga there were few observations during the dry months and the simulations are until 2012.
During the fire season RMSD tend to decrease over time for all fire inventories, being 2012 the best
year for all inventories. This is exactly the opposite for the wet and the all year plots, 2012 is the year
in which all fire inventories present higher RMSD. Note that CASA-GFED4 daily in the fire season
of 2010 has the highest RMSD but it ends up in 2012 with the lowest RMSD.

The RMSD between simulated and observed CO mole fractions are shown in Figure 33. The
seasonal difference is again clear when comparing the RMSD for the dry and the wet seasons. The
wet season for all sites was well represented by all fire inventories, however SIBCASA-GFED4 had
the highest RMSD at all sites. The high RMSD for SiBCASA-GFED4 in Rio Branco in 2010 was
probably due to an early onset of the fire season, there were already high fire emissions in July for this
year (see Figure 13). The fire season was difficult to reproduce for all fire inventories in particular in
Santarem for year 2012 and Alta Floresta in 2010, Rio Branco 2010 and 2012, and Tabatinga in 2010.
FINN haves consistent low RMSD values at all sites, except in Rio Branco during the fire season. In
Rio Branco the entire year RMSD is affected notably by the fire season, in particular in SIBCASA-
GFED4 simulation, which shows lower peaks on the same years as the fire season. The RMSD for the
CO simulations show a general tendency to high RMSD values of the SIBCASA-GFED4 inventory,
being in line with the findings of chapter 2, where SIBCASA-GFED4 had on average the highest fire
emissions for the years analyzed, except 2011.
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Figure 33: Root Mean Square Differences (RMSD) between simulated and observed CO mole fractions
for all sites and the years simulated for that particular site. Note that the RMSD is shown for all the
year (left column), the wet (center column) and the fire (right column) seasons. Note the difference x
axis for Tabatinga and for all sites in the fire season.

69



Thesis Report: Biomass burning and carbon cycle in the Amazon 2010-2015

4.2.2.2 RMSD for all the simulated period for all sites

Table 11 contains the RMSD between observed and simulated CO5 mole fractions for all sites
considering all the simulated years together. For this RMSD each simulated value was compared
to the corresponding observation. The difference between fire inventories in the RMSD is small,
in the order of 0.1-0.4 ppm. For the period 2010-2014 SiBCASA-GFED4 simulations were the more
accurate reproducing the observed CO4 vertical profiles in Santarem and Rio Branco. In Alta Floresta
CASA-GFED4-3hourly had the lowest RMSD, suggesting that a high time resolution is better for this
location. For Tabatinga FINN had the lowest RMSD which is similar to Van Der Laan-Luijkx et al.
[2015] results for 2010 and 2011. For Tabatinga the performance was the worst for all simulations,
but it was the site with less observations done and a shorter simulated time span (2010-2012). It is
worth mentioning that in the COs profiles the TM5 model aims to reproduce a mixed COs signal,
coming from fires and NBE, therefore this performance is affected by the biosphere flux calculated by
SiBCASA (SiBCASA-GFED4, GFAS and FINN) and CASA (CASA-GFED4), which will hinder the
performance if the model has a high respiration or a strong uptake of COs .

The simulations performed with FINN to reproduce the observed CO profiles were the most ac-
curate in Santarem, Alta Floresta and Tabatinga. Interestingly, FINN coincide with the best per-
formance for CO and COs in Tabatinga, indicating that this fire inventory might be more suitable
to calculate fire emissions at the central part of the Amazon. However, in Tabatinga there were few
observations done and it is constrained to 2010-2012. This might change if more observations are in-
cluded and the time span extended. In Santarem and Alta Floresta, where more fire influence can be
perceived the fire hot spots method in FINN seems to be more accurate to represent the observations.
For Rio Branco the best perfomance was given by the CASA-GFEDA4-daily (43 ppb) inventory with
GFAS (44 ppb) very close. In general terms CO profiles are difficult to reproduce in the fire season,
which affects the overall performance of the simulations.

Table 11: Root Mean Square Differences (RMSD) between observed and simulated COz mole fractions
for the period 2010-2014 (2010-2012 for TAB) per site. All fire inventories used listed [ppm]. Lowest
values indicated in bold.

SAN ALF RBO TAB
SiBCASA-GFED4 2.36 298 3.19 3.65
GFAS 247 321 347  3.68
FINN 244 3.09 324 3.61
CASA-GFED4-daily 258 320 3.54 4.06
CASA-GFED4-3hourly 251 2.93 331 3.84

Table 12: Root Mean Square Differences (RMSD) between observed and simulated CO mole fractions
for the period 2010-2014 (2012-2012 for TAB) per site. All fire inventories used listed [ppb]. Lowest
values indicated in bold.

SAN ALF RBO TAB
SiBCASA-GFED4 o7 63 110 81
GFAS 38 46 44 38
FINN 35 39 66 36
CASA-GFED4-daily 44 50 43 39
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4.3 Discussion

In the results a set of simulations are described using different biomass burning emissions inven-
tories focusing on four sites of the Amazon. COs and CO vertical profiles were plotted showing the
averaged observed and simulated mole fractions at every 500m height interval. Vertical profiles are
strongly influenced by the convection scheme and the vertical transport within the TM5 model [Van
Der Laan-Luijkx et al., 2015]. In this study we used the same convection fields as Van Der Laan-Luijkx
et al. [2015], an updated scheme from ECMWF which for them yielded a general better performance
in TM5 in three out of four of the sites. The CO vertical profiles for the fire season could be improved
by varying the injection height of the CO emissions within TM5. The injection height used here was
at the surface, and despite of this for one dry season it was obtained a remarkable match with the
observed variability (i.e. 2010 - Alta Floresta), thus this is something to be investigated in follow-
ing work with TM5. In the supplementary information of Van Der Laan-Luijkx et al. [2015] several
studies dealing with injection heights are mentioned, the reader is referred to that article for more
information.

In Chapter 2 it was shown that SIBCASA-GFED4 had higher fire emissions for all years, except
for 2011. The latter can be seen in the consistent overestimation of SIBCASA-GFED4 in the CO
vertical profiles when compared to the observations, which was more clear during fire seasons. Note
that this was not present in all years and sites, but was a general spatio-temporal pattern. The
latter is also seen clearly for GFAS, which had low Amazon scale estimates and simulated CO vertical
profiles underestimating the observed CO profiles. It is interesting to note that these high /low Amazon
scale estimates presented in chapter 2 are difficult to evince in the COq profiles, in which the CASA
inventories had a general tendency to be on the high side of the observed mole fractions at all sites.
This is explained by the fact that CO4 concentrations have a mixed signal, strongly dominated by
NBE fluxes. In the CO5 simulations SIBCASA-GFED4, GFAS and FINN had the NBE flux simulated
by SiBCASA whereas the CASA-GFED4-daily and CASA-GFED4-3hourly had the NBE simulated
by CASA. Linking the CO5 profiles with the NBE flux of these biosphere models indicate that there is
indeed a strong NBE flux to the atmosphere in CASA and an uptake from the biosphere in SIBCASA.
This happens mainly in 2010 and 2014 (see Table 4), and is also captured in the dry season CO5 profiles
for all sites. As is shown by Alden et al. [2016] NBE fluxes in the Amazon despite not having a clear
seasonal pattern, they are sensible to heat, drought, with a positive correlation and to precipitation
with a negative correlation. Heat and drought might decrease GPP and enhance respiration, although
a direct link between NBE changes and GPP is not yet clear Alden et al. [2016], suggesting that
high NBE fluxes might be driven by high respiration rates. Alden et al. [2016] found more conclusive
correlations between precipitation and NBE, concluding that there is a strong relationship between
both, having very likely a time lag effect. Simulated NBE fluxes in SIBCASA and CASA are either
presenting a strong uptake or a release of carbon to the atmosphere, which indicates that this annual
variability is not captured by the models. Therefore, the simulated COs profiles are highly influenced
by this misrepresentation in the models.

When the performance of the fire inventories was analyzed for CO4 vertical profiles large differences
were not seen between inventories in RMSD. The site in which the match with observed CO5 mole
fractions was the worst was Tabatinga, but this is also supported by the fact that at this location
there were fewer observations available and for a shorter time period; for years 2010-2012 there were
462 observations. In contrast, for Santarem, Alta Floresta and Rio Branco the number of observations
for the same time period were: 1101, 684, 676, respectively. These numbers are directly related to the
performance shown in Table 11, where Santarem had the lowest RMSD for all inventories, followed
by Alta Floresta and then Rio Branco.
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When looking at particular wet and dry seasons the performance of the simulations has a strong
seasonal dependence for both CO and CO, profiles. The latter affects the skill of the simulations
considerably, but is stronger for CO. It is worth mentioning that the production of CO by non
methane hydrocarbons is not chemically driven within the TM5, but a representation of this source is
emitted in the vertical profile, which is not relevant for the Amazon during the fire season. A possible
sink of CO, which is within the TM5 chemistry scheme, is the reaction with OH but it occurs at a
relatively slow time scale, from weeks to months (Krol, 2017, personal communication). According
to the latter, it is possible to conclude that the fire season is driving the high CO concentrations in
the Amazon, inducing high variability in CO concentrations difficult to reproduce by the TM5 model
mainly at low heights, where high mole fractions are observed (i.e. dry seasons of 2010 and 2012 in
Santarem).

However, there were a few simulated CO mean seasonal profiles that matched very well the obser-
vations. In the dry season of 2010 in Alta Floresta, simulations followed very close the shape of the
observations suggesting that the vertical transport within the model captured the observed increase
of CO at 2100m. At this same height for Tabatinga in 2011, also in the fire season, this feature
is again observed for the simulated CO and CO vertical profiles. Despite the fact this is based in
one single observed point, the simulated profiles can be explained by the following mechanisms. The
reason for the simulated CO increase (for all inventories) at this height might be a propagation of fire
emissions to the top of the boundary layer, but in this case this is not corroborated with the observed
profile. In contrast, the reason of the COs decrease at this height might point to a propagation of
an enhanced CO2 uptake to the top of the boundary layer by the TM5 model (Krol, 2017, personal
communication). As this is seen only for the CASA inventories it is possible to conclude that is due
to a CASA driven uptake, not observed in the CO5 mole fractions profile. In the wet season of 2010
in Rio Branco SiBCASA-GFED4 had a notable difference with the observed CO mole fractions at
low heights. This can be associated to an early onset of the fire season in SIBCASA-GFED4, but as
this is not seen in CASA-GFED4, at a first sight this reason is likely to be rejected. However, Rio
Branco is located in a region where SIBCASA-GFED4 mainly has tropical forest that is subjected to
the GFED4 burned area causing these high CO concentrations. The latter is supported by our spatial
distribution analysis of burned area and fire emissions in Chapter 2.

The fire season of 2010 resulted in higher observed CO concentrations at lower heights than other
years. The latter was strongly seen in the average values at all sites; in Rio Branco, reaching 360 ppb
below 500m, followed by Alta Floresta with 300 ppb, Tabatinga with 260 ppb and Santarem with 225
ppb. Gatti et al. [2014] reported a high release of carbon by burning in the fire season of 2010 mainly
in Alta Floresta, followed by Santarem and Rio Branco with similar estimates and Tabatinga as the
last one. Gatti et al. [2014] estimates suggest that the regions of intense fire sensitivity are captured,
to a large extent, in both approaches. However, from our results is interesting to see higher CO
concentration in Tabatinga than in Santarem, something that is unexpected due to the proximity of
Santarem to the northeast of Brazil where the fire season is certainly having a strong effect. Tabatinga
is located farther east with respect to Santarem, considered to be isolated from intense fire regions
as it lies deep into the Amazon rainforest, but the CO observations confirmed that during intense
fire season the signal is indeed reaching Tabatinga. High CO concentrations in Alta Floresta and Rio
Branco are expected as they are in regions with high fire activity. Alta Floresta is located farther
to the south with respect to Santarem and here it is expected to have a strong fire signal, as it lies
within the arc of deforestation. Recalling Figure 8 in Chapter 2, is possible to associate Alta Floresta
to the hot spots seen along the 10°S parallel and between the 60°W - 45°W meridians. Rio Branco
is located more to the west with respect to Alta Floresta, closer to the Andes mountain range but
still within an intense deforestation region. The fire signal here is also expected to be high for both
tracers.
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Due to time constraints further analysis with CO:CO5 were not possible and it is therefore recom-
mended to investigate these ratios for the time period studied here. The latter will be comparable with
the ratios obtained by Van Der Laan-Luijkx et al. [2015] and will give an idea about the stage of the
combustion process in which the emissions are produced (flaming or smoldering stages). Furthermore,
it is important to mention that the next step of this process in order to improve the fluxes and thus
the performance of the simulations is to performed an entire cycle of data assimilation and optimized
the differences seen between observed and simulated values [Van Der Laan-Luijkx et al., 2015]. The
carbon balance presented in Chapter 2 can be estimated more precisely assimilating observations, to
obtain more precise fire emissions.

4.4 Conclusions

CO2 and CO forward simulations were performed in order to assess the skill of the TM5 model
with different fire emission inventories when compared to observations done in 4 sites of the Amazon.
The simulations for COs showed a strong influence of the NBE flux simulated by SiBCASA and
CASA. This influence seemed to be stronger in the fire season, where the CASA inventories showed
higher mole fractions along the vertical profile. CO observed concentrations showed a strong seasonal
variability, which was difficult to reproduce with the TM5 simulations generally.

The skill of the TM5 using different fire inventories showed considerable changes within the seasons
of the same year. Therefore it is not possible to suggest a best fire inventory to simulate fire emissions
in the Amazon from this annual perspective. This is heavily dependent on the particular season that
is being simulated. Therefore, the RMSD for the profiles simulated with the TM5 model change when
seen from and individual year perspective or a merged year perspective. However, a clear influence
of the amount of observations on the RMSD for CO5 simulations at each site was found. From this
grouped year RMSD analysis, and acknowledging the fact that COs comes from a mixed signal,
it is possible to conclude that SIBCASA-GFED4 was the best fire emissions input for the TM5 at
Santarem (with RMSD of 2.36 ppm) and Rio Branco (3.19 ppm), CASA-GFED4-3hourly had the
best performance in Alta Floresta (2.93 ppm) and FINN in Tabatinga (3.61). Interestingly, for CO
simulated profiles FINN was the best fire inventory in three of the sites, with RMSD below 40 ppb,
except of Rio Branco in which CASA-GFED4-daily proved to be slightly better with 43 ppb.
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Chapter 5

5 General conclusions and outlook

The impact of biomass burning on the carbon balance of the Amazon, together with the perfor-
mance of the simulated vertical and horizontal transport of fire emissions was the core topic of the
present thesis. Since this work was related to that of Van Der Laan-Luijkx et al. [2015], the same fire
inventories were used, adding a new one and a new biosphere model. Chapter 2 presented the results
of this first approach to investigate the main differences between these fire inventories. In this chapter
we focused on the following research questions:

Research Question 1: What are the differences (in terms of yearly values, spatial distri-
bution and biome attribution) between the fire inventories used to calculate fire emissions in

the Amazon for years 2010-2015%

Research Question 2: What is the carbon balance in the Amazon for years 2010-20157

To tackle the first question the differences in annual averages of biomass burning CO5 emissions,
their spatial distribution and their distribution within biomes in the Amazon were analyzed. For the
second question I looked at the NBE fluxes simulated by two biosphere models for the Amazon. From
this chapter the main conclusions are that the fire inventories are able to capture the fire season in
the Amazon, however the magnitude of emissions reported differ considerably. Generally SIBCASA-
GFED4 is higher than the other inventories and GFAS is the lowest. Spatially the fire emissions
seems similarly distributed but again with varying magnitude, which resulted in large differences
when attributing emissions to biomes in the SIBCASA land cover. The carbon balance was highly
affected by the NBE simulated by each biosphere model, showing that for the majority of the years
when using SIBCASA’s NBE the Amazon was a sink whereas using CASA’s NBE the Amazon was
a source of carbon (Table 5). The differences between SIBCASA-GFED4 and CASA-GFED4, even
though having the same burned area input, led to the next research question which was approached
in Chapter 3:

Research Question 3: What are the main drivers causing different emission estimates
between SiIBCASA-GFED/ and CASA-GFEDJ, considering they have the same burned area
mput?

To answer this question the analysis was based on the SIBCASA biosphere model, as the SIBCASA-
GFED(4 fire inventory was developed in the Meteorology and Air Quality Department of Wageningen
University. The first guess was that the land cover was the main driver of differences, but when looking
into the specifics within each fire scheme it was found that SIBCASA had prescribed fire parameters,
whereas CASA dynamic parameters. Therefore, to investigate this from the SIBCASA perspective two
experiments were set up to see to what extent were these prescribed fire parameters influencing the
obtained fire emissions. In the experiments the CASA’s land cover was represented with SIBCASA’s
simulated carbon stocks, changing the CASA’s biome Savanna and Grasslands to 1. All Grasslands
or 2. All Savannas in SiBCASA. From these experiments it was found that representing CASA’s land
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cover with SIBCASA’s carbon stocks and the GFED4 burned area, yielded higher fire emissions when
compared to the standard SIBCASA-GFED4 and more interestingly to CASA-GFED4. The latter
together with estimates of SIBCASA’s fuel load, fuel consumption and burned area in each biome led
to conclude that fuel consumption in SIBCASA is one order of magnitude higher, when including and
without including mortality, than values reported for Tall Evergreen Broadleaf trees [Van Leeuwen
et al., 2014]. For Savanna and Grasslands SiIBCASA has lower fuel consumption than reported values
Van Leeuwen et al. [2014] when taking into account mortality. Therefore, the main source of differences
between SiIBCASA-GFED4 and CASA-GFED was not only the biome distribution within each model,
but also the simulated carbon stocks in SIBCASA-GFED4 and high (low) mortality for tropical forests
(Savanna and Grasslands). The distribution of burned area and COg fertilization within SIBCASA
proved to be important factors in this comparison. In Chapter 4 the fire inventories described in
Chapter 2 were used to simulate the vertical and horizontal transport of CO and CO5 concentrations
emitted by fires in four sites of the Amazon. At these sites observations done at different heights were
available from 2010-2014, thus in Chapter 4 the following research questions were approached:

Research Question 4: How well do transported atmospheric CO mole fractions match with
CO observations made in four aircraft sites in the Amazon for the period of 2010-2014%

Research Question 5: How well do transported atmospheric COgp mole fractions match
with COg observations made in four aircraft sites in the Amazon for the period of 2010-
2014°%

To tackle these questions the TMS5 global transport model was used with two nested regions with
higher horizontal resolution focusing in South America and in the Amazon. The match between
the simulations and observations was assessed for each site concentrating on the wet and the fire
seasons of each year for both tracers. From the latter it was concluded that the TM5 model, when
using the imposed fire fluxes corresponding to the fire inventories mentioned before, had difficulties
representing the fire season at all sites for CO5 and CO. For CO there was a strong seasonal influence
well marked in the wet and fire seasons vertical profiles, which affected strongly the match between
simulations and observations, and showing that CO is a good fire tracer whereas COs represents a
mixed signal coming from the biosphere and fires. The performance was assessed also looking at the
entire simulation period. For CO, FINN seemed to be the better fire emission input for the TM5
whereas for COy SIBCASA-GFED4 had the best performance in Santarem and Rio Branco, CASA-
GFED4-3hourly in Alta Floresta and FINN in Tabatinga. Furthermore, NBE flux influenced to a
large extent simulated COs profiles, pointing to a high flux from the biosphere in CASA, which can
be related to a high respiration rate within this model.

This research process is considered to be a fundamental step previous to a data assimilation cycle.
The variability of the fire fluxes that could be potential prior fire fluxes in a data assimilation cycle
is highlighted. For regional studies, like this one, is important to assess the variability of different
sources to get correct estimates of fire emissions and NBE, which affect further the net biome exchange
between the biosphere and the atmosphere. In particular for burned area fire inventories there can
be large differences driven by the carbon stock source. As general recommendations and further work
derived from this study the following is highlighted:

1. SiBCASA carbon stocks should be revised for all biomes, as well as the mortalities associated to
them. Adjusting the vegetation recovery in SIBCASA is needed, as it is recovering very fast after
each fire event. It is worth to include dynamic fire parameters within SIBCASA’s fire scheme in
order to represent more accurately the combustion completeness and mortality.
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2. Further analyses with different simulated NBE is recommended to constrain the differences
between SIBCASA and CASA.

3. Varying the injection heights in TM5 is worth analyzing to improve simulations, although a first
step would be to optimized fire inventories with observed CO columns from satellite data.

4. Optimizing fire inventories and NBE fluxes is the next step to obtain better simulated profiles.
The first step of this process is shown in Chapter 6 shown in the appendix.

5. Including more observations available for the Amazon, like those of the Amazon Tall Tower
Observatory, might improve the flux estimates taking into account that the observed vertical
profiles are taken every two weeks.
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Chapter 6

6 Optimized fires inventories

As it was stated in the recommendations, one of the next steps that follow this thesis is to optimized
the fire fluxes. This short chapter presents a preliminar analysis of optimized fires. It is worth
mentioning that the optimizations were done by Narcisa Banda at Utrecht University, here her output
is analyzed.

6.1 Methods

The fire products described in Chapter 2 were optimized using the Infrared Atmospheric Sounding
Interferometer (IASI) on board the METOP-A satellite [Clerbaux et al., 2009]. The approach was
divided in three main steps. First CO emissions were obtained by using emission factors from Andreae
[2001] and the fire emissions given by SIBCASA-GFED4, GFAS, FINN and CASA-GFED4 inventories.
Second, the optimization was done with CO from IAST using the TM5-4DVar method [Krol et al.,
2013]. Finally the difference between the prior and the posterior (as CO) was applied as a percentage
of change to the fire inventories per each 1°x1° grid cell and time step. To get more details on
the methods of this optimization, the reader is referred to Van Der Laan-Luijkx et al. [2015]. Tt is
important to note that the set up used in TMb5-4Dvar permitted negative values for CO. Therefore
adjustments were performed to these negative values in each time-step. First, negative emissions
were quantified per time step and then they were set to zero. Second, a compensation was done by
assigning, in the same time step, this negative quantity to the grid cells that presented the highest
positive emissions (highest 90%). The compensation was postponed to the next time step if the
amount of negative emissions was too high; the total emissions had to remain equal. We acknowledge
the fact that this manipulation might hamper the optimization. However, it was performed to have a
first approach to an optimized set of fire inventories that can be analyzed in this thesis. It is advisable
to re-run the optimization without permitting negative concentrations in the TM5-4Dvar set up and
compare those results with the ones presented here.

6.2 Results

The results from the optimization are shown separately for each fire inventory so they can be easily
compared to the non-optimized version. Here the CASA-GFED4 3 hourly version was not used due
to time constraints, but all the other 4 fire inventories presented in Chapter 2 are shown.

6.2.1 Optimized and non-optimized daily time series comparison

Figure 34 shows the non-optimized and the optimized comparison of SIBCASA-GFED4. The
optimization of SIBCASA-GFED4 yielded lower maximum values compared to the non-optimized
inventory and the timing of the fire season is delayed for all years compared to the non-optimized
version. Note that for year 2015 there are two peaks of strong fires in the optimized SiBCASA-
GFED4. This suggests a second onset of the fire season which is not observed in the non-optimized
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SiBCASA-GFED4. The double peak in 2015 could be due to the adjustments performed to correct
the negative values.

Figure 35 shows the comparison of the optimized and non-optimized of the GFAS inventory. Note
that for the optimized GFAS there are no values for 2015. The latter was due to and mistake in the
end date of the simulation, which was difficult to correct due to time constraints. The optimization
of GFAS is interesting because it shows a higher optimized fire flux for 2010 and 2014, whereas for
2011, 2012 and 2013 the optimization might to follow the same pattern as the non-optimized curve.
The timing of the fire season was not delayed in this case in the optimized curve.
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Figure 34: Daily time series of biomass burning carbon emissions in the Amazon for the optimized
SiBCASA-GFED4 fire inventory.
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Figure 35: Daily time series of biomass burning carbon emissions in the Amazon for the optimized
GFAS fire inventory.
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Figure 36 shows the comparison of the both versions of the FINN fire inventory. The optimized
inventory shows unexpected peaks in 2015 and 2014. In 2010 there is also a high peak during the
fire season, but is more modest compared to 2015. The adjustments of the negative values might
be responsible for these high fire emissions. In the years between 2011 and 2014 the optimized
fire emissions are below the non-optimized FINN inventory, which suggests that in years with high
fire emissions the optimization tends to yield high values and, for years with low fire emissions the
optimization tends to yield low fire emissions. In Figure 37 the non-optimized and optimized CASA-
GFED4 daily are shown. The optimization here had a similar effect as that with FINN. High values
for 2010, 2014 and 2015 are presented. The other years both versions are very close to each other with
similar variability. Note again the double peak in 2015 as in the SIBCASA-GFED4 optimization.

Biomass burning CO, flux [PgC/yr]

Figure 36: Daily time series of biomass burning carbon emissions in the Amazon for the optimized
FINN fire inventory.
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Figure 37: Daily time series of biomass burning carbon emissions in the Amazon for the CASA-GFED4
fire inventory.
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6.2.2 CO; Vertical Profiles with optimized fire inventories and RMSD

In Table 13 the RMSD for the non-optimized and the optimized fire inventories are shown. Note
that the values in brackets are indicating the Root Mean Squares Differences (RMSD) for the optimized
inventories. It was expected that the optimizations will improve the RMSD relative to the RMSD
calculated with the non-optimized inventories. However this was the case only for the CASA-GFED4
inventory. SiBCASA-GFED4, GFAS and FINN when optimized yielded higher RMSD at all sites.
It is believed that the adjustments of the negative values influenced the RMSD as well as the NBE
signal, which is the same for SIBCASA-GFED4, GFAS and FINN.

Table 13: General Root Mean Square Differences (RMSD) between observed and simulated COy mole
fractions for the entire simulated period. Values in brackets indicate the RMSD calculated with the
optimized fire inventories. The optimized RMSD that are lower relative to the non-optimized are
indicated in bold.

SAN ALF RBO TAB
SIBCASA-GFED4 236 (2.52) 298 (3.31) 3.19 (3.56) 3.65 (3.72)
GFAS 247 (2.52)  3.21 (3.28)  3.47 (3.53)  3.68 (3.69)
FINN 2.44 (2.50)  3.09 (3.22)  3.24 (3.51)  3.61 (3.67)

CASA-GFED4-daily 258 (2.57) 3.20 (3.09) 3.54 (3.39) 4.06 (3.98)

The simulated vertical profiles for the optimized fire inventories are not shown here as the vertical
distribution did not show considerable changes with respect to the non-optimized inventories. The
forward simulations were done as in Chapter 4, for all sites: Santarem, Alta Floresta, Rio Branco
and Tabatinga. For all sites the optimized profiles for SIBCASA-GFED4, GFAS, and FINN are closer
to each other, whereas the optimized CASA-GFED4 is, in most of the cases, considerably higher.
SiBCASA-GFED4, GFAS and FINN are similar because the NBE signal used for these inventories is
that of SIBCASA. The simulated profiles presented here, show almost no considerable changes in the
vertical distribution when compared to the non-optimized profiles. This is related to the fact that the
TAST observations are more sensitive between 4km and 6km of altitude [Van Der Laan-Luijkx et al.,
2015].

6.3 Follow up work

From these preliminar results it is recommended to continue with the following points:
1. Perform optimizations without allowing negative values and compared to the results given here.

2. Assess the feasibility of including other observation sources in the optimization, such as data
from the Amazonian Tall Tower Observatory (ATTO).
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7 Appendix

Chapter 2
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Figure 38: Averaged fire emissions for each fire inventory for the period 2010-2015

Chapter 3

Table 14: Area distribution for the biomes of the Amazon in SIBCASA’s land cover

%10% km? %
Evergreen Broadleaf trees 4.71 66.88
Broadleaf and needleleaf trees 0.34 4.82
Savanna, 0.97 13.89
Grasslands 0.84 12.06
Shrubs 0.07 0.99
Tundra 0.03 0.51
Agriculture 0.06 0.85

Table 15: Area distribution for the biomes of the Amazon in CASA land cover

%10% km? %
Evergreen Broadleaf forest 5.72 81.20
Deciduos broadleaf forest 0.07 0.99
Shrublands 0.09 1.4
Savanna and Grasslands 1.12 15.91
Croplands 0.03 0.50
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Biomass burning CO, flux [PgC/yr]
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Figure 39: Monthly time series for all fire inventories and the two experiments described in chapter
3: All Grasslands and All Savanna.
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Figure 40: CO5 flux in petagrams per year for each biome within the two experiments described in
Chapter 3 and for the SIBCASA-GFED4 and CASA-GFED4 fire inventories.
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Figure 41: CO; flux percentage for each biome within the two experiments described in Chapter 3
and for the SIBCASA-GFED4 and CASA-GFED4 fire inventories.
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Figure 42: Total living carbon evolution (2009-2015) for all the Amazon and the main biomes within

the Amazon area: the Tall Evergreen Broadleaf trees, Savanna and Grasslands biomes. Note the
different y axis.
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Figure 43: Total litter carbon evolution (2009-2015) for all the Amazon and the main biomes within

the Amazon area: the Tall Evergreen Broadleaf trees, Savanna and Grasslands biomes. Note the
different y axis.
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