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Abstract 
 

As one major disturbance in the earth system, fires modified vegetation structure 

and functioning, atmospheric composition, and climate conditions at both regional and 

global scales. Under the impacts of substantial changes in environmental factors (such as 

human activities, climate warming, and CO2 concentration), global fire regimes present 

significant changes, and generate strong feedbacks to ecosystem and climate system. Our 

knowledge regarding fire disturbances have been substantially improved under the help 

of satellite observations. However, long-term fire history and fire impacts on ecosystem 

carbon budget were rarely investigated prior to satellite era due to the lack of available 

spatially-explicit, large-scale datasets. In this dissertation, multiple study approaches 

were used to investigate the changes in burned area, fire emissions, and fire impacts on 

the terrestrial carbon budget and storage in the Conterminous United States (CONUS), 

boreal North America (BONA), African continent, and the entire globe. Historical burned 

area datasets were collected from satellite observations, official fire records, and 

reconstructed based on fire model simulations. Burned area data were applied to drive the 

Dynamic Land Ecosystem Model (DLEM) to investigate fire emission and fire impacts 

on ecosystems. As indicated by the analysis, average area burned in the CONUS was 

14,430.51 km2 year-1 and fire-induced carbon emissions were ~17.65 Tg C year-1 during 

1984-2012. Inter-annual variations of burned area and carbon consumption presented 

significant increasing trends in the CONUS. In the BONA, average fire-induced carbon 

emissions were 50.95 Tg C year-1 during 1960-2010, with a significant increasing trend at 
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the rate of 1.08 Tg C year-1. Over the period of 1901-2010, African burned area presented 

a significant declining trend at the rate of -0.77×104 km2 year-2 due to the intensified 

human activities across the African continent and climate changes in the South 

Hemisphere of the African continent (SHAF). In Africa, pyrogenic carbon emissions 

decreased at the rate of -1.6 Tg C year-2 during 1901-2010, while the decline trend was 

not significant in the last five decade.  During 1901-2007, average global burned area was 

~442×104 km2 year-1. Our results suggest a notable declining rate of burned area globally 

(1.28×104 km2 year-2). From 1901 to 2010, global pyrogenic carbon emissions were 

estimated to be 2.43 Pg C year-1, and global average combustion rate was 537.85 g C m-2 

burned area. Due to fire impacts, global terrestrial net primary productivity and net 

carbon sink were reduced by 4.14 Pg C year-1 and 0.57 Pg C year-1, respectively. Results 

of this study suggest that, in the future, the more intensive human activities would 

continue to suppress fire activities in the tropics and subtropics, while burned area and 

fire-induced carbon emissions would increase substantially in the boreal regions under 

the impact of climate warming and more frequent droughts. In order to mitigate global 

fire emissions, special attention should be paid to fire activities in the peatlands and 

tropical rainforest ecosystems.   
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Chapter 1. Introduction 
 

Fire is of vital importance for the global climate system (Bowman et al., 2009, Randerson 

et al., 2006a, Rogers et al., 2013, Ward et al., 2012b). During fires, large amounts of greenhouse 

gases (GHG, such as CO2 and methane) and aerosols are ejected into the atmosphere, and then 

modify the atmosphere components and radiation budget (Kaiser et al., 2012b, Langmann et al., 

2009, van der Werf et al., 2010b, Wiedinmyer et al., 2011a). The inter-annual variations in 

global fire emissions have been acknowledged as one of the major factors in controlling 

atmospheric CO2 and CH4 growth rate (Bousquet et al., 2006, Van Der Werf et al., 2004). 

Moreover, fire could affect land surface albedo and energy partitioning, and cause feedbacks to 

climate system (Jin et al., 2012, Lyons et al., 2008). The post-fire recovery processes is 

composed of numerous physiological, biophysical and biochemical processes, and may persist 

for months, years, decades, or even centuries.  

Global vegetation distribution can be substantially shaped by fire activities. Field 

experiments indicated that fire exclusion strategies substantially enhanced the fraction of forest 

and ecosystem carbon storage (Bowman &  Panton, 1995, Moreira, 2000, Tilman et al., 2000). 

Simulations by the Dynamic Global Vegetation Model (DGVM) (Bond &  Keeley, 2005) 

indicated that the global forest coverage may increase from 27% to 56% if global fires were 

suppressed. Fire intensity and frequency also determine the distribution of tree species. 

According to their relationship to fires, tree species can be classified into “fire embracer”, “fire 

resister”, and “fire avoider” (Rogers et al., 2015).  
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Fires are strongly influenced by climate conditions and human activities (Bowman et al., 

2009, Rogers et al., 2015, van der Werf et al., 2008a, van der Werf et al., 2008b, Westerling et 

al., 2006b). It has been recognized that precipitation amount is negatively correlated with fire 

activities in regions with abundant fuels, while in arid regions with lower fuel loading, higher 

precipitation during vegetation growing season could stimulate fire activities in the following fire 

season (van der Werf et al., 2008a). The impact of human activities on fire could be either 

positive or negative. On the one hand, human activities provide ignition sources and increase the 

probability of fire ignition through camping, logging, and arson, etc. (Nepstad et al., 1999, 

Turetsky et al., 2015); on the other hand, human-induced cropland expansion break fuel 

continuity, and fire suppression activities reduce the fire spread and duration (Archibald et al., 

2012, Marlon et al., 2008b).  

Fires at global level are largely unknown until the emergence of satellite observations in 

the 1980s (Seiler &  Crutzen, 1980). In the 2000s, satellite-observed burned area and fire 

emissions products have been developed based on multiple satellite sensors, including single-year 

fire products, such as GBA2000 (Grégoire et al., 2003) and GlobScar (Simon et al., 2004), and multiple-

year fire products, such as L3JRC (Tansey et al., 2008a), GLOBCARBON (Plummer et al., 2006), 

MCD45A1 (Roy et al., 2008b) , and GFED4 (Giglio et al., 2013a). Although these fire products have 

been validated across various regions, significant differences among them are still found by 

intercomparison (Chang &  Song, 2009, Giglio et al., 2010b, Korontzi et al., 2004, Roy &  Boschetti, 

2009). Small fires with low radiative power were often neglected and account for approximately 26% of 

total burned area globally (Randerson et al., 2012). Satellite-derived global burned area products were 

often coupled into terrestrial ecosystem model to estimate global fire emissions (Hoelzemann et al., 2004, 

Ito &  Penner, 2004b, Jain et al., 2006, Knorr et al., 2012, van der Werf et al., 2010a, van der Werf et al., 
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2006b). However, the divergences in the satellite-observed burned area lead to large uncertainties in the 

estimations of fire emissions and the evaluations of fire impact on ecosystems. For example, Knorr et al. 

(2012) used three burned area products as input to drive LPJ-GUESS model and found that L3JRC leads 

much higher carbon emission than GFED and MCD45A1; Poulter et al., (2015) reported that simulations 

driven by different satellite burned area products can lead to large variations in global aboveground 

carbon stocks, and woody coverage. Moreover, biomass burning can also be estimated directly 

through fire radiative power (FRP) and biomass combustion rate (Kaiser et al., 2012a, Wooster 

et al., 2005, Zhang et al., 2014).       

Fire models are an important tool to study fire activities and the underlying mechanisms, 

and can be classified into statistical fire models and process-based fire models. The statistical fire 

model is usually reconstructed based on regression model by using the observed climate-fire 

relationship e.g. (Balshi et al., 2009c, Westerling et al., 2011); while process-based fire model 

considers the complex mechanisms of fire event as influenced by weather, fuel, and topography 

(Thonicke et al., 2010). Process-based fire modeling has provided an effective tool to estimate 

large-scale fire patterns. It simulates fire activities (e.g. ignition, spread and extinguishment) 

while considering critical environmental factors such as climate, land cover, and land 

management practices (Pechony &  Shindell, 2009). Process-based fire models have been 

applied in reconstructing global fire history and investigating fire impacts on ecosystems. These 

models include MC-FIRE [Lenihan et al., 1998], Glob-FIRM (Thonicke et al., 2001), Reg-FIRM 

(Thonicke et al., 2010), SPITFIRE (Thonicke et al., 2010), CLM-Fire (Li et al., 2012), and 

CTEM-FIRE (Arora &  Boer, 2005). Model simulated fire patterns are not often consistent with 

each other. For example, Kloster et al. (2010) estimated global fire patterns based on the 

modified CTEM-Fire model and found a declining trend in burned areas from the 1900s to the 
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1960s and an increasing trend from the 1970s to the 1990s. However, the estimation by Li et al. 

(2013) based on CLM-Fire model presented a continuous declining trend from the 1870s to the 

1990s.  

As projected by General Circulation Models (GCM), global climate will experience 

substantial changes in the future, which could influence fire patterns in many regions of the 

world. For example, Pechony and Shindell (2010) investigated future fire under three SRES 

scenarios (A2, A1B, and B1), and found that global fire activities would increase a lot under the 

impacts of climate warming. Balshi et al., (2009) reported that fire-induced carbon emissions in 

boreal North America could increase by 2.5-4.4 times at the end of the 21st century. In the recent 

years, a new set of Representative Concentration Pathways (RCP) have been developed for 

modeling experiments, with the increased radiative forcing value in 2100 ranging from 2.6 to 8.5 

W m-2 (Van Vuuren et al., 2011). As indicated by the RCP8.5 scenario, atmospheric CO2 

concentration will reach 930 ppmv (http://www.pik-potsdam.de/~mmalte/rcps/index.htm), and 

temperature will increase by more than 4 °C relative to 1986-2005 at the end of the 21st century 

(Knutti &  Sedláček, 2013). The understanding of historical fire regimes and fire-induced 

terrestrial carbon balance can shed light on the changes in fire activities in the future.  

 In order to investigate historical changes in fire regimes and fire impacts on the terrestrial 

ecosystems, we collected burned area dataset from satellite observation and inventory-based 

reconstruction, and simulated burned area by using a process-based ecosystem model. The 

burned area datasets are then coupled into the ecosystem model to estimate the fire-induced 

carbon emissions and the impacts of fires on the terrestrial carbon budget at both global and 

regions levels.   
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1. Objectives 
 The overall goal of this study is to examine the long-term changes of fire activities at 

both regional and global scales, and investigate the underlying mechanisms controlling the 

changing trends. It is hypothesized that climate, ecosystem, and human activities are the three 

most important factors in controlling fire regimes; meanwhile, ecosystem properties, such as 

vegetation carbon storage and carbon budget, are substantially modified by fires.  

Question 1: What were the changing trends of burned area? 

Hypothesis: As global warming and frequent droughts increase, fire activities will become more 

frequent, and burned area will become larger across the globe.  

Question2: What is the magnitude of fire-induced carbon emissions? How did the fire 

emissions change in the past century? 

Hypothesis: The magnitude of fire-induced carbon emissions can be estimated by the fuel 

loading, burned area, and combustion completeness. The changes in fire emissions follow the 

changes in burned area. 

Question 3:  How much do global fires affect the terrestrial carbon budget? 

Hypothesis: Global fires could reduce terrestrial carbon budget through fire-induced carbon 

emissions and the reductions in forest coverage, vegetation carbon storage, and soil fertility.   

Our strategies to answer these questions include the following tasks: 

 I. Examine the changes in burned area by collecting data from satellite observations and 

inventory-based reconstruction, and reconstructing burned area data according to fire model. 
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 II. Investigate fire-induced carbon emissions and terrestrial carbon budgets. 

 III. Conduct factorial numerical experiments to quantifying the contribution of the 

changes in multiple environmental factors, including climate change, human activities, CO2 

concentration, and nitrogen deposition.   

2. Approaches 
• Data collection: 

 (1) Burned area dataset from satellite observations and inventory-based reconstructions. 

 (2) Model input datasets, such as, climate, atmospheric CO2 concentration, nitrogen 

deposition, land use and land cover, and topography, etc. 

 (3) Benchmark datasets to validate model simulations. 

• Model development: 

 (1) Improve the DLEM by coupling a process-based fire model, which is capable of 

simulating burned area, fire emissions, and fire-induced mortality. 

  (2) Improve the DLEM by optimize the post-fire regrowth processes. 

 (3) Calibrate and validate the model. 

• Model application: 

 (1) Regional-scale evaluations of fire emissions and fire impacts of regional carbon 

budget in the Conterminous United States, boreal North America, and African continent. 

 (2) The reconstruction of century-long burned area dataset by the DLEM-fire model 
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 (3) Assess the fire-induced changes in carbon budget at global scale in the context of 

multiple environmental changes. 

3. Dissertation Structure 
 This Dissertation is organized according to the structure as below (Figure 1-1), 

 

Figure 1-1. The structure of this dissertation. 

 

 Chapter 1 presents a brief introduction of background, previous fire-related works, 

research questions, specific objectives and tasks, and approaches to solve these questions. 

 Chapter 2 describes the detailed processes regarding the DLEM fire module, including 

the processes to estimate burned area, fire emissions, and fire impacts on carbon cycles. The 

DLEM-simulated carbon fluxes, burned area, and fire emissions are validated according to 

benchmark datasets at both regional and global levels.   

Chapter 2

Model development, calibration, and validation

Chapter 3, 4, 5

Regional Analysis in the CONUS, BONA, and African continent

Chapter 6, 7

Global level analysis of burned area, fire emissions, and fire impacts 
on ecosystem carbon budget

Chapter 1

Introduction

Chapter 8

General conclusions
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 Chapter 3-5 investigate burned area, fire emissions, and fire impacts on carbon budget at 

regional scales in the CONUS, BONA, and African continent. All the three regional studies 

investigated the changing trends in burned area. Study in the CONUS highlights the importance 

of mega-fires in the recent three decades; study in the BONA highlights fire impacts on 

terrestrial carbon budget and storage; while study in the African continent highlights the 

contributions of multiple environmental factors to the century-scale fire activities.     

 Chapter 6-7 describe the reconstruction of century-scale global burned area by applying 

the DLEM model. Then, the reconstructed burned area data is used to study fire-induced changes 

in terrestrial carbon fluxes and budget at global level from 1901 to 2010. .  

 Chapter 8 summarizes the major findings of this study and discusses the possible 

improvement needs for future work.  
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Chapter 2. The description of the DLEM Fire module 
 

The DLEM is an integrated process-based biosphere model, which mainly simulates the 

carbon/nitrogen/water storages in the terrestrial ecosystem and their fluxes across the land-

atmosphere interface under the influences of multiple environmental factors, including climate, 

atmospheric components, land use/cover changes, and various disturbances (Chen et al., 2013, 

Chen et al., 2012, Liu et al., 2013a, Lu &  Tian, 2013, Pan et al., 2014, Ren et al., 2011, Tao et 

al., 2014, Tian et al., 2014, Tian et al., 2011, Yang et al., 2014a, Yang et al., 2014c). It is mainly 

composed of five components, namely biophysics, plant physiology, soil biogeochemistry, 

dynamic vegetation, and disturbances (Figure 2-1). The detailed processes can be referred in 

Figure S1 in Appendix I.   

The biophysics component simulates the latent and sensible heat fluxes, soil water 

content and soil temperature in different soil layers, runoff and drainage. The plant physiology 

component simulates major physiological processes, including photosynthesis, vegetation 

respiration, carbon allocation to different tissues, nitrogen uptake and allocation, tissue turnover, 

transpiration, and phenology. The component of soil biogeochemistry simulates mineralization, 

nitrification/denitrification, decomposition and fermentation. The dynamic vegetation component 

simulates the biogeography redistribution of plant functional types under environmental changes, 

and plant competition and succession during vegetation recovery after disturbances (Tian et al., 

2011). DLEM builds on the concept of plant functional types (PFT) to simulate vegetation 

distributions.  
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Figure 2-1. Framework of the Dynamic Land Ecosystem Model (Tian et al., 2010a). 

 

1. The development of the DLEM Fire module 
The DLEM-Fire is a process-based fire module built on DLEM. It is capable of 

estimating burned area, fire emissions and fire impacts on ecosystem function and structure by 

simulating fuel characteristics, number of fires, and fire behavior (Figure 2-2).  
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Figure 2-2. Conceptual diagram presenting inputs, outputs, and the major processes of DLEM-
Fire. 

 

1.1 Burned area 
For each grid, the daily burned fraction 𝐵𝐵𝐵𝐵, is calculated as:  

𝐵𝐵𝐵𝐵 = 𝐵𝐵𝐵𝐵′ × 𝑣𝑣 = (𝐵𝐵𝐵𝐵𝑤𝑤𝑤𝑤′ + 𝐵𝐵𝐵𝐵𝑤𝑤𝑑𝑑𝑑𝑑′ + 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎′) × 𝑣𝑣 

where 𝐵𝐵𝐵𝐵′ is DLEM simulated burned fraction prior to coupling with satellite information, 

which is equal to the sum of DLEM simulated wildfire burned fraction (𝐵𝐵𝐵𝐵𝑤𝑤𝑤𝑤′), deforestation 

fire burned fraction (𝐵𝐵𝐵𝐵𝑤𝑤𝑑𝑑𝑑𝑑′), and agricultural fire burned fraction (𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎′); 𝑣𝑣 is the grid-based 

satellite-adjusted scalar to regulate the magnitude and spatial distribution of fires, and is 

calculated as the quotient of satellite-observed fire climatology and DLEM-simulated fire 

climatology prior to coupling with satellite information.  

Environmental factors
Climate, CO2, Nitrogen 
deposition

DLEM Fire module

Human activity
Population density, 
deforestation rate, 
cropping system

Landscape 
Slope, elevation, 
aspect……

Drivers:
Outputs:

Burned Area

Fire emissions
CO2, CH4, CO, N2O, NO, 
NMHC

Impacts on Ecosystem
Combustion completeness, 
burning depth, vegetation 
mortality, soil physical and 
biogeochemical character 

Fire behavior
Spread rate, Fire 
intensity,  Flame 
height, duration, 
surface /crown fire

Fuel character
Fuel loading, fuel 
moisture, vegetation 
types, surface area to 
volume ratio, 
packing ratio, fuel 
size

Fire count
Ignition sources,  
suppression 

Satellite observation
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The following briefly describes the wildfire, agricultural fire, and deforestation fire 

schemes adapted from previous fire models (Arora &  Boer, 2005, Li et al., 2013, Li et al., 2012, 

Pechony &  Shindell, 2009) 

Daily burned fraction in each grid as a result of wildfire, 𝐵𝐵𝐵𝐵𝑤𝑤𝑤𝑤′ (day-1), is calculated as a 

function of the number of daily fire events, 𝑁𝑁𝑑𝑑 (count day-1), average burned area of each fire 

event, 𝐴𝐴𝑑𝑑 (km2 count-1), and grid area, 𝐴𝐴𝑎𝑎𝑔𝑔𝑔𝑔𝑤𝑤 (km2):  

𝐵𝐵𝐵𝐵𝑤𝑤𝑤𝑤′ = 𝑁𝑁𝑑𝑑𝐴𝐴𝑑𝑑/𝐴𝐴𝑎𝑎𝑔𝑔𝑔𝑔𝑤𝑤                                                        

The number of daily fire events, 𝑁𝑁𝑑𝑑 (count day-1), is expressed as:  

𝑁𝑁𝑑𝑑 = (𝐼𝐼𝑎𝑎 + 𝐼𝐼𝑛𝑛)(1 − 𝑓𝑓𝑠𝑠)(1 − 𝑓𝑓𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐)𝑃𝑃𝑚𝑚𝑃𝑃𝑏𝑏𝐴𝐴𝑎𝑎𝑔𝑔𝑔𝑔𝑤𝑤                    

where 𝐼𝐼𝑎𝑎 and 𝐼𝐼𝑛𝑛 are the anthropogenic and natural ignition (count km-2 day-1), respectively; 𝑓𝑓𝑠𝑠 is 

the fraction of suppressed fires; 𝑓𝑓𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐 is the fraction of cropland; 𝑃𝑃𝑚𝑚  is reduction factor on 

ignition probability caused by fuel moisture;  𝑃𝑃𝑏𝑏 is the reduction factor on ignition probability 

caused by the insufficient fuel loading.  

At the global level, cloud-to-ground lightning is the major natural fire ignition source. 

The natural ignition, 𝐼𝐼𝑛𝑛 (count km-2 day-1), is estimated through the frequency of lightning 

flashes, 𝐼𝐼𝑙𝑙 (flash km-2 day-1), and latitude, 𝜆𝜆 (Prentice &  Mackerras, 1977): 

𝐼𝐼𝑛𝑛 = 𝐼𝐼𝑙𝑙[5.16 + 2.16cos (3𝜆𝜆)]−1                    

Anthropogenic ignition, 𝐼𝐼𝑎𝑎 (count km-2 day-1), is parameterized as: 

𝐼𝐼𝑎𝑎 = 𝑃𝑃𝐷𝐷𝛼𝛼𝛼𝛼(𝑃𝑃𝐷𝐷)                     
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where 𝑃𝑃𝐷𝐷 is population density (person km-2); 𝛼𝛼  is the daily potential anthropogenic ignitions 

(1.3×10-4, count person-1 day-1); 𝛼𝛼(𝑃𝑃𝐷𝐷) is a population density related parameter for adjusting 

anthropogenic ignition potential (= 6.8𝑃𝑃𝐷𝐷−0.6) (Venevsky et al., 2002).   

Fire suppression, 𝑓𝑓𝑠𝑠, is estimated as a function of population density (Pechony & Shindell, 

2009):  

𝑓𝑓𝑠𝑠 = 0.99 − 0.98exp (−0.025𝑃𝑃𝐷𝐷)                    

The reduction factor, 𝑃𝑃𝑚𝑚, is calculated as a function of the available soil water (Li et al., 

2012): 

𝑃𝑃𝑚𝑚 = �
1,                                                                        𝜃𝜃 < 𝜃𝜃𝑤𝑤𝑐𝑐

exp[−𝜋𝜋�𝜃𝜃 − 𝜃𝜃𝑤𝑤𝑐𝑐�
2

/�𝜃𝜃𝑑𝑑𝑐𝑐 − 𝜃𝜃𝑤𝑤𝑐𝑐�
2

],            𝜃𝜃 ≥ 𝜃𝜃𝑤𝑤𝑐𝑐
                    

where 𝜃𝜃 is the volumetric soil water content in the top 20 cm; 𝜃𝜃𝑤𝑤𝑐𝑐 and 𝜃𝜃𝑑𝑑𝑐𝑐 are the volumetric soil 

water content at wilting point and field capacity, respectively. 

The reduction factor, 𝑃𝑃𝑏𝑏, is determined by the abundance of fuel loading and calculated 

as a function of aboveground biomass (Arora &  Boer, 2005): 

𝑃𝑃𝑏𝑏 = �
1,                                                             𝑏𝑏𝑎𝑎𝑎𝑎 > 𝑏𝑏𝑢𝑢𝑐𝑐               
(𝑏𝑏𝑎𝑎𝑎𝑎 − 𝑏𝑏𝑙𝑙𝑐𝑐𝑤𝑤)/(𝑏𝑏𝑢𝑢𝑐𝑐 − 𝑏𝑏𝑙𝑙𝑐𝑐𝑤𝑤),              𝑏𝑏𝑙𝑙𝑐𝑐𝑤𝑤 ≤ 𝑏𝑏𝑎𝑎𝑎𝑎 ≤  𝑏𝑏𝑢𝑢𝑐𝑐
 0,                                                             𝑏𝑏𝑎𝑎𝑎𝑎 < 𝑏𝑏𝑙𝑙𝑐𝑐𝑤𝑤             

                     

where 𝑏𝑏𝑎𝑎𝑎𝑎 is the aboveground biomass (gC m-2), including leaf, stem, woody debris, and litter; 

𝑏𝑏𝑢𝑢𝑐𝑐 is the upper limit of aboveground biomass (1000 gC m-2) where fuel load is not a limiting 

factor; 𝑏𝑏𝑙𝑙𝑐𝑐𝑤𝑤 is the lower limit of aboveground biomass (150 gC m-2), below which ignition 

probability is 0.  
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The post-fire area, i.e. fire spread from starting point, is postulated to be elliptical in 

shape. The equation to calculate burned area of single fire event is: 

𝐴𝐴𝑑𝑑 = 0.25𝜋𝜋𝑢𝑢𝑤𝑤𝑐𝑐𝑤𝑤𝑛𝑛2𝜏𝜏2(1 + 1/𝐻𝐻𝐵𝐵)2/𝐿𝐿𝐵𝐵                    

where 𝑢𝑢𝑤𝑤𝑐𝑐𝑤𝑤𝑛𝑛 is fire spread rate in downwind direction (km hr-1); 𝜏𝜏 is the fire duration (hr); 𝐿𝐿𝐵𝐵 

and 𝐻𝐻𝐵𝐵 are the length-to-breadth ratio and head-to-back ratio of the post-fire area, respectively. 

Fire spread rate, 𝑢𝑢𝑤𝑤𝑐𝑐𝑤𝑤𝑛𝑛 (km hr-1), is computed as: 

𝑢𝑢𝑤𝑤𝑐𝑐𝑤𝑤𝑛𝑛 = 𝑢𝑢𝑚𝑚𝑎𝑎𝑚𝑚𝑓𝑓𝑚𝑚𝑓𝑓𝑣𝑣𝑐𝑐𝑤𝑤𝑓𝑓𝑤𝑤                    

where 𝑢𝑢𝑚𝑚𝑎𝑎𝑚𝑚 is the maximum spread rate in optimum condition (0.6 km hr-1); 𝑓𝑓𝑚𝑚, 𝑓𝑓𝑣𝑣𝑐𝑐𝑤𝑤, 𝑓𝑓𝑤𝑤 are the 

limiting scalars of fuel moisture, vapor pressure deficit (VPD), and wind speed to adjust spread 

rate, respectively. The fuel moisture scalar, 𝑓𝑓𝑚𝑚, is estimated as: 

𝑓𝑓𝑚𝑚 = �
1,                                                                           𝜃𝜃 < 𝜃𝜃𝑤𝑤𝑐𝑐
(𝜃𝜃𝑠𝑠𝑎𝑎𝑠𝑠 − 𝜃𝜃)2/ (𝜃𝜃𝑠𝑠𝑎𝑎𝑠𝑠 − 𝜃𝜃𝑤𝑤𝑐𝑐)2,                            𝜃𝜃 ≥ 𝜃𝜃𝑤𝑤𝑐𝑐

                

VPD scalar, 𝑓𝑓𝑣𝑣𝑐𝑐𝑤𝑤, is calculated as (Pechony &  Shindell, 2009):  

𝑓𝑓𝑣𝑣𝑐𝑐𝑤𝑤 = 20 × 10𝑍𝑍(1 − 𝑅𝑅𝐻𝐻/100)                                     

and  

𝑍𝑍 = −7.90298(𝑇𝑇𝑠𝑠/𝑇𝑇 − 1) + 5.02808 ∙ log(𝑇𝑇𝑠𝑠/𝑇𝑇) − 1.3816 × 10−7�1011.344(1−𝑇𝑇𝑠𝑠/𝑇𝑇) − 1� +

8.1328 × 10−3(10−3.49149(1−𝑇𝑇𝑠𝑠/𝑇𝑇) − 1)                                                        

where 𝑅𝑅𝐻𝐻 is relative humidity (%), 𝑇𝑇 is air temperature (K), 𝑇𝑇𝑠𝑠 is water boiling point 

temperature (373.15 K). 
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Wind speed scalar, 𝑓𝑓𝑤𝑤, is parameterized as (Li et al., 2012): 

𝑓𝑓𝑤𝑤 = 0.1𝐿𝐿𝐵𝐵/(1 + 1/𝐻𝐻𝐵𝐵)                          

Fire duration, 𝜏𝜏 (hr), is the time that each fire lasts, which is estimated as a function of the global 

average fire persistence 𝜏𝜏𝑎𝑎𝑣𝑣𝑑𝑑 (24 hr) and the slope of landscape (𝛾𝛾):  

𝜏𝜏 = �
𝜏𝜏𝑎𝑎𝑣𝑣𝑑𝑑 ,                                                              𝛾𝛾 < 𝛾𝛾𝑚𝑚𝑔𝑔𝑛𝑛           

 𝜏𝜏𝑎𝑎𝑣𝑣𝑑𝑑(𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚 − 𝛾𝛾)/(𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚 − 𝛾𝛾𝑚𝑚𝑔𝑔𝑛𝑛),                𝛾𝛾𝑚𝑚𝑔𝑔𝑛𝑛 ≤ 𝛾𝛾 ≤ 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚
   0,                                                                  𝛾𝛾 > 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚           

                    

where 𝛾𝛾𝑚𝑚𝑔𝑔𝑛𝑛(2○) and 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚 (10○) are the lower and upper limits of the slope effect on fire duration, 

respectively. Terrain with steep slopes indicates more watercourse or rocks, which could break 

down fuel continuity and reduce fire persistence time (Pfeiffer &  Kaplan, 2012).  

Length-to-breadth ratio (𝐿𝐿𝐵𝐵) and head-to-back ratio (𝐻𝐻𝐵𝐵) are computed according to wind 

speed, 𝑤𝑤 (m/s): 

𝐿𝐿𝐵𝐵 = 1 + 10[1 − exp (−0.06𝑤𝑤)]                    

𝐻𝐻𝐵𝐵 = [𝐿𝐿𝐵𝐵 + �𝐿𝐿𝐵𝐵2 − 1�
0.5

]/[𝐿𝐿𝐵𝐵 − �𝐿𝐿𝐵𝐵2 − 1�
0.5

]                    

The burned area of agricultural fire, 𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎′ (month-1), is calculated as:   

𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎′ = 0.2𝑓𝑓𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑓𝑓ℎ𝑎𝑎𝑔𝑔𝑣𝑣𝑃𝑃𝑏𝑏𝑓𝑓𝐺𝐺𝐷𝐷𝐺𝐺                   

where 𝑓𝑓𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐 is the fraction of cropland, 𝑓𝑓ℎ𝑎𝑎𝑔𝑔𝑣𝑣 is the monthly harvest index (1 means harvest 

happens, and 0 stands for no harvest happens), 𝑃𝑃𝑏𝑏 is the reduction factor of fuel loading which is 

the same as that used for wildfire, 𝑓𝑓𝐺𝐺𝐷𝐷𝐺𝐺 is the socioeconomic factor indicated by gross domestic 

production (GDP), which is set as by Li et al., (2013).  
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The burned area of deforestation fire, 𝐵𝐵𝐵𝐵𝑤𝑤𝑑𝑑𝑑𝑑′ (month-1), is calculated as:  

𝐵𝐵𝐵𝐵𝑤𝑤𝑑𝑑𝑑𝑑′ = 𝑓𝑓𝑤𝑤𝑑𝑑𝑑𝑑𝑃𝑃𝑏𝑏𝑓𝑓𝑤𝑤𝑔𝑔𝑑𝑑                   

where 𝑓𝑓𝑤𝑤𝑑𝑑𝑑𝑑 is the annual deforestation fraction of tropical forests, 𝑃𝑃𝑏𝑏 is the same reduction factor 

of fuel loading as used for wildfires, 𝑓𝑓𝑤𝑤𝑔𝑔𝑑𝑑 is monthly dryness function indicating the influence of 

dry season, which is computed by the ratio of monthly precipitation to potential 

evapotranspiration (𝑃𝑃/𝑃𝑃𝑃𝑃𝑇𝑇):  

𝑓𝑓𝑤𝑤𝑔𝑔𝑑𝑑 = max (0, 1 − 𝑃𝑃/𝑃𝑃𝑃𝑃𝑇𝑇)                   

 

1.2 Fire emissions and fire mortality 
 

In the DLEM, available fuels include vegetation biomass (leaf, stem, and root), litter, 

coarse woody debris, and soil organic carbon. The carbon emissions during biomass burning (𝐶𝐶𝑏𝑏𝑠𝑠, 

g C m-2) at grid level are estimated as, 

𝐶𝐶𝑏𝑏𝑠𝑠 = ∑ ∑ (𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙 𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙𝐵𝐵𝐵𝐵𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠𝑓𝑓𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠)5
𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙=1

4
𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠=1 + 𝑓𝑓𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠     

where 𝑖𝑖𝐷𝐷𝑓𝑓𝐷𝐷 is the index of natural vegetation types within one model grid (DLEM allows a 

maximum of four biome types coexisting in the same grid); 𝑖𝑖𝑓𝑓𝑢𝑢𝐷𝐷𝑖𝑖 is the index of fuel types (1- 

leaf, 2- stem, 3- root, 4- litter, 5- coarse woody debris); 𝐵𝐵𝐵𝐵𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠 is the monthly burned fraction of 

each natural vegetation type (%), which is assumed to be equal to the burned fraction at grid 

level; 𝑓𝑓𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠 is the fraction of biome in the grid (%); 𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙 is the DLEM simulated fuel 

loading of each fuel types (g C m-2); 𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙 is the combustion completeness (%), which 

could be retrieved from the vegetation specific parameter table (Table 2-1).  
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Table 2-1. The parameter table of combustion completeness and tree mortality used in this studya 

Vegetation types Combustion completeness (%) Tree mortality (%) 
leaf stem root litter coarse woody debris 

BBDF 80 30 5 95 30 70 
BNEF 80 30 5 95 30 70 
BNDF 80 30 5 95 30 70 
TBDF 80 30 5 95 30 70 
TBEF 80 30 5 95 30 70 
TNEF 80 30 5 95 30 70 
TNDF 80 30 5 95 30 70 
TrBDF 50 20 5 95 30 60 
TrBEF 80 30 5 95 30 70 
Shrub 90 30 5 95 30 50 
C3 grass 95 - 5 95 - - 
C4 grass 95 - 5 95 - - 

Note: BBDF stands for Boreal Broadleaf Deciduous Forest; BNEF stands for Boreal Needleleaf Evergreen Forest; 
BNDF stands for Boreal Needleleaf Deciduous Forest; TBDF stands for Temperate Broadleaf Deciduous Forest; 
TBEF stands for Temperate Broadleaf Evergreen Forest; TNEF stands for the Temperate Needleleaf Evergreen 
Forest; TNDF stands for the Temperate Needleleaf Deciduous Forest; TrBDF stands for Tropical Broadleaf 
Deciduous Forest; TrBEF stands for the Tropical Broadleaf Evergreen Forest. 

 

𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙 can also be estimated according to the satellite-observed burned severity, in 

form of the percentage of fire pixels in “Unburn to Low”, “Low”, “Moderate”, and “High” burn 

severity within one model grid (𝑓𝑓𝑔𝑔𝑏𝑏𝑠𝑠𝑑𝑑𝑣𝑣𝑑𝑑, %) and burn severity corresponded combustion 

completeness (𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙,𝑔𝑔𝑏𝑏𝑠𝑠𝑑𝑑𝑣𝑣𝑑𝑑, %) (Table 2-2), 

𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙 = ∑ (𝑓𝑓𝑔𝑔𝑏𝑏𝑠𝑠𝑑𝑑𝑣𝑣𝑑𝑑𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑𝑙𝑙,𝑔𝑔𝑏𝑏𝑠𝑠𝑑𝑑𝑣𝑣𝑑𝑑)4
𝑔𝑔𝑏𝑏𝑠𝑠𝑑𝑑𝑣𝑣𝑑𝑑=1                      

where 𝑖𝑖𝑏𝑏𝐷𝐷𝐷𝐷𝑣𝑣𝐷𝐷 is the index of four burn severity levels. When calculating 𝑓𝑓𝑔𝑔𝑏𝑏𝑠𝑠𝑑𝑑𝑣𝑣𝑑𝑑, satellite pixels 

labeled by “Increased Greenness” were merged into “Unburn to Low” severity group, and the 

pixels labeled by “Non-processing area mask” were excluded in the calculation. Parameters of 

burn severity corresponded combustion completeness (%) in Table 2-2 were compiled from 

17 
 



 

 

recently published literature studying burn severity in the US and across the globe (Campbell et 

al., 2007, Ghimire et al., 2012, Meigs et al., 2009, van Leeuwen et al., 2014a) 

Table 2-2. Parameters of combustion completeness (𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪,𝑪𝑪𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊,𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊, %) under differing levels 
of burn severity.  

Vegetation Burn severity Leaf Stem Litter Coarse Woody Debris 

Forest 

Unburnt to Low 3 1 57 26 
Low 31 10 64 35 
Moderate 54.5 45 64 42 
High 80 70 99 55 

Shrub 

Unburn to Low 20 20 57 26 
Low 25 25 64 35 
Moderate 50 50 64 42 
High 95 95 99 55 

Grass 

Unburn to Low 70 - 57 - 
Low 75 - 64 - 
Moderate 76 - 64 - 

High 100 - 99 - 

 

The peatland with high water table depth is resistant to fire disturbance. However, in the 

recent decades, climate warming and more frequent human activities dried up the peatland and 

promoted the frequency and extent of peat fires (Turetsky et al., 2015). Forest plantation drains 

the water in peatland. Due to the small area of forest plantations prior to the year 1985 (Hooijer 

et al., 2010), we assumed no peat fires occurred in tropical regions. For the fires in peatland, 

burned depth (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑, cm) is estimated separately for tropical peatland and boreal peatland. 

In the tropical peatlands, the 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑 is estimated according to soil water content, with a 

maximum of 51 cm when soil water is lower than wilting point and a minimum of 15 cm when 

soil moisture is higher than the field capacity; and carbon density (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠) is set to be 570 g C 

m-2 cm-1, which is similar to the field measurements of Southeast Asian peat fires in 1997 (Page 
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et al., 2002). For the boreal peatlands, 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑 set to be 13.1 cm, and the 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠 is set to be 

269.3 g C m-2 cm-1, which are estimated based on the measurements in Turetsky et al. (2011). 

Here, we assume no vertical variations in the peatland carbon density. The peatland area used in 

the current study is estimated as the overlapped area of peatland in Yu et al., (2010) and the 

wetland in the Global Lakes and Wetlands Database (GLWD) (Lehner &  Döll, 2004). The 

burned fraction in peatland at grid level (𝑓𝑓𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑) is set to be the minima of grid burned fraction 

and peatland fraction.  

Fire-induced tree mortality is explicitly considered by the DLEM. After the fire events, a 

fraction of the trees are killed and the dead plant tissues return back to their corresponding dead 

carbon pools (litter or woody debris).   

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑→𝑎𝑎𝑎𝑎𝑙𝑙 = 𝐵𝐵𝐵𝐵𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑(1 − 𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑙𝑙𝑑𝑑𝑎𝑎𝑑𝑑)𝑀𝑀𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑠𝑠𝑠𝑠𝑑𝑑𝑚𝑚→𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷 = 𝐵𝐵𝐵𝐵𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑠𝑠𝑠𝑠𝑑𝑑𝑚𝑚(1 − 𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑠𝑠𝑠𝑠𝑑𝑑𝑚𝑚)𝑀𝑀𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑑𝑑𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠→𝑏𝑏𝑎𝑎𝑙𝑙 = 𝐵𝐵𝐵𝐵𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑑𝑑𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠(1 − 𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠)𝑀𝑀𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠→𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷 = 𝐵𝐵𝐵𝐵𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑐𝑐𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠(1 − 𝐶𝐶𝐶𝐶𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠,𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠)𝑀𝑀𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠 

where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷 is the carbon density (g C m-2) of living biomass killed by fires; 𝑖𝑖𝐷𝐷𝑙𝑙𝑓𝑓 → 𝑙𝑙𝑎𝑎𝑖𝑖, 

𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶 → 𝑙𝑙𝑎𝑎𝐶𝐶𝑎𝑎𝐷𝐷, 𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷 → 𝑏𝑏𝑎𝑎𝑖𝑖, and 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷 → 𝑏𝑏𝑎𝑎𝐶𝐶𝑎𝑎𝐷𝐷 denote that killed leaf returns to 

aboveground litter pool, killed stem returns to aboveground coarse woody debris pool, killed fine 

root returns to belowground litter pool, and killed coarse root returns to belowground coarse 

woody debris pool; 𝑀𝑀𝐶𝐶𝐶𝐶𝐷𝐷𝑔𝑔𝑐𝑐𝑑𝑑𝑠𝑠 is the fire-induced tree mortality rate (%). Similar to the 

combustion completeness, fire mortality in the DLEM can be either derived from satellite-based 
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burn severity index when satellite information is available (Yang et al., 2015), or derived from 

the vegetation specific parameter table (Table 2-1).  

 

2. The comparison between the DLEM simulations with benchmark datasets 

2.1 Global-level comparison  
2.1.1 Carbon flux and carbon storage 

The DLEM-estimated gross primary productivity (GPP), net primary productivity (NPP), 

vegetation carbon, and pyrogenic carbon emissions were evaluated against benchmark datasets 

(Table 2-3). The spatial distribution of model-simulated GPP was compared with the global GPP 

estimates of Moderate Resolution Imaging Spectroradiometer (MODIS) (Zhao et al., 2005) and 

empirical-based upscaling product from Multi-Tree Ensemble (MTE) (Jung et al., 2011); the 

DLEM-estimated NPP was compared with MODIS and Advanced Very High Resolution 

Radiometer (AVHRR) NPP products (Nemani et al., 2003, Zhao &  Running, 2010); the  

vegetation carbon storage was compared with the Intergovernmental Panel on Climate Change 

(IPCC) Tier-1 Global Biomass Carbon Map (Ruesch &  Gibbs, 2008); the pyrogenic carbon 

emissions were compared with the estimations of GFED3.1 (van der Werf et al., 2010b) and 

Global Fire Assimilation System (GFAS) (Kaiser et al., 2012b).    

The DLEM-estimated GPP and NPP are close to the benchmark datasets. The global GPP 

simulated by the DLEM is 2.7% lower than MODIS estimates and 11.7% lower than MTE 

estimates. The DLEM-estimated global NPP is 3% higher than that of MODIS, and 3.1% lower 

than AVHRR estimation. The DLEM-estimated global pyrogenic carbon emissions are 21.5% 

and 17.1% higher than the GFED3.1 and GFAS estimates, respectively. In some regions, such as, 

the continental US (Zhang et al., 2014) and Russia (Konovalov et al., 2011), the GFED3.1 

20 
 



 

 

estimated fire emissions have been recognized to be underestimated. In the year 2000, the 

DLEM-simulated global vegetation carbon storage is 471.8 Pg C, which is 5.9% lower than the 

IPCC Tier1 result. In general, the CO2 uptake by terrestrial ecosystem, pyrogenic carbon 

emissions, and vegetation carbon storage estimated by the DLEM fall into the reasonable range. 

In term of spatial distributions, carbon fluxes and vegetation carbon storage simulated by the 

DLEM are highly correlated with the benchmark datasets (Table 2-3 and Figure 2-3, 2-4, 2-5, 2-

6).   

Table 2-3. The comparison of the DLEM-simulated carbon fluxes and vegetation carbon storage 
with benchmark datasets. 

 Period DLEM estimates Benchmark datasets 
estimates 

Spatial pattern 
correlation coefficient 

GPP 
2000-2009 108.6 Pg C year-1 MODIS: 111.58  Pg C 

year-1 (Zhao et al., 2005) 0.836 

1982-2008 105.1 Pg C year-1 MTE: 119 Pg C year-1 
(Jung et al., 2011) 0.829 

NPP 
2000-2009 55.1 Pg C year-1 MODIS: 53.5 Pg C year-1 

(Zhao and Running, 2010) 0.784 

1982-1999 52.8 Pg C year-1 AVHRR: 54.5 Pg C year-1 
(Nemani et al., 2003) - 

Pyrogenic carbon 
emissions 

1997-2009 2.43 Pg C year-1 GFED3.1: 2.0 Pg C year-1 
(van der Wrf et al., 2010) 0.686 

2003-2008 2.46 Pg C year-1 GFAS: 2.1 Pg C year-1 
(Kaiser et al., 2012) 0.607 

Vegetation carbon 2000 471.8 Pg C IPCC Tier-1:  501.6 Pg C 
(Ruesch and Gibbs, 2008) 0.783 
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Figure 2-3. The comparison of global GPP between DLEM estimates and benchmark datasets. (a) DLEM-estimated GPP during 2000-
2009, (b) MODIS-estimated GPP during 2000-2009, (c) DLEM-estimated GPP during 1982-2008, and (d) MTE-estimated GPP 
during 1982-2008.   
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Figure 2-4. The comparison of global NPP between (a) DLEM estimates and (b) MODIS estimates during 2000-2009.  

 

Figure 2-5. The comparison of global vegetation biomass between (a) DLEM estimates and (b) IPCC Tier1 estimates in year 2000.  
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Figure 2-6. The comparison of global pyrogenic carbon emissions between DLEM estimates and benchmark datasets. (a) DLEM-
estimated pyrogenic carbon emissions during 1997-2009, (b) GFED3.1 pyrogenic carbon emissions during 1997-2009, (c) DLEM-
estimated pyrogenic carbon emissions during 2003-2008, and (d) GFAS pyrogenic carbon emissions during 2003-2008.  
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2.1.2 Burned area 

The cross-validation scheme was used to evaluate DLEM-Fire simulated global fire 

patterns according to two satellite-based global fire products (GFED3 and MCD45A1). The 

DLEM-Fire simulation and GFED3 have 11-years overlap from 1997 to 2007. In the evaluation, 

10 years from 11 overlapped years are selected to construct the satellite-adjusted scalar (𝑣𝑣). And 

then, the scalar was applied to estimate burned area of the left year to compare with GFED3 

observation. This procedure was rotated 11 times to make every overlapped year to be selected.   

2.1.2.1. Evaluation of global fire distribution  

The global fire distribution simulated by DLEM-Fire was compared with GFED3 and 

MCD45A1 data (Figure 2-7). The DLEM-Fire simulated tropical burned area was ~2% higher 

than GFED3 and ~4% higher than MCD45A1; DLEM-Fire simulated burned area in northern 

high latitudes was ~24.9% lower than GFED3 and ~11.7% higher than MCD45A1; DLEM-Fire 

simulated burned area in northern extratropics was ~9.5% lower than GFED3 and ~24.4% lower 

than MCD45A1; DLEM-Fire simulated burned area in southern extratropics was ~17.2% higher 

than GFED3 and ~68.1% higher than MCD45A1. Spatial correlations of the 6-year average 

burned area from 2002 to 2007 between our study and the two satellite products were 0.96 and 

0.91, respectively. The result indicated the spatial patterns of DLEM-Fire simulation agreed with 

GFED3 and MCD45A1. Li et al. (2013) tested three fire schemes coupled in the Community 

Land Model (CLM) and reported the spatial correlations between three simulated global burned 

areas and GFED3 were 0.23, 0.44, and 0.69, respectively. The higher spatial correlations in this 
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study suggested that our method by incorporating remote sensing data could substantially 

improve the accuracy of simulated fire spatial pattern.  
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Figure 2-7. 6-year average of global burned fraction from 2002 to 2007 estimated by (a) DLEM-Fire, (b) GFED3, and (c) MCD45A1, 
and (d) the comparison of global and regional burned area in N. High, Northern high latitudes (>55° N); N. Extra, Northern 
extratropics (55° N to 30° N); Tropics (30° N to 20° S); S. Extra, Southern extratropics (>20° S) 
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2.1.2.2. Evaluation of inter-annual variation 

Inter-annual variation from 1997 to 2007 of the global burned area from the DLEM-Fire 

simulation was compared with GFED3, MCD45A1, and Mouillot and Field (2005) (Figure 2-8). 

DLEM-Fire estimated global burned area as 369.4×104 km2 year-1 compared to 374.9×104 km2 

year-1 estimated by GFED3. During 2002-2007, MCD45A1 estimated an area of 347.9×104 km2 

year-1, while we estimated 366.6 ×104 km2 year-1. In terms of inter-annual variation, our 

estimation also presented a similar pattern as GFED3 and MCD45A1. From 1997 to 2000, the 

annual mean global burned area estimated by Mouillot and Field (2005) was 602×104 km2 year-1. 

Their estimate was 61% higher than our estimation and 51.3% higher than GFED3. This 

comparison with satellite products demonstrated our estimates for the global burned area and 

temporal patterns were close to satellite observations.  

   

Figure 2-8. Annual variations of global burned area (annual burned area normalized by mean) 
estimated from multiple global burned area products.   
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2.1.2.3. Evaluation of fire seasonality 

Fire seasonality simulated by DLEM-Fire from 2002 to 2007 was compared with GFED3 

and MCD45A1 products along latitude (Figure 2-9). All datasets demonstrated evident seasonal 

fire variation. At middle and high latitudes, 40○ N to 70○ N, GFED3 and MCD45A1 revealed 

fires were likely to happen from June to September. Our simulated fire season was similar to 

GFED3 and MCD45A1, which also spanned from June to September. The fire season in summer 

was probably caused by the relatively warm climate, which dried up fuel moisture and increased 

fire danger potential. From 15○ N to 40○ N, GFED3 and MCD45A1 displayed fire season lasted 

from February to June, and the peak fire month shifted gradually from summer to spring toward 

the equator, roughly at a rate of 3.6 days per latitude degree. Our simulation also showed spring 

fire season shifting from June to February as it moved toward the equator. Overall, all datasets 

indicated fires were scarce in summer, which could be attributed to summer precipitation 

dampening fuel and reducing fire risk. From 15○ N to the equator, satellite products revealed the 

fire season lasted from November to January, while the fire season of DLEM-Fire simulation 

was from December to March. In southern hemisphere from equator to 10○ S, high fire activities 

in June and July were detected by all the datasets. From 10○ S to 30○ S, GFED3 and DLEM-Fire 

simulation demonstrated a fire peak from September to November, while MCD45A1 indicated 

fires were more active in August and September. From 30○ S to 50○ S, the fires estimated by 

GFED3, MCD45A1 and DLEM-Fire simulation were concentrated in December, January and 

February. In general, our estimated seasonal variation was similar to GFED3 and MCD45A1.  
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Figure 2-9. The zonal mean of monthly burned area of 6-year average (2002-2007), as 
normalized by the monthly average burned area of that latitude. (a) DLEM-Fire simulation, (b) 
GFED3, (c) MCD45A1.  

 

2.2 Comparisons in Boreal North America 
 We collected several benchmark datasets to evaluate the DLEM-simulated GPP and 

pyrogenic carbon emissions in the Boreal North America (BONA) (Figure 2-10). GPP 

benchmark datasets were collected from the Moderate Resolution Imaging Spectroradiometer 

(MODIS) GPP product (satellite-based) (Zhao et al., 2005) and two empirical-upscaling GPP 

products of model tree ensembles (MTE) (Jung et al., 2011) and EC-MOD (Xiao et al., 2014). 

The benchmark datasets of pyrogenic carbon emissions were collected from the Global Fire 

Emission Database version 3 (GFED3) (van der Werf et al., 2010b) and Global Fire Assimilation 

System (GFAS) (Kaiser et al., 2012b). Pyrogenic carbon emissions of GFED3 were developed 
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based on the CASA model driven by satellite-observed burned area (Giglio et al., 2010a), while 

pyrogenic carbon emissions of GFAS were developed based on the satellite-observed Fire 

Radiative Power (FRP).   

In the overlapped 10 years (2001 - 2010) of the four GPP estimates, DLEM-simulated 

GPP is 5206.6 Tg C year-1, which is between the estimates of the other three benchmark datasets 

(MODIS: 5556.3 Tg C year-1; EC-MOD: 4773.9 Tg C year-1; MTE: 5320.9 Tg C year-1); the 

inter-annual variations of DLEM-simulated GPP are significantly correlated with each 

benchmark dataset (P-value < 0.05). From 2001 to 2010, inter-annual variations of DLEM-

simulated pyrogenic carbon emissions are highly correlated with GFED3 and GFAS estimations 

(P-value < 0.001), while DLEM estimation (67.8 Tg C year-1) is slightly higher than GFED3 

estimation (60.9 Tg C year-1) and GFAS estimation (65.4 Tg C year-1). In general, DLEM-

simulated GPP and pyrogenic carbon emissions agree well with these benchmarks in terms of 

both magnitude and inter-annual variations.    
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Figure 2- 10. Evaluation of DLEM-simulated gross primary productivity and pyrogenic carbon 
emissions against benchmark datasets. 

 

2.3 Comparisons in Africa 
 DLEM-simulated burned area and pyrogenic carbon emissions were compared with the 

global fire emissions datasets version 3.1 (GFED3.1) (van der Werf et al., 2010b) during 1997-

2010 (Figure 2-11, Figure 2-12, Figure 2-13, and Figure 2-14). In the 14 years, DLEM-simulated 

African burned area was 232.4 Mha year-1, with 48.3% occurred in the NHAF and 51.7% in the 

SHAF. DLEM-simulated burned area was 8% lower than that of GFED3.1. The trends of 

DLEM-simulated burned area in Africa, NHAF, and SHAF were -2.8 Mha year-2, -2.9 Mha year-

2 Mha year-2, and 0.1 Mha year-2, compared to -2.9 Mha year-2, -3.5 Mha year-2, and 0.6 Mha 

year-2 as estimated by GFED3.1. Inter-annual variations of DLEM-simulated burned areas in 

both NHAF and SHAF were significantly correlated with GFED3.1 estimates (p-value < 0.05). 
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DLEM-simulated pyrogenic carbon emissions were 0.85 Pg C year-1, which were 17% lower 

than GFED3.1 estimates. DLEM-simulated pyrogenic carbon emissions were similar to 

GFED3.1 estimates in the SHAF, but 35% lower than GFED3.1 estimates in the NHAF. Inter-

annual variations of DLEM-simulated pyrogenic carbon emissions were significantly correlated 

with GFED3.1 estimates (p-value < 0.05). In general, the DLEM captured the magnitude, inter-

annual variations, and trends in both burned area and pyrogenic carbon emissions in Africa from 

1997 to 2010.   

 

Figure 2-11. Taylor diagram presenting comparisons of DLEM-simulated inter-annual variations 
in burned area and pyrogenic carbon emissions against GFED3.1 estimates during 1997-2010.   
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Figure 2-12. Comparisons of inter-annual variations in burned area (a) and pyrogenic carbon 
emissions (b) between DLEM simulations and GFED3.1 estimates in Africa, NHAF, and SHAF 
from 1997 to 2010.  
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Figure 2-13. Comparison of average burned fraction during 1997-2010 between DLEM 
simulation and GFED3.1 estimate.  

 

Figure 2-14. Comparison of average pyrogenic carbon emissions during 1997-2010 between 
DLEM simulation and GFED3.1 estimate. 
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3. Conclusion 
 A process-based fire model was developed on the platform of the DLEM. The detailed 

processes of fires, such as fire ignition, fire spread and duration, were explicitly estimated by 

considering multiple environmental factors. The fire mortality and post-fire vegetation recovery 

processes were also included in the DLEM. As shown by the comparison, the DLEM-fire can 

capture the spatial distribution and temporal variations of burned area and fire-induced carbon 

emissions observed by the satellite products. The DLEM-simulated carbon storage and fluxes 

agreed well with the benchmark datasets. Therefore, we applied the DLEM-fire model to study 

the changes in historical fire activities in various regions and the entire globe, and investigate fire 

impacts on terrestrial carbon budget.     
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Chapter 3. Burned area and fire emission from large fires in the Conterminous United States  
 

Abstract 
Since the mid-1980s, the frequency of wildfires in the Conterminous United States 

(CONUS) has increased significantly due to climate warming and frequent droughts. However, 

little work has been conducted to study the burned area and fire emissions of large fires at 

national scale. Meanwhile, the mechanisms explaining the changes in fire size needs further 

investigation. In this study, we synthesized fire perimeter and burn severity data sets and 

estimated fire-induced carbon emissions in the CONUS from 1984 to 2012 by using a process-

based ecosystem model. The results show that average area burned by large fires was 14,430.51 

km2 year-1 and large fire-induced carbon consumption was approximately 17.65 Tg C year-1 

during the study period. The inter-annual variations of burned area and carbon consumption 

presented significant increasing trends. The characteristic fire size in the period 2004-2012 

increased by 176.1% compared to that in the period 1984-1993. Moreover, we found that the 

larger fires were associated with higher burn severity, and the larger fires became increasingly 

important in terms of their contributions to the total burned area and pyrogenic carbon emissions. 

Our findings imply that, once the warming and drying trends continue in the 21st century, the 

contributions of larger and severer fires to total burned area and fire emissions would increase 

with climate change. 

Keywords: Burned area; fuel loading; extreme fires; burn severity; fire emissions; fire model 
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1. Introduction  
As a natural disturbance in the earth system, fire plays a critical role in contributing to 

climate changes (Bowman et al., 2009, Randerson et al., 2006a, Ward et al., 2012a) through 

modifying vegetation composition and distribution (Bond et al., 2005a), atmospheric greenhouse 

gases and aerosol concentration (Bousquet et al., 2006, Kasischke et al., 2005, Langmann et al., 

2009, Van Der Werf et al., 2004), terrestrial carbon budget (Bond-Lamberty et al., 2007, 

Houghton et al., 2000a, Li et al., 2014b, Prentice et al., 2011a), and land surface water and 

energy balance (Beck et al., 2011, Bond-Lamberty et al., 2009). In the Conterminous United 

States (CONUS), wildfire activities have been intensively studied at various temporal and spatial 

scales e.g., (Houghton et al., 2000a, Liu, 2004, Schoennagel et al., 2004, Westerling et al., 2006a, 

Zhang et al., 2014). It has been found that burned area declined by 98% in the CONUS during 

1700-1990 due to human activities (i.e., fire suppression activities and cropland expansion) 

(Houghton et al., 2000a), while increased substantially in the western US since the mid-1980s as 

influenced by climate warming, earlier spring, frequent droughts, and insect outbeark (Dennison 

et al., 2014, Littell et al., 2009, Westerling et al., 2006a).  

The probability of very large fires has been found to present an increasing trend in the 

recent decades (Barbero et al., 2014, Dennison et al., 2014). Though they compose a small 

percentage of all fires, large fires contribute the majority to the total area burned (Strauss et al., 

1989). “Extreme wildfire” was commonly used to defined the individual fires burning a very 

large area (Birch et al., 2014), and “mega-fire” was to define those fires with large size as well as 

high burn severity (Adams, 2013, Pyne, 2007, Stephens et al., 2014, Williams, 2013). Due to the 

large spatial extent and resistance to control, mega-fires become the most costly and dangerous 

wildfires (Williams, 2013). 
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Fires have often been grouped into several size categories to investigate the changes of 

fire size in different periods. For example, Kasischke and Turetsky (2006) studied the changes in 

fire size from 1959 to 1999 in boreal North America by analyzing the frequency and burned area 

of fires in four size categories (small, large, very large, and ultra large). They found more than a 

doubling of the frequency of large fire years in the 1980s and the 1990s, comparing with the 

1960s and the 1970s. Barbero et al. (2014) built a model to investigate the occurrence of very 

large fires (> 5000 ha) in the western US. Lehsten et al. (2014) developed a concept of 

“characteristic fire size” to describe the relative contribution of fires to the total burned area, and 

applied it to investigate the spatial distribution and temporal changes of fire sizes across the 

boreal ecoregions. Given that the long-term fire information is available in the CONUS, these 

methods can be applied to study the fire size in the CONUS as well.  

In the recent decade, fire-induced forest mortality presented an upward trend in the 

western US (Hicke et al., 2013, Mantgem et al., 2013). It has been recognized that fires in 

different levels of burn severity can induce divergent ecological consequences (Schoennagel et 

al., 2004); low severity fires usually do not kill trees and cause less fire emissions, while high 

severity fires are either very hot surface fires or crown fires that may kill trees and alter 

vegetation composition significantly. Larger and more severe fires can lead to higher fire 

emissions, generate higher risk for soil erosion, and slow down post-fire plant recovery processes. 

At the landscape scale, burn severity has been found to be determined by weather condition, fuel 

characteristics, and topography (Dillon et al., 2011). However, at national scale, studies 

regarding the general relationship between burn severity and fire size are still lacking.   
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The gases and particulates emitted during fire events are the major way through which 

fires influence atmospheric greenhouse gas concentration and air quality. At the present day, two 

primary approaches are used to estimate fire emissions, i.e., direct satellite-based estimation and 

fire model simulation. For the direct satellite-based approach, biomass burning is estimated 

according to fire radiative power (FRP) and biomass combustion rate (Kaiser et al., 2012a, 

Wooster et al., 2005, Zhang et al., 2014), while, for the model-based simulation, biomass 

burning is calculated as the product of burned area, fuel loading, and combustion completeness 

(Seiler &  Crutzen, 1980). In the fire models, burned area can be either obtained from input 

dataset e.g. (van der Werf et al., 2010b) or from model simulations e.g. (Li et al., 2012). The 

representation of burn severity (i.e., combustion completeness and tree mortality) in fire models 

is usually retrieved from the fixed vegetation parameter table without considering its temporal 

and spatial variations e. g. (Li et al., 2012, Thonicke et al., 2010). One recent metadata analysis 

based on in-situ measurements showed that the combustion completeness of one specific plant 

functional type could vary substantially across various regions and time periods (van Leeuwen et 

al., 2014c). Thus, large uncertainties could be introduced once the fixed burn severity parameters 

were applied to evaluate fire emissions and fire impacts on ecosystems. 

National-scale fire perimeter and burn severity datasets in the US have been developed 

by the Monitoring Trends in Burn Severity (MTBS) project (Eidenshink et al., 2007b). They 

have been applied to estimate the biomass burning and forest mortality across various landscapes 

and regions (Dennison et al., 2014, Dillon et al., 2011, Ghimire et al., 2012, Hicke et al., 2013, 

Meigs et al., 2011, Miller et al., 2012). The MTBS fire products provided detailed information 

for each fire event from 1984 to present. In this study, we investigated the fire size, burned area, 

and burn severity by analyzing the spatially-explicit MTBS fire products spanning from 1984 to 
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2012. Furthermore, we incorporated the MTBS fire products into a process-based ecosystem 

model, the Dynamic Land Ecosystem Model (DLEM) (Tian et al., 2010b), to estimate the fire-

induced carbon consumption. The objectives of this study are: (1) to investigate the changing 

trends of fire size and burned area in the CONUS; (2) to provide a new estimation of biomass 

burning in the CONUS by incorporating remote-sensed burn severity; (3) to probe the 

relationship between fire size and burn severity; (4) to examine the influencing factors for the 

increased fire size and burn severity.   

2. Method and Data 

2.1. Data sets 
2.1.1. Climate datasets and indices 

In this study, climate data from 1979 to 2012 were obtained from North American 

Regional Reanalysis (NARR) dataset at the spatial resolution of 32-km (Mesinger et al., 2006)  

(available at http://www.esrl.noaa.gov/psd/data/gridded/data.narr.monolevel.html). We 

resampled the NARR climate product to geographic coordinate system at 0.25° latitude by 

longitude by using ArcInfo 10.0. The z-scores of temperature and precipitation (𝑇𝑇𝑧𝑧 and 𝑃𝑃𝑧𝑧) were 

computed to represent the inter-annual climate variations from 1984 to 2012,  

𝑇𝑇𝑧𝑧 = 𝑇𝑇−𝑇𝑇�

𝜎𝜎𝑇𝑇
                         

𝑃𝑃𝑧𝑧 = 𝐺𝐺−𝐺𝐺�

𝜎𝜎𝑃𝑃
                           

where 𝑇𝑇 is the annual mean temperature (°C), 𝑇𝑇� is the 29-year average annual mean temperature 

(°C), and 𝜎𝜎𝑇𝑇 is the standard deviation of 29-year annual mean temperature (°C), 𝑃𝑃 is the annual 
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total precipitation (mm year-1), 𝑃𝑃� is the 29-year average precipitation (mm year-1), and 𝜎𝜎𝐺𝐺 is the 

standard deviation of  29-year annual precipitation (mm year-1).  

2.1.2. MTBS fire database 

The MTBS is “a multi-year project designed to consistently map the burn severity and 

perimeters of fire across all the lands of the United States from 1984 and beyond” 

(http://www.mtbs.gov/). The satellite-based burned severity index, i.e., Differenced Normalized 

Burn Ratio (dNBR), was used to retrieve fire perimeters and burn severity (Eidenshink et al., 

2007a). The dNBR is compared well with ground-based Composite Burn Index (CBI) in the 

CONUS (Cocke et al., 2005, Key &  Benson, 2006, Peters et al., 2007, Veraverbeke et al., 

2011b), and deemed to be an effective approach to map burn severity (Brewer et al., 2005). 

Based on the relationship between dNBR and CBI, satellite pixels included by fire perimeter 

were subjectively classified into four severity levels by analysts, namely “Unburn to Low”, 

“Low”, “Medium” and “High”. MTBS burn severity was provided in the raster format at the 

spatial resolution of 30 meter, and fire perimeters were provided in the format of ArcGIS 

shapefile (see the example of the “North Fork” fire in Figure S2 in Appendix II). In this study, 

we used the area contained in the fire perimeter to denote burned area. It should be noted that the 

area contained in the fire perimeter is slightly larger than the actual area burned, because the 

unburnt vegetation islands were existed within the fire perimeter.  
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Figure 3-1. (a) Spatial distribution of fires in three size categories in the Conterminous United 
States, (b) the histogram of fire frequency in fire size intervals. The fire size intervals were 
created according to the logarithm of fire size (in acre).  

 

MTBS project intended to map all the fires larger than 1,000 acres in the western US and 

fires larger than 500 acres in the eastern US (Eidenshink et al., 2007a). In this study, we aimed to 

investigate the large fires. Therefore, fires with size less than 1,000 acres were excluded. In total, 

14,495 large fires during 1984-2012 were considered in this study (Figure 3-1). We further 

separated these fires into three size categories, i.e., Large (L), Very Large (VL), and Ultra Large 

(UL). The names of fire size categories are similar to those used by Kasischke and Turetsky 
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(2006), but classification criterions are different. In this study, the fires are classified based on 

the fire size (acre) as below, 

Category L:                      3 ≤ 𝑖𝑖𝐶𝐶𝑎𝑎10(𝑓𝑓𝑖𝑖𝐶𝐶𝐷𝐷 𝐷𝐷𝑖𝑖𝑠𝑠𝐷𝐷) < 4 

Category VL:                    4 ≤ 𝑖𝑖𝐶𝐶𝑎𝑎10(𝑓𝑓𝑖𝑖𝐶𝐶𝐷𝐷 𝐷𝐷𝑖𝑖𝑠𝑠𝐷𝐷) < 5 

Category UL:                           𝑖𝑖𝐶𝐶𝑎𝑎10(𝑓𝑓𝑖𝑖𝐶𝐶𝐷𝐷 𝐷𝐷𝑖𝑖𝑠𝑠𝐷𝐷) ≥ 5 

For fires in each size category, we extracted monthly fire perimeters and burn severity 

according to fire starting dates and locations. The burn severity of one specific fire event was 

represented by the fractions of fire pixels in different severity levels. For example, in the “North 

Fork” fire, 869,025 pixels (34.2%) were burned in “Unburn to Low” severity; 167,398 pixels 

(6.6%) were burned in “Low” severity; 294,284 pixels (11.6%) were burned in “Moderate” 

severity; 1,150,086 pixels (45.3%) were burned in “High” severity; “Increased Greenness” took 

52,283 pixels (2.1%); “Non-Processing Area Mask” took 7,781 pixels (0.3%).    

2.1.3. Input data for driving the DLEM 

In this study, the DLEM simulation period is from 1979 to 2012, and the spatial 

resolution of simulation is 0.25°. Georeferenced data sets were compiled to drive the DLEM, 

including daily climate datasets (solar radiation, precipitation, average/maximum/minimum 

temperature and relative humidity), monthly burned fraction and burn severity, atmospheric CO2 

concentration, nitrogen deposition, annual land cover and land use maps, soil texture and 

topography (elevation, slope, and aspect) for the entire CONUS. Climate data from 1979 to 2012 

were retrieved from the NARR dataset (see section 2.1.1). MTBS fire perimeter was converted to 

grid burned fraction at the spatial resolution of 0.25°, and the burn severity in 30-meter 

resolution was converted to the fractions of fire pixels in the “Unburn to Low”, “Low”, 
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“Moderate”, and “High” burn severity levels in each simulation grid. Other datasets (CO2 

concentration, nitrogen deposition, land use and land cover, soil texture, topography) were 

consistent with our previous North America studies (Liu et al., 2013a, Yang et al., 2014b).    

2.2. Model implementation and evaluation 
The implementation of the DLEM was composed of three stages: equilibrium run, spin-

up, and transient run. Equilibrium run aims to determine the initial status in the year 1979. 

During this stage, the DLEM was fed with the average climate condition from 1979 to 1988 and 

other input data (atmospheric CO2 concentration, nitrogen deposition, and land cover) in 1979, 

while the disturbances (such as fires, harvest, and land use change) were excluded. The 

equilibrium state for each grid cell was assumed to be reached when the differences in grid 

carbon, nitrogen, and water pools among 50 consecutive years were less than 0.1 g C m-2, 0.1 g 

N m-2, and 0.1 mm. Equilibrium run was followed by a 100-year model spin-up. In the spin-up 

stage, the DLEM was driven by the detrended time series of all input datasets, with fire option 

switched on. The detrended input datasets were constructed through random selection from the 

first 10 years during 1979 - 1988. In the transient mode, the DLEM was driven by the time series 

of all the input data from 1979 to 2012. Since MTBS fire datasets from 1979 to 1983 were not 

available, we simply used the fire data in 1984 to represent the fire conditions in the first 5 years 

of the simulation. We designed four simulations (Sim0, Sim1, Sim2, and Sim3) to investigate 

biomass burning from large fires in different size categories. The reference simulation (Sim0) 

included all the large fires with size over 1,000 acres detected by MTBS, while the other three 

simulations, namely Sim1, Sim2, and Sim3, included fires in each single size category, 

corresponding to fires in size category L, category VL, and category UL, respectively.  
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To evaluate the DLEM simulated carbon consumptions during biomass burning, we 

collected five fire products covering the entire CONUS, including Wildland Fire Emissions 

Information (WFEIS) v0.4 (French et al., 2014), Global Fire Emissions Database (GFED) v3.1 

(van der Werf et al., 2010b), Fire INventory from NCAR (FINN) v1 (Wiedinmyer et al., 2011b), 

Global Fire Assimilation System (GFAS) v1 (Kaiser et al., 2012a), and Geostationary Operation 

Environmental Satellites (GOES) (Zhang et al., 2014).  

Biomass burning from WFEIS, GFED, and FINN were estimated based on burned area, 

fuel loading, and combustion completeness, while fire products from GFAS and GOES were 

computed directly from satellite-observed fire radiative power (FRP). The WFEIS is a web-

based tool to compute wildfire emissions in the CONUS and Alaska at 1-km spatial resolution 

(http://wfeis.mtri.org/). The user can select the simulation extent, temporal period, and burned 

area products. In this study, we selected MTBS fire perimeter as input to drive WFEIS to 

estimate the carbon combustion in the CONUS from 1984 to 2010. GFED v3.1 biomass burning 

was downloaded from http://www.globalfiredata.org/index.html, which covers the period from 

1997 to 2011 at the spatial resolution of 0.5° across the globe. For GFED, burned area is 

estimated according to multiple satellite images (Giglio et al., 2013b), fuel loading is simulated 

by Carnegie-Ames-Stanford-Approach (CASA) model, and combustion completeness for leaf, 

stem, fine litter, and coarse woody debris are read from parameter tables. FINN estimates fuel 

loading according to satellite-derived land use and land cover type and a look-up table, and 

estimated combustion completeness through a function of tree cover (available at 

http://bai.acd.ucar.edu/Data/fire/). GFAS and GOES biomass burnings are computed based on 

the FRP retrieved from MODIS and Geostationary Operation Environmental Satellites, 

respectively. GFAS is downloaded from http://www.gmes-
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atmosphere.eu/about/project_structure/input_data/d_fire/, and GOES biomass burning is derived 

from the figure 5a in Zhang et al., (2014).  

The inter-annual variations of biomass burning estimated by these products were 

compared with the DLEM sim0 simulation. 

2.3. Statistical analysis  
The concept of “characteristic fire size” is constructed to describe the relative 

contributions of fires in different size to the total burned area (Lehsten et al., 2014). The fire size 

with the largest contribution is defined as the characteristic fire size. We estimated the 

characteristic fire sizes in the entire study period (1984-2012) and three sub-periods (1984-1993, 

1994-2003, and 2004-2012) by using regression analysis. Firstly, fires were separated into 20 

bins with equal width of logarithms of fire size (in acre). Then, un-normalized Gaussian curve 

was used to fit the total burned area within each bin (dependent variable) against the midpoints 

of that bin (independent variable),  

𝑦𝑦 = 𝑁𝑁𝐷𝐷−
(𝑥𝑥−𝜇𝜇)2

2𝜎𝜎2   

where parameter 𝜇𝜇 is mean of the Gaussian distribution, 𝜎𝜎 is the parameter standing for the 

standard deviation, and parameter 𝑁𝑁 represents the maximum value of the distribution curve. The 

three distribution parameters were estimated according to the least-squares regression analysis. 

The fitted Gaussian curve is used to summarize the distribution of burned area against fire size, 

and estimate the characteristic fire size (i.e., 10µ acre).  

Mann-Kendall (MK) trend test is a non-parametric test to examine the trend significance 

of a time-series. In this study, we applied the MK trend test to detect the significance of the 
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trends in arithmetic mean fire size, burned area, and biomass burning from 1984 to 2012. The 

slopes of inter-annual variations in burned area and biomass burning were estimated by the least-

squares linear regression analysis.  

 

3. Results and Discussion 

3.1. Burned area and fire size 
From 1984 to 2012, there were totally 14,495 large fires detected by MTBS across the 

CONUS, and most of them occurred in the western US (Figure 3-1). Fire frequency decreases 

rapidly as fire size increases. The Ultra Large fires (category UL) were about 22.18% of the total 

burned area, while taking only 0.81% of total fire numbers (Figure 3-1 and Figure 3-2). During 

the study period, the annual burned area derived from all the large fires (including all three size 

categories) in the CONUS was approximately 14,430.51 ± 10,317.47 km2 year-1 (avg. ± 1 std. 

dev., same hereafter) with a significant upward trend at the rate of 810.29 km2 year-1 (P < 0.001; 

Figure 3-3). The highest annual burned area occurred in 2011 (40473.96 km2), and the lowest 

burned area was in 1997 (2498.78 km2). Similarly, significant increasing trends in burned area 

were detected for fires in each size category (Table 3-1). Comparing with the period 1984-1993, 

annual area during 2004-2012 burned by all the large fires increased by 187.3% on average, and 

the area burned by fires in category UL increased by 361.7%. Further analysis shows that the 

weight of area burned by category UL fires increased from 16.8% to 27%, while the weight of 

area burned by fires in category L decreased from 39.9% to 32.6% (Figure 3-3), indicating a 

growing importance of the UL fires in term of burned area.  
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Table 3-1. The averages and changing trends of burned area and biomass burning in the CONUS 

 
Burned area  Biomass burning 

 

mean  
(km2 year-1) 

trend 
(km2 year-1) 

P-value in MK 
trend test  

mean  
(Tg C year-1) 

trend  
(Tg C year-1) 

P-value in MK 
trend test 

All categories 14430.51 810.29 < 0.001 
 

17.65 0.87 < 0.01 

Category L 5026.01 231.30 < 0.001 
 

5.68 0.25 < 0.001 

Category VL 6203.34 317.02 < 0.01 
 

7.7 0.39 < 0.01 

Category UL 3201.16 261.97 < 0.01 
 

4.9 0.29 < 0.01 

 

 

 

Figure 3-2. Contributions of fires in three size categories to  (a) total fire counts, (b) total burned 
area, and (c) total biomass burning.  

 

31.10%

42.10%
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Figure 3-3. (a) Inter-annual variations of burned area during 1984 - 2012, (b) contributions of 
fires in three size categories in term of burned area during 1984-1993, 1994-2003, and 2004-
2012. 

Over the entire study period (1984-2012), the characteristic fire size was estimated to be 

80 km2 (i.e. 104.296 acres) on average (Figure 3-4). During the three sub-periods of 1984-1993, 

1994-2003, and 2004-2012, the characteristic fire sizes were estimated to be 48.32 km2 (i.e., 

104.077 acres), 74.15 km2 (i.e., 104.263 acres), and 133.39 km2 (i.e., 104.518 acres), respectively. 

Compared to the first sub-period, the characteristic fire size increased by 176.1% during 2004-

2012. These results indicated that the fires with maximum contribution to burned area shifted to 

the ones with larger size. Nevertheless, it is worth mentioning that no significant trend was found 

for the temporal variations of arithmetic annual mean fire size from 1984 to 2012 (P > 0.05, 
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Figure S3 in Appendix III). This is because burned area and fire frequencies increased 

simultaneously.  

 

Figure 3-4. Characteristic fire size distribution in the entire study period (1984-2012), and 3 sub-
periods (1984-1993, 1994-2003, and 2004-2012). The plots were fitted with non-normalized 
Gaussian distribution curve, and the 𝝁𝝁,𝝈𝝈 and 𝑵𝑵 in the legends are the fitting parameters.  

3.2. Biomass burning 
During 1984-2012, annual biomass burning is simulated to be 17.65 ± 12.68 Tg C year-1 

from all large fires with a significant increasing trend at the rate of 0.87 Tg C year-1 (Figure 3-5; 

Table 3-1). The largest annual biomass burning occurred in 2007 (48.11 Tg C), and the lowest 

biomass burning occurred in 1984 (1.6 Tg C). The carbon consumed by UL fires accounted for 

26.8% of the total carbon consumption by all the large fires (Figure 3-2). It should be noted that 

the sum of biomass burning from Sim1, Sim2, and Sim3 experiments was slightly higher than that 

estimated by Sim0 experiment although the sum of burned area from Sim1, Sim2, and Sim3 is 

equal to that of Sim0 (Figure 3-5). This mismatch was primarily because Sim1, Sim2, and Sim3 
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only considered fires in single size category; therefore, more fuel was accumulated in Sim1-Sim3 

than that in Sim0. Compared to the period 1984-1993, annual mean biomass burning from UL 

fires simulated by Sim3 increased by 1.16 Tg C year-1 during 1994-2003, and increased by 5.55 

Tg C year-1 during 2004-2012; the contribution of biomass burning caused by UL fires increased 

from 26.6% in sub-period 1984-1993 to 29.6% in sub-period 2004-2012 (Figure 3-5). In term of 

biomass burning, it can be concluded that the UL fires were becoming more important in the 

recent years. 

 

Figure 3-5. (a) Inter-annual variations of carbon consumptions in biomass burning during 1984-
2012, (b) contributions of fires in three size categories in term of biomass burning during 1984-
1993, 1994-2003, and 2004-2012, respectively. 
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The inter-annual variations of the DLEM-simulated biomass burning were compared with 

other five fire emission products (Figure 3-6). The results indicated that DLEM-simulated 

biomass burning was significantly correlated with each of them (Table 3-2), which was partially 

due to the fact that all the fire products have incorporated satellite information (either satellite 

observed burned area or FRP). During 2003-2010 (a period that all fire products covered), the 

DLEM-estimated annual mean biomass burning was 23.8 Tg C year-1, which was close to the 

average of the other five fire products (26.1 Tg C year-1). However, GFED v3.1 biomass burning 

was 69% lower than the average of the other five fire products. Some recent studies argued that 

fire emissions in the CONUS estimated by GFED v3.1 were likely to be underestimated (Kaiser 

et al., 2012a, Zhang et al., 2014).  

 

Figure 3-6. Intercomparison of annual biomass burning in the CONUS estimated by the DLEM, 
WFEIS v0.4, GFED v3.1, GFAS v1, GOES, and FINN v1.      
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Table 3-2. The biomass burning estimates from five fire emissions products and their 
correlations with the DLEM simulations (values in the parenthesis are estimated by the DLEM). 

Fire products Available period 
Biomass burning (Tg 

C year-1) 
Pearson’s correlation 

coefficient significance 

WFEIS v0.4 1984-2010 20.9 (16.1) 0.94 p < 0.001 

GFED v3.1 1997-2011 9 (22) 0.92 p < 0.001 

FINN v1 2002-2012 33.2 (27.3) 0.66 p < 0.05 

GFAS v1 2003-2012 35 (26.9) 0.95 p <0.001 

GOES 1995, 1997-2011 23.5 (20.9) 0.91 p < 0.001 

 

One major uncertainty in the global biomass burning product comes from the 

parameterization of burn severity. Burn severity varies with locations, time periods, and climate 

conditions (see section 3.4). Thus, fire models, which parameterize burn severity by using a set 

of static burn severity parameters, could overestimate/underestimate biomass burning for fire 

events with extreme low/high burn severity. For example, as indicated by MTBS dataset, 45.3% 

of fire pixels within the “North Fork” fire perimeter was associated with high severity, which 

was much higher than the average burn severity in the CONUS (averagely, 8.64% of burned area 

is associated with high severity). The application of universal combustion completeness 

parameters based on average fire conditions could inevitably underestimate fire emissions and 

forest mortality caused by the “North Fork” fire. In this study, the DLEM coupled the 

information of satellite-derived burn severity. This strategy allowed the DLEM to better 

represent the large spatial and temporal variations in combustion completeness, and improve the 

accuracy of biomass burning estimations, particularly for the fires with extreme high severity.  

3.3. Impact of climate and fuel loading on large fires 
We examined the fire occurrence under four climate conditions, and the results show that 

44.8%, 49.3% and 59.3% of fires in size category L, VL, and UL occurred during the relative 

drier and warmer years (𝑃𝑃𝑧𝑧 < 0 & 𝑇𝑇𝑧𝑧 > 0) (Figure 3-7), which indicates that lower precipitation 
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and higher temperature stimulated the fire size, particularly for the UL fires. As indicated by the 

NARR climate dataset, annual temperature increased at the rate of 0.012 °C year-1, and annual 

precipitation decreased at the rate of 2.93 mm year-1 in the western US (defined as the west of 97° 

W in this study) from 1984 to 2012 (Figure 3-8). For most ecosystems with sufficient fuel 

loading in the western US, the warming and drying was related to the more frequent UL fires; 

only in some rangeland areas, the decreases in precipitation were found to reduce fuel 

accumulation and suppress the occurrence of very large fires (Barbero et al., 2014).   

 

Figure 3-7. The plots of fire counts in size category L (a), category VL (b), and category UL (c) 
against the z-scores of annual precipitation (y-axis) and annual temperature (x-axis). (d) The 
probability of fire occurrence under four climate conditions: I. dry and cool (𝑷𝑷𝑷𝑷 < 𝟎𝟎 & 𝑻𝑻𝑷𝑷 < 𝟎𝟎), 
II. dry and warm (𝑷𝑷𝑷𝑷 < 𝟎𝟎 & 𝑻𝑻𝑷𝑷 > 𝟎𝟎), III. wet and cool (𝑷𝑷𝑷𝑷 > 𝟎𝟎 & 𝑻𝑻𝑷𝑷 < 𝟎𝟎), and IV. wet and 
warm (𝑷𝑷𝑷𝑷 > 𝟎𝟎 & 𝑻𝑻𝑷𝑷 > 𝟎𝟎).    
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Figure 3-8. Inter-annual variations and changing trends of (a) annual mean temperature, (b) 
annual precipitation in the western US. 

 

Previous fuel accumulation acted as another important factor accounting for the more 

frequent large wildfires (Williams, 2013). In the CONUS during the 20th century, fire activities 

have been suppressed substantially as a result of the fire exclusion policies (Houghton et al., 

2000a). The Weeks Act of 1911 established a framework between the states and federal 

government for cooperative firefighting, and was greatly extended with the Clark-McNary Act of 

1924 and the McSweeney-McNary Act of 1928 (Houghton et al., 2000a). The successful fire 

suppression policies promoted tree regeneration, fuel connectivity and fuel loading across all the 

forest types (Agee &  Skinner, 2005). Therefore, the continuous fuelbed facilitated fire spread 

and enlarged fire sizes in the recent years. 
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3.4. The relationship between fire size and burn severity 
Burn severity varies a lot among different fire size categories. For the area burned by 

fires in category L, VL, and UL, the percentages of high severity were 5.11%, 9.37%, and 

12.84%, respectively (Figure 3-9). This result indicated that fires in larger size generally burned 

with higher severity in the CONUS. Miller et al. (2012) studied the percentage of high-severity 

wildfires in northwestern California from 1987 to 2008 and reported that the area burned with 

high severity was strongly related to fire size, which is consistent with our results.            

 

Figure 3-9. The composition of fire pixels burned in different severity levels (Unburn to Low, 
Low, Moderate, and High) for each size category. 

Similar to fire size, burn severity can be controlled by climate and weather conditions as 

well. During the extreme fire weather, more energy is released, and the surface fire is more likely 

to converting to crown fire and leading to severer fire damage (Dillon et al., 2011). Fire 

suppression activities in the 20th century altered fuel status by promoting the establishment of 
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surface fire into the continuous canopy and enhanced the probability of catastrophic crown fires 

(Hurteau et al., 2014, Schoennagel et al., 2004). The first-time burn following long-term fire 

suppression activities could generate severer consequence than the burns afterwards, owing to 

the higher fuel accumulation (Miller et al., 2012). Effective fuel treatments by removing hazard 

fuels, such as forest thinning and prescribed burning, are helpful to reduce the risks of high-

severity fires (Pollet &  Omi, 2002, Prichard et al., 2010, Stephens et al., 2009). Both fire size 

and burn severity are simultaneously affected by climatic conditions and fuel status, which 

explains the phenomenon that the larger fires are often associated with higher burn severity.  

Moreover, topography has been recognized as another important factor in determining 

burn severity (Dillon et al., 2011). For example, Turesky et al. (2011) found that soil organic 

layers burn deeper in south-facing slopes than north-facing slopes in interior Alaska; Miller et al. 

(2012) reported differing burn severity patterns between Sierra Nevada and northwest California, 

and attributed the differences to topography. Additionally, the differences in vegetation species 

can affect the burn severity as well (Rogers et al., 2015).     

3.5. Uncertainties  
Our study provided a practical approach for the terrestrial model to estimate large-scale 

biomass burning by incorporating satellite-based burn severity. This method could greatly 

improve the accuracy of the model-based assessment of fire emissions and fire impact on 

ecosystems. Nonetheless, the uncertainties from both input datasets and model parameterizations 

should be beard in mind. Firstly, in the MTBS, the threshold to classify the burn severity in each 

satellite pixel is a quality control issue, and thus these subjectivities were inevitable introduced 

into the burn severity identification (Eidenshink et al., 2007a). As the MTBS fire perimeter and 

burn severity were used to drive the DLEM simulations, the estimation of biomass burning by 
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the DLEM inherited the uncertainties in the MTBS datasets. Secondly, the simulated fuel loading 

by the DLEM was another source of uncertainty. The DLEM simulates the average fuel loading 

at grid level through a series of physiological and biogeochemical processes (e.g., photosynthesis, 

plant respiration, tissue turnover, and organic matter decomposition). Many processes, such as, 

insect, tornado, forest management, were not considered in this study, which might modify the 

fuel accumulation rate and fuel loading. Thirdly, scaling issue contributes another uncertainty 

source. To be compatible with the DLEM simulation, the 30-meter MTBS burn severity has to 

be scaled up to 0.25°. Therefore, the sub-grid variations in burn severity were neglected during 

the scaling-up process.  

At the global scale, time-series of dNBR have been developed based on Moderate-

Resolution Imaging Spectroradiometer (MODIS) dataset (Veraverbeke et al., 2011b). The 

method to estimate biomass burning by integrating satellite-sensed burned severity should be 

used with caution when the study domain shifts to other regions. For example, in boreal regions, 

the relationship between dNBR and ground-based burn severity measurements has not been fully 

established; some investigators showed good relationship between dNBR and CBI (Epting et al., 

2005, Rogers et al., 2014), while others found their correlation is weak (Hoy et al., 2008, 

Kasischke et al., 2008, Murphy et al., 2008). Prior to applying satellite-based burn severity to 

estimating fire emissions and fire impacts, it is necessary to validate satellite-based burn severity 

indices against in-situ burn severity measurement.  

4. Conclusions and implications 
In this study, we investigated the magnitude and changing trends of burned area and 

pyrogenic carbon emissions from large fires in the CONUS during 1984-2012, and analyzed the 

relationship between burn severity and fire size. We found that both burned area and biomass 
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burning presented significantly upward trends; the contributions of larger fires to total burned 

area and pyrogenic carbon emissions were becoming higher in the recent years, owing to the 

warming and drying trend, previous fire suppression policies, and higher tree mortality induced 

by insect outbreaks; the larger fires were generally associated with higher burn severity. To the 

best of our knowledge, this study is the first time for the ecosystem model to estimate biomass 

burning in the CONUS by coupling high-resolution satellite-derived burn severity. The 

estimation of historical and contemporary fire emissions and fire impacts on ecosystem can be 

substantially improved by considering the temporal and spatial variations in burn severity.    

Climate change projections indicate that the warming and drying trends would continue 

throughout the 21st century in the CONUS, particularly under the high greenhouse gas emissions 

scenario (Dai, 2011, Wuebbles et al., 2014). Therefore, it is rational to expect that the 

contributions of larger fires in terms of burned area and fire emissions would increase 

continuously with the advance of climate changes. In associated with higher burn severity, the 

more frequent larger fires would lead to much higher fire emissions and cause severer ecological 

consequences in the future. The current fire regimes (such as, fire frequency, size, and severity) 

would be fundamentally altered. To project fire impacts on ecosystem and climate in the future, 

an accurate estimation of burn severity is equally important as that of burned area. Fire models 

with prognostic burn severity are in need to be developed.    
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Chapter 4. Fire-induced changes in the terrestrial carbon budget and storage in the boreal North 
America  

 

Abstract 
 Terrestrial ecosystems in the boreal North America (BONA) are of global importance in 

term of climate change, due to their tremendous carbon storage and sensitivity to subtle changes 

in environmental conditions. As the primary agent to renew forest stand, fire play a significant 

role in shaping ecosystem structure and function and determining the magnitudes of terrestrial 

carbon fluxes and carbon storage. Although fire is ecological desirable in some boreal forests in 

maintaining sustainability, fire endangers human life and properties, induces higher risks in 

lumber production, and has strong feedbacks to regional and global climate. In the BONA, fire 

activities were becoming more frequent in the past several decades, and will increase more 

rapidly in the future. Our knowledge regarding the impacts of historical increased fires would 

provide useful information for forest management agencies to cope with future fires. In this 

study, we investigated increased fire impacts on terrestrial carbon fluxes and storage in the 

BONA during 1960-2010 by using a process-based ecosystem model. Our results indicate that, 

during the study period, pyrogenic carbon emissions were 51 ± 39.2 Tg C year-1, with a 

significant increasing trend at the rate of 0.91 Tg C year-2. As a result of the increases in fire 

frequency and burned area, terrestrial carbon sink was reduced by 25.4 Tg C year-1 comparing 

with the constant fire scenario at the level in 1960. In the study period, the increased fires 

reduced vegetation, litter, and soil carbon storage by 996 Tg C, 448.3 Tg C, and 270.4 Tg C, 

respectively; while the more frequent fires enhanced carbon storage in woody debris pool by 

417.8 Tg C. Based on these results, it is reasonable to expect that, with the advance of climate 

warming, increases in future fires would further the reductions in the size of terrestrial carbon 
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sink, alter forest composition, and cause major economic losses in lumber production as well as 

other human properties. Therefore, current fire management strategies need substantial 

adjustments to adapt to the novel fire regimes in the future.    

 

Key words: Boreal ecosystems; terrestrial carbon budget; vegetation carbon storage; wild fire; 
climate change; fire emissions 

 

1. Introduction 
  The dynamics of boreal ecosystems are crucial for earth system due to their 

tremendous organic carbon storage, and their structural and functioning sensitivity to subtle 

environmental changes (Chapin et al., 2000, McGuire et al., 2009). In the recent decades, boreal 

forests are significantly influenced by climate conditions and multiple anthropogenic and natural 

disturbances (Chen et al., 2000, Kasischke et al., 1995). Meanwhile, regional and global climate 

is affected by boreal forests according to the biophysical and biogeochemical feedbacks, such as 

altering land surface albedo, energy partitioning ratio, and greenhouse gases (GHG) budget 

(Bonan, 2008). Fire is the primary natural disturbance to renew boreal forest stands in the boreal 

North America (BONA) and often burn in high severity (de Groot et al., 2013b, Rogers et al., 

2015). Although natural fires have been realized to be ecological desirable for forest 

sustainability (such as, create forest age structure, reduce the build-up of hazardous fuel, etc.) 

and allowed to burn over many landscapes by fire management agencies in the BONA 

(Flannigan et al., 2009a), fire threatens human lives and properties in the wildland-urban 

interface, causes air pollution, damages domestic watersheds, and emits a sizeable amount of 

particles and GHG into atmosphere. Therefore, fires in the boreal ecosystems should be dealt 
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with caution by considering their beneficial and detrimental impacts to ecosystems, human 

society, and climate.   

In the past several decades, fire activities in the BONA were found to present an 

increasing trend as a result of climate warming (Flannigan et al., 2009a). Fire activities in the 

1980s and the 1990s almost doubled comparing with the 1960s and the 1970s (Kasischke &  

Turetsky, 2006). Fire emissions substantially altered the patterns of ecosystem carbon budget 

across most boreal ecosystem types (Bond-Lamberty et al., 2007, Mack et al., 2011, Turetsky et 

al., 2002). For example, in Alaskan forests and peatlands, it has been found that large fire 

emissions in the recent decades played a major role in converting these black spruce stands from 

carbon sink to carbon source (Turetsky et al., 2011). In the long-term, ~10 - 30% of annual net 

primary productivity (NPP) in the upland forests lost as fire-induced carbon emissions (Harden 

et al., 2000).  

In addition to the direct pyrogenic carbon emissions, fire affects terrestrial carbon budget 

in the post-fire regrowth processes by reducing ecosystem productivity and modifying ecosystem 

respiration rate (Amiro et al., 2010, Goetz et al., 2012, Goulden et al., 2011, Hicke et al., 2003). 

In boreal forests, total soil respiration was found to be reduced in the early years after fire 

disturbances by field measurements (Amiro et al., 2003). However, recent synthesis studies, such 

as Goulden et al., (2011) and Amiro et al., (2010), reported that stand-replacing fires caused 

higher heterotrophic respiration and a net ecosystem carbon loss in the early succession stage for 

most boreal forests. The divergences could be attributed to the differences in burn severity level 

and forest mortality rate in different studies. Generally, forests were carbon sources soon after 

stand-replacing fires, and converted to continuous carbon sink in the next few decades 
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(Flannigan et al., 2009a). To evaluate fire impacts on terrestrial carbon budget, it is essential to 

consider both the direct pyrogenic carbon emissions and the changes in post-fire vegetation 

productivity and ecosystem respiration.    

Fire in the BONA has its unique characteristics, which should be kept in mind when 

assessing fire impacts on ecosystems and designing forest management strategies. Firstly, fire 

return interval (FRI) in the boreal region is relatively long. The typical FRI in boreal forests 

spans from 50 to 500 years (Flannigan et al., 2009a), while FRI in tundra and peatland 

ecosystems could be even longer (Mouillot &  Field, 2005). Therefore, vegetation and fuels have 

sufficient time period to recover to their previous status. Secondly, fire in the BONA has higher 

fuel combustion rate (i.e., fire-induced carbon emissions per unit area burned) than temperate, 

tropical, and other boreal regions (van der Werf et al., 2010b), owing to the higher fuel loading 

and higher burn severity. In the BONA forests, it has been identified by both satellite and field 

observations that high-intensity crown fires are pervasive (de Groot et al., 2013a, Rogers et al., 

2015, Wooster &  Zhang, 2004). Many tree species in the BONA (such as, black spruce and jack 

pine) can be classified as “Fire embracer” (Rogers et al., 2015), which require severe fires to 

open the (semi-)serotinous cones and release seeds for regeneration. Crown fires associated with 

peat fires release tons of GHGs to atmosphere, and contribute to the high fuel combustion rate in 

the BONA. 

With the advance of climate warming, future fires would be more frequent and severe in 

the BONA e.g., (de Groot et al., 2013b, Flannigan et al., 2001, Flannigan et al., 2013), which 

would substantially modify forest composition and ecosystem carbon budget and storage.  

Pyrogenic carbon emissions in the BONA is projected to increase by 2.5-4.4 times by the end of 
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the 21st century (Balshi et al., 2009b). It would be impossible for the current fire management 

strategies to be implemented in the future (de Groot et al., 2013b). It is urgent to know how the 

increased fire activities will influence boreal ecosystems carbon budget and vegetation biomass. 

This knowledge would provide scientific background information for fire management agencies 

to design practical mitigation strategies to cope with future fires. 

Process-based ecosystem model with fire explicitly included is an instrumental tool to examine 

fire emissions and fire impacts on terrestrial ecosystems (Li et al., 2014a, Poulter et al., 2015b, 

Yue et al., 2015), which has been applied to study fires in the BONA (Balshi et al., 2007, Chen 

et al., 2000, Hayes et al., 2011). However, previous studies put emphasis on fire-induced 

changes in the total ecosystem carbon budget, but neglected the changes in different components 

of carbon fluxes (such as, pyrogenic carbon emissions, post-fire vegetation carbon uptake, and 

ecosystem respiration) and various carbon pools (such as, vegetation carbon, soil carbon, and 

litter carbon), even though this detailed information could be particularly important to shed light 

on the underlying mechanisms of the responses of boreal ecosystems to fire. In this study, we 

attempt to bridge this knowledge gap and provide a comprehensive evaluation regarding the 

impacts of more frequent fires on terrestrial ecosystems in the BONA from 1960 to 2010. We 

select this period because it contains a sharp increases in fire activities and relatively accurate 

fire record. Inventory-based burned area datasets and other environmental factors were compiled 

together to drive a process-based ecosystem model, i.e., the Dynamic Land Ecosystem Model 

(DLEM). The specific objectives of this study are (1) to estimate the magnitude and changing 

trend of fire emissions from 1960 to 2010, (2) to quantify fire impacts on terrestrial carbon fluxes 

and carbon budget, and (3) to evaluate fire impacts on ecosystem carbon storage of multiple 

pools. 
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2. Methodology and data 

2.1 Input data for the DLEM 
 This study is conducted at regional level in the BONA (Canada and Alaska) (Figure 4-1), 

and the simulation period is from 1948 to 2010. Input datasets are compiled at the spatial 

resolution of 0.25° × 0.25° to drive the DLEM,  including climate conditions 

(average/maximum/minimum temperature, precipitation, solar radiation, and relative humidity), 

atmospheric CO2 concentration, nitrogen deposition, land use and land cover change, burned 

area, and other static input datasets (such as, soil texture, topography, etc.).   

 Climate dataset was downloaded from the Terrestrial Hydrology Research Group in 

Princeton University (http://hydrology.princeton.edu/data.pgf.php), which blends reanalysis data 

(NCEP/NCAR) with observation-based dataset (Sheffield et al., 2006). The land use and land 

cover were constructed based on multiple data sources, including Global Land Cover 2000 

(GLC2000) (Bartholomé &  Belward, 2005), Global Lakes and Wetlands Database (GLWD) 

(Lehner &  Döll, 2004), and History Database of the Global Environment (HYDE) land use 

dataset (Klein Goldewijk et al., 2011). The detailed processes to construct land use data can be 

referred to Liu et al., (2013). The present-day peatland distribution is identified by overlapping 

the wetland map from GLWD (Lehner &  Döll, 2004) and the maximum peatland distribution 

map since the last glacial period (Yu et al., 2010). Atmospheric CO2 concentration data was 

downloaded from Carbon Dioxide Information Analysis Center (CDIAC, http://cdiac.ornl.gov/). 

Nitrogen deposition dataset was retrieved from the outputs of atmospheric chemistry transport 

model (http://daac.ornl.gov/CLIMATE/guides/global_N_deposition_maps.html) (Dentener et al., 

2006). The burned area was derived from two sources: the Canadian National Fire Database 

(CNFDB, http://cwfis.cfs.nrcan.gc.ca/home) (Stocks et al., 2002) and the database of Fire history 
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in Alaska (http://afsmaps.blm.gov/). The two burned area datasets were collected from multiple 

fire management agencies based on aerial photography, perimeter survey, or satellite imagery 

(Amiro et al., 2001), and digitized in Geographical Information System (GIS). The earliest fire 

recorded could be dated back to the early 20th century. However, it should be noted that many 

early fires were not preserved. Thus, our analysis focused on the period after the year of 1960.  

 

Figure 4-1. Spatial distribution of driving forces in the boreal North America. (a) Temperature 
(°C), (b) precipitation (mm year-1), (c) major vegetation type, (d) nitrogen deposition (g N m-2 
year-1), and (e) burned area. In panel (c), BBDF refers to Boreal Broadleaf Deciduous Forest, 
BNEF refers to Boreal Needleleaf Evergreen Forest, TBDF refers to Temperate Broadleaf 
Deciduous Forest, TNEF refers to Temperate Needleleaf Evergreen Forest, and TNDF refers to 
Temperate Needleleaf Deciduous Forest. The temperature, precipitation, and nitrogen deposition 
rate are illustrated by the 51-year average during 1960-2010; major vegetation type is in the year 
of 2010; and burned area is represented by the fire perimeters of all the fires occurred in the 51 
years.   

(a) Temperature (b) Precipitation

(c) Major vegetation type (d) Nitrogen deposition

(e) Burned Area
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 Figure 4-2 illustrates the inter-annual variations in the input data. In the BONA from 

1960 to 2010, zonal average temperature is -4.03 ± 0.71 °C (inter-annual mean ± 1 standard 

deviation, same hereafter), with a significant increasing trend at the rate of 0.027 °C year-1 

(Mann-Kendall trend test and Sen’s slope, P-value < 0.05, same hereafter). After the year of 

1997, temperature presented a declining trend, which is consistence with the recent global-

warming hiatus (Kosaka &  Xie, 2013). Zonal average precipitation is 532 ± 14.9 mm year-1, 

with a significant increasing trend at the rate of 0.42 mm year-1. However, precipitation 

decreased sharply in the last five years from 2006 to 2010. Atmospheric CO2 concentration 

increased from 316.91 ppmv to 389.85 ppmv. Average atmospheric nitrogen concentration 

increase from 0.068 g N m-2 year-1 to 0.087 g N m-2 year-1. Average cropland area is 493,467 km2. 

Annual burned area is 22,402.3 ± 17,950.3 km2 year-1, with a significant increasing trend at the 

rate of 377 km2 year-1.   
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Figure 4-2. Inter-annual variations of input data to drive the DLEM in the boreal North America 
during 1960-2010. (a) Temperature (°C), (b) precipitation (mm year-1), (c) atmospheric CO2 
concentration (ppmv), (d) nitrogen deposition (g N m-2 year-1), (e) burned area (km2 year-1), and 
(f) cropland area (km2). 

2.2 Model implementation and experimental design 
The DLEM implementation was composed of three stages, i.e., equilibrium run, spin-up, 

and transient run (Table 4-1). Equilibrium run aims to obtain the initial condition in the year of 

1948. In this stage, the DLEM was fed with the 10-year average climate conditions during 1948-

1957, and other forcing data at the level in the year of 1948. The disturbances (fire and land use 

change) were disregarded in this stage. For each simulation grid, equilibrium state was assumed 

to be reached when the carbon, nitrogen, and water storage at grid level were less than 0.1 g C m-

2 year-1, 0.1 g N m-2 year-1, and 0.1 mm in two consecutive 50 years. Next, in the 100-year spin-
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up, the DLEM was fed with detrended driving forces randomly selected during 1948-1957. In 

this stage, disturbances were included in the simulation. Finally, the DLEM ran in transient mode 

from 1948 to 2010. The simulation during 1948-1959 aims to reduce the lag effect of previous 

disturbances, while our analysis focused on the period of 1960-2010. For the transient run, we 

designed two experiments (Table 4-1) to investigate the changes in terrestrial carbon budget and 

contributions of fires to carbon fluxes and carbon storage in the BONA. In the “All combined” 

simulation, time-series of all the driving forces from 1948 to 2010 were used to drive the model. 

The configurations of the “All-Fire” simulation are similar to those of the “All combined” 

simulation except the constant burned area held at the level of 1960. The pyrogenic carbon 

emissions are estimated in the “All combined” simulation, and fire impacts on terrestrial carbon 

fluxes and carbon storage are examined by computing the differences between the “All 

combined” simulation and the “All-Fire” simulation. 

 

 

 

Table 4-1. Experimental designs in this study 

 
Experiments Fire Climate CO2 Nitrogen deposition Land use/cover Land management 

 
Equilibrium Excluded 10-year average 1948 1948 1948 1948 

S1 All combined 1948-2010 1948-2010 1948-2010 1948-2010 1948-2010 1948-2010 

S2 All-Fire 1948-1960 1948-2010 1948-2010 1948-2010 1948-2010 1948-2010 
 
Note: “10-year average” indicates that the average climate conditions during 1948-1957 were used to drive the model; “1948” 
means that the data in the year 1948 was used in the simulation; “1948-2010” indicates that data in period of 1948-2010 was used 
in the simulation; “1948-1960” indicates that data in period of 1948-1960 was used in the simulation and the simulation after 
1960 was driven by the data of 1960.  
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The examined terrestrial carbon fluxes as influenced by fires include gross primary 

productivity (GPP), terrestrial ecosystem respiration (TER), net ecosystem productivity (NEP), 

and net biome production (NBP). NEP is defined as the difference between GPP and TER, 

𝑁𝑁𝑃𝑃𝑃𝑃 = 𝐺𝐺𝑃𝑃𝑃𝑃 − 𝑇𝑇𝑃𝑃𝑅𝑅 

The size of terrestrial carbon sink is represented by NBP, 

𝑁𝑁𝐵𝐵𝑃𝑃 = 𝑁𝑁𝑃𝑃𝑃𝑃 − 𝐶𝐶𝑏𝑏𝑠𝑠 − 𝑃𝑃𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐷𝐷𝑐𝑐 − 𝐿𝐿𝐿𝐿𝐶𝐶 

where 𝑃𝑃𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐷𝐷𝑐𝑐 is the carbon emissions from product decay; 𝐿𝐿𝐿𝐿𝐶𝐶 is the carbon emissions during 

land use change. The examined carbon storage as influenced by fires includes vegetation carbon, 

litter carbon, woody debris carbon, and soil carbon.     

 

3. Results 

3.1 Pyrogenic carbon emissions 
During 1960-2010, pyrogenic carbon emissions in the BONA are estimated to be 50.95 ± 

39.22 Tg C year-1, with a significant increasing trend at the rate of 0.91 Tg C year-1 (Figure 4-3). 

Canada contributed 87.1% of the pyrogenic carbon emissions in the BONA, and Alaska 

contributed the left 12.9%. Pyrogenic carbon emissions presented large inter-annual variations 

(coefficient of variation, cv = 0.775). In the BONA, the highest burned area (77440.3 km2 year-1) 

and largest pyrogenic carbon emissions (157.96 Tg C year-1) happened in the year of 1989, while 

the lowest burned area (1435.8 km2 year-1) and pyrogenic carbon emissions (3.3 Tg C year-1) 

occurred in the year of 1962.    
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Figure 4-3. Inter-annual variations of DLEM-simulated pyrogenic carbon emissions in the 
BONA from 1960 to 2010.  

 

As illustrated by Figure 4-4, in the 1960s and 1970s, pyrogenic carbon emissions in the 

BONA are estimated to be 23.78 Tg C year-1 and 34.56 Tg C year-1, repectively. However, 

pyrogenic carbon emissions almost doubled in the following three decades (65.39 Tg C year-1, 

66.39 Tg C year-1, and 63.37 Tg C year-1). Alaska witnessed the highest pyrogenic carbon 

emissions in the 2000s (15 Tg C year-1), which is 355.5% of the average pyrogenic carbon 

emissions in the first four decades and contributed 23.7% to the total pyrogenic carbon emissions 

in the BONA. However, in the 2000s, pyrogenic carbon emissions in Canada decreased by 19.4% 

comparing with those in the 1990s.        
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Figure 4-4. The spatial distribution of DLEM-simulated pyrogenic carbon emissions in the five 
decades from 1960s to 2000s.  

 

3.2 Fire impacts on terrestrial carbon fluxes 
During the 51 years in the BONA, DLEM-simulated GPP is 4897.7 ± 322.7 Tg C year-1, 

with a significant increasing trend at the rate of 14.8 Tg C year-1 (Figure S4 in Appendix VI); 

DLEM-simulated TER is 4803.8 ± 280.16 Tg C year-1, with a significant increasing trend at the 

rate of 13.6 Tg C year-1 (Figure S5 in Appendix VI); NEP is estimated to be 93.9 ± 77.1 Tg C 

year-1. As indicated by Figure 4-5, the changes in fire activities modified the terrestrial carbon 

fluxes. Comparing with that in 1960, the changes in fire activities reduced GPP by 0.98 Tg C 

(g C m-2 year-1)

23.78 Tg C year-1 34.56 Tg C year-1

65.39 Tg C year-1 66.39 Tg C year-1

63.37 Tg C year-1
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year-1 in the 1960s, 3.81 Tg C year-1 in the 1970s, 27.95 Tg C year-1 in the 1980s, 39.55 Tg C 

year-1 in the 1990s, and 38.81 Tg C year-1 in the 2000s. The reduction in GPP is mainly caused 

by the fire-induced reductions in forest coverage and leaf area, which is consistence with 

previous satellite-based observations and field measurements (Goulden et al., 2011, Hicke et al., 

2003). Comparing with that in 1960, the changes in fire activities reduced TER by 3.64 Tg C 

year-1 in the 1960s, 14.55 Tg C year-1 in the 1970s, 45.31 Tg C year-1 in the 1980s, 67.67 Tg C 

year-1 in the 1990s, and 71.47 Tg C year-1 in the 2000s (Figure 4-5). TER reduction is caused by 

the smaller vegetation carbon, litter carbon, and soil carbon storage induced by fires (see section 

3.3 in this chapter). The reduction in ecosystem respiration simulated by the DLEM is 

consistence with the measurements of Amiro et al., (2003), but different to the synthesis of 

Goulden et al., (2011). This is because Goulden et al., (2011) mainly investigate the impacts of 

stand-replacing forest fires (leaving lots of standing dead boles for decomposition in the 

following years), while our simulation include the combined effect of all large fires in different 

burn severities and in various ecosystem types.  

Due to the larger reduction in TER than GPP, NEP increased by 2.66 Tg C year-1 in the 

1960s, 10.73 Tg C year-1 in the 1970s, 17.36 Tg C year-1 in the 1980s, 28.12 Tg C year-1 in the 

1990s, and 32.65 Tg C year-1 in the 2000s. The increment in NEP partially offsets carbon loss 

during biomass burning. 
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Figure 4-5. Inter-annual variations of fire-induced changes (1960-2010) in GPP, TER, and NEP 
in the boreal North America.  

 

As influenced by multiple environmental factors, terrestrial ecosystems in the BONA 

acted as a carbon sink of 33.28 Tg C year-1 during 1960-2010, but no significant trend was found 

in the inter-annual variations of NBP (Figure 4-6). In the 51 years, a total of 1697.4 Tg C was 

accumulated in the ecosystem. The changes in fire activities reduced the size of terrestrial carbon 

sink by 25.42 Tg C year-1. Across the entire study period, the accumulated reductions in NBP 

caused by fires reached as high as 1296.86 Tg C. In other words, the terrestrial ecosystems 

would accumulate 1296.86 Tg more carbon if fire activities were kept at the level in 1960.  
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Figure 4-6. The inter-annual variations in NBP and accumulated NBP in the BONA from 1960 to 
2010. The black line and histogram are the overall impacts of all the driving factors on NBP, 
while the red line and histogram represent the fire impacts on NBP.  

 

3.3 Fire impacts on terrestrial carbon storage 
Terrestrial organic carbon pools were modified by the changes in fire activities (Figure 4-

7). Comparing with the constant fire scenario (“All-Fire” simulation), the changes in fire 

activities over the entire study period reduced vegetation carbon, litter carbon, and soil carbon by 

996.01 Tg C, 448.28 Tg C, and 270.4 Tg C, respectively. However, carbon storage in woody 

debris increased by 417.83 Tg C under the impact of increased fires during the recent decades. It 

is worth noting that the more carbon stored in woody debris pool would be decomposed and 

released back to the atmosphere eventually.        
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Figure 4-7. The changes in the accumulated NBP and organic carbon pools (woody debris, 
vegetation, soil organic carbon, and litter) under the impact of fires from 1960 to 2010.   

 

4. Discussion 

4.1 Comparison with other studies  
 The comparison of the DLEM-simulated pyrogenic carbon emissions with other studies 

indicates that our result is higher than previous estimates (Table 4-2). This is probably because of 

the consideration of fire emissions from peatlands and the higher combustion completeness 

parameters used in this study. Peatlands account for 15% to 20% of the boreal forest (Kasischke, 

2000). Large amount of carbon gases can be released during peat fires (Kasischke &  Bruhwiler, 

2002, Turetsky et al., 2011). Our study simulated peat fire emissions by coupling in-situ 

measurements of peatland soil carbon density and burned depth in Alaska (Turetsky et al., 2011). 

Though the application of field measurements in Alaska to the entire BONA could introduce 

some uncertainties, our study is the first attempt for ecosystem model to estimate regional carbon 

budget by including peat fires. The larger parameters of combustion completeness used in this 

study also contributed to the higher pyrogenic carbon emissions. The assumption of larger 
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combustion completeness is based on the fact that the probability of crown fires is higher in the 

BONA than the other regions (de Groot et al., 2013a, Rogers et al., 2015).  

 The estimates of terrestrial carbon budget in the BONA presented large discrepancies in 

the previous studies (Table 4-2). The DLEM-simulated carbon sink is larger than those of Hayes 

et al., (2011), Gurney et al., (2004), and Baker et al., (2006), but lower than those of Balshi et al., 

(2007) and Peters et al., (2007). As indicated by Hayes et al., (2011), terrestrial ecosystems in the 

BONA trend towards net carbon release after 1986, which is similar to Kurz and Apps, 1999. 

However, Chen et al., (2000) and Chen et al., (2002) indicated that Canada forests still acted as 

net carbon sink from 1980 to 1996, even though the size of carbon sink decreased comparing to 

that in the previous several decades. Our simulation indicated that the BONA was a carbon sink 

in the first four decades of the simulation period, but converted to carbon source after 2006 

(Figure 7), which is likely caused by the recent reduction in precipitation. Further investigation is 

in need to examine whether the recent declining in accumulated NBP will continue in the future 

period.   

As indicated by Hayes et al., (2011) and Balshi et al., (2007), fire events reduce the size 

of carbon sink in the BONA. Our estimate is close to Hayes et al, (2011), but larger than Balshi 

et al., (2007). One improvement of our study over Hayes et al., (2011) and Balshi et al., (2007) is 

the investigation of fire impacts on the various components of NBP (i.e., GPP, TER, and fire 

emissions). Additionally, we analyzed fire-induced changes in various organic carbon pools 

(vegetation, litter, woody debris, and soil organic matter) at regional level, which have not been 

included by previous studies.    
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Table 4-2. Comparison of DLEM-simulated pyrogenic carbon emissions, carbon budget, and fire 
impacts on carbon sink with those from other studies in the boreal North America  

 Data source Study period Literature estimates 
(Tg C year-1) 

This study 
(Tg C year-1) 

Pyrogenic carbon emissions 

Balshi et al., (2007) 1959-2002 46.8 47.38 
(average during 1960-2002) 

van der werf et al (2010) 1997-2009 54 59.37 

Hayes et al., (2011) 1997-2006 51 62.73 

French et al., (2000) 1980-1994 53 63 

Carbon budget 

Balshi et al., (2007) 1959-2002 81.7 33.28 

Hayes et al., (2011) 1997-2006 23.9 85.5 

Gurney et al., (2004) 1992-1996 -200 -16.82 

Baker et al., (2006) 1991-2000 -140 26.45 

Peters et al., (2007) 2000-2006 160 97.76 

Fire impacts on carbon sink 
Hayes et al., (2011) 1997-2006 -23.1 -25.98 

Balshi et al., (2007) 1959-2002 -15.6 -25.42 
(average during 1960-2002) 

Note: For the estimates in carbon budget, negative values indicate carbon source, and positive 
values indicate carbon sink. For fire impacts on carbon sink, negative values indicate that fires 
reduced the size of carbon sink. 

4.2 Implications to future fires 
 Circumboreal fire activities were projected to increase continuously in the 21st century. 

Severe fire weather conditions (hot and dry) would make the large fires more difficult to be 

controlled, and push fire suppression capacity beyond the tipping point where even the most 

aggressive fire suppression activities would not be effective (de Groot et al., 2013b, Flannigan et 

al., 2009a). It is estimated that 3 - 4% of wildfires would escape regardless of large fire 

suppression investment. Fire suppression capacity would experience unprecedented challenges. 

The more frequent fires would also endanger current ecological community and forest species. In 

the past several decades, broadleaf deciduous trees were found to be the major post-fire tree 

seedling species in many Alaskan sites that were once dominated by black spruce (Adams, 2013, 

Barrett et al., 2011, Beck et al., 2011). With the increases of fires, broadleaf forest could be more 

prevalence, and the forest could be younger with lower fuel loading. Many unique BONA fire 
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characteristics (such as, long FRI and high combustion rate, as mentioned in the introduction) 

may not exist anymore.      

 Our current ability to control fire may not be effective in the coming decades (Flannigan 

et al., 2009a). To mitigate the impacts of future fires, multiple fire-related agencies need to 

change their fire management policies and strategies, and more proactive forest management 

strategies should be implemented (de Groot et al., 2013b). More fire suppression resources may 

need to be allocated to protect high-value areas. Fuel treatments strategies, such as prescribed 

fire and forest thinning, are important to manipulate future fires and mitigate fire severity (Pollet 

&  Omi, 2002). Effective fuel treatments, which aim at removing hazardous fuel, would reduce 

the risk of crown fires and benefit timber production. However, this strategy should be applied 

with caution in forests that need severe fires for tree regeneration. For prescribed fires, 

appropriate plans should be designed by considering ecosystem structure, topography, and 

weather conditions.  

4.3 Uncertainties 
 This study investigated the changes in terrestrial carbon budget and storage as influenced 

by the increased fires in the BONA by using a process-based ecosystem model. It is important to 

acknowledge the uncertainties in the data preparation process and model simulation stage. In this 

study, we used vegetation-specific parameters to calculate fire emissions, burn depth, and tree 

mortality across the entire region. It is difficult for this study to represent the influences of 

localized characteristics (such as, topography and vegetation species) on burn severity. For 

example, fire emissions could be underestimated in the south-facing slope and overestimated in 

the north-facing slope due to the local microclimate conditions and fuel moisture (Turetsky et al., 

2011). Recently, an empirical-based model was developed to estimate aboveground and 
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belowground burn severity in Alaska by considering elevation, day of burning, forest coverage, 

and satellite-observed fire severity index (Veraverbeke et al., 2015). If all the input datasets are 

available in the BONA, model-simulated fire emissions estimates could be substantially 

improved by representing burn severity.     

 Secondly, uncertainties derived from model parameterization of fuel loading cannot be 

ignored, even though the DLEM has been evaluated in our previous studies. Fuel loading in the 

DLEM is simulated by a series of complex plant physiological and biogeochemical processes 

(such as, photosynthesis, carbon allocation, tissue turnover, and organic matter decomposition). 

Model parameterization of these processes contributed uncertainties in estimating fuel loading, 

and therefore, fuel loading and carbon budgets. Moreover, insect disturbances were not 

considered in this study, which has been found to affect fuel loading, fuel moisture, and burn 

severity in the boreal ecosystems (Chen et al., 2000, Harvey et al., 2014, Kurz et al., 2008).     

Last but not least, lag effects of disturbances contributed another important uncertainty. For 

example, forest regrowth in the previous disturbed land caused by fires, insects, and harvest in 

the late 19th century has been found to contribute to the enhancement in carbon sink during 

1930-1970 (Chen et al., 2000). The lag effects of previous disturbances could be as long as 

several decades. In this study, model simulations started at the year of 1948. Thus, lag effect of 

earlier disturbances was disregarded and might cause an underestimation in terrestrial carbon 

sink.  

5. Conclusions 
  This study investigated increased fire activities and their impacts on terrestrial 

ecosystems in the BONA during 1960-2010. Significant upward trends in burned area and 
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pyrogenic carbon emission were found in the five decades. The increases in fires activities 

reduced regional GPP and TER, but enhanced the NEP. Considering both pyrogenic carbon 

emissions and post-fire regrowth processes, increased fires reduced terrestrial carbon sink by 

25.4 Tg C year-1 in the BONA. Meanwhile, increased fires caused decreases in vegetation, litter, 

and soil carbon storage, but increase in woody debris carbon storage. We acknowledge the 

uncertainties in this study, including the impact of lag effects of previous disturbances, insect 

impacts, model parameters such as burn severity, peatland burn depth etc. Nevertheless, to the 

best of our knowledge, it is the first time for the scientific community to evaluate the impacts of 

more frequent fires on the size of different components of carbon budgets and various carbon 

pools in the boreal North America. At last, we suggested that the current fire management 

strategies need substantial improvement to cope with the novel fire regimes in the future.   
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Chapter 5. The declining burned area and fire-induced carbon emissions in Africa 
 

Abstract 
 Fire is one major disturbance in the African continent and determines vegetation 

composition, ecosystem carbon storage, and soil biogeochemistry characteristics. Africa has the 

most extensive fires in the world, including ~70% of global burned area and ~50% of global 

pyrogenic carbon emissions. Based on the development of satellite techniques, African fire 

activities have been intensively investigated during the past three decades. Spatial-temporal 

patterns of African fires were found to be mainly controlled by climate conditions and human 

activities. However, our understanding about century-scale fire regimes is still very limited due 

to the lack of long-term, spatially-explicit fire datasets. To bridge this knowledge gap, by using a 

process-based ecosystem model, we studied the spatial pattern and temporal variations of burned 

area and fire-induced carbon emissions from 1901 to 2010, and quantified the contributions of 

multiple environmental factors, including climate change, human activities, CO2 concentration 

and nitrogen deposition. Our results indicated that, over the 110 years, African burned area 

presented a significant declining trend at the rate of -0.77 Mha year-2 mainly caused by the 

intensified human activities across the African continent and climate changes in the South 

Hemisphere of the African continent (SHAF). Pyrogenic carbon emissions decreased at the rate 

of -1.6 Tg C year-2 over the entire study period, while the decline was not significant in the last 

five decade. The increases in CO2 concentration and nitrogen deposition promoted African 

burned area and pyrogenic carbon emissions via their influences on ecosystem carbon 

sequestration and fuel accumulation. In the future, human activities are expected to be more 

intensive and African fires will be suppressed effectively, even though the increases in CO2 
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concentration and nitrogen deposition will partially offset human impacts. Future trend of fire-

induced carbon emissions in Africa is subjected to uncertainties and needs further investigation.     

 

Key words: Climate change; Wildfire; Terrestrial Ecosystem; Carbon budget; Process-based 
ecosystem model; Land use change; African continent  

 

1. Introduction 
 Fire is one major disturbance in the earth system and almost occurred everywhere in the 

vegetated land across the globe (Bowman et al., 2009), which has substantially altered terrestrial 

ecosystems, atmospheric composition, and climate conditions (Bond et al., 2005b, Bowman et 

al., 2009, Higgins et al., 2007, Randerson et al., 2006b, Van Der Werf et al., 2004). Africa has 

the most extensive fires in the world. Although the African continent represents ~20% of global 

land area, fires in Africa accounted for ~70% of global burned area and ~50% of global 

pyrogenic carbon emissions (Andela &  van der Werf, 2014, Giglio et al., 2013b, van der Werf et 

al., 2010b). African ecosystems have been recognized to be critical for the global carbon cycles, 

and are of particular vulnerable to climate change and variability (Ciais et al., 2009, Pan et al., 

2015). Vegetation distribution, structure and functioning are determined and modified by spatial-

temporal patterns of fire activities (Bond et al., 2005b, Li et al., 2014a). Therefore, the 

investigation of African burned area and fire-induced carbon emissions is of particular 

importance to improve our knowledge regarding global biogeochemical cycles and climate 

changes.   

Satellite observations provided the only practical and effective approach to study the 

African fires and biomass burning at large scale e.g. (Barbosa et al., 1999, Giglio et al., 2013b, 
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Kaiser et al., 2012b, Roy et al., 2005), and have been used to disentangle the underlying 

mechanisms in affecting inter-annual variations of fire activities (Andela &  van der Werf, 2014, 

Archibald et al., 2009). According to satellite observations, burned area in Africa was estimated 

to be approximately 250 Mha year-1 (Giglio et al., 2013b, Roy et al., 2008a), and fire-induced 

carbon emissions were estimated to be approximately 1 Pg C year-1 in the recent decade (van der 

Werf et al., 2010b). Over the period of 2001-2012, fire activities presented strong but opposing 

trends in the two African hemispheres under the impacts of climate variability and cropland 

expansion (Andela &  van der Werf, 2014). Fires in both the North Hemisphere Africa (NHAF) 

and South Hemisphere Africa (SHAF) presented evident seasonality. Fire season lasts from 

November to February in the NHAF, and spans from June to September in SHAF (Giglio et al., 

2013b), which is consistent with the seasonal shift of rain belt between the two hemispheres.  

Prior to the satellite era, fire records in some national parks, forest, or conservative area 

provided valuable information about the changes in African fire regimes (Archibald et al., 2010). 

However, these records cannot represent the entire African continent because these lands were 

often intensively managed by human (Roy et al., 2005). Sediment-charcoal records have been 

used to reconstruct fire history at regional and global levels (Bowman et al., 2009). The 

compilation of charcoal records indicated a strong correlation between fires and climate changes 

(Power et al., 2008), and suggested the reductions in global biomass burning after the 1870s 

under the impact of human activities (Marlon et al., 2008b). However, it is difficult to extract the 

accurate time of fire occurrence and retrieve the spatial map of fires. Our knowledge about the 

changes in fire regimes prior to satellite era is still very limited in this most fire-abundant 

continent. Process-based fire models have been developed and applied to estimate burned area 

and fire emissions by explicitly considering environmental factors at regional and global scales 
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e.g. (Arora &  Boer, 2005, Li et al., 2012, Pechony &  Shindell, 2009, Thonicke et al., 2010, 

Yang et al., 2014a). Provided that driving forces (such as, climate, cropland area, etc.) are 

available, fire models could be applied to study the spatially-explicit burned area and fire 

emissions with high temporal resolution prior to satellite era in Africa.  

The African fires were controlled by multiple environmental factors, such as 

climate/weather condition, fuel loading, vegetation type, human activities, and cropland 

expansion (Archibald et al., 2009). In the tropics and subtropics, the highest burned area was 

found in the regions with intermediate levels of fuel loading and precipitation (van der Werf et 

al., 2008b). Fire activities in the wetter ecosystems could be enhanced by lower precipitation and 

longer fire season, while fire activities in the drier ecosystems could be enhanced by higher 

precipitation and faster fuel accumulation in the vegetation growing season. Human activities, on 

the one hand, could increase ignitions sources through camping, logging, arson, etc., while one 

the other hand, suppress fire spread by breaking fuel connectivity through cropland expansion, 

grazing, and road buildup (Marlon et al., 2008b). However, the influences of CO2 concentration 

and nitrogen deposition on fire activities are rarely investigated by previous studies, although 

both of them have been reported to stimulate vegetation growth and fuel accumulation (Yang et 

al., 2014a). In the natural world, influences of these environmental factors were usually mixed 

together and modified fire regimes simultaneously.  

In the past 50-100 years, the African continent has experienced dramatic changes in 

climate condition (Hulme et al., 2001), atmospheric components (Dentener et al., 2006), land use 

and land cover type (Lambin et al., 2003), and population density (Ciais et al., 2011). Yet, it is 

not clear how the long-term burned area and fire emissions in Africa changed in response to the 
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changes in environmental factors, and how much these multiple environmental factors 

contributed to African fires. The investigation into underlying mechanisms controlling the 

changes in African fires would provide useful knowledge for fire management practices 

(Archibald et al., 2010), and provide insight into fire regimes in the future.   

 Based on the above considerations, we investigated African fires from 1901 to 2010 by 

using a highly-integrated, process-based terrestrial ecosystem model. Specific objectives of this 

study are (1) to estimate the changes in spatial-temporal patterns of burned area and pyrogenic 

carbon emissions, (2) to investigate underlying mechanisms and quantify contributions of 

climate change, human activities, and CO2 concentration and nitrogen deposition, and (3) to 

discuss the possible trends of African fires in the future.     

 

2. Methods and input data 

2.1 Input data 
 In this study, the DLEM was run at daily time step from 1901 to 2010. Driving forces 

collected from various sources were compiled at the spatial resolution of 0.5° × 0.5° to drive the 

model, including daily climate condition (maxmum/minimum/average temperature, precipitation, 

solar radiation, relative humidity, wind speed, and lightning frequency), CO2 concentration, 

atmospheric nitrogen deposition, land use and land cover change, human population density, and 

other time-invariant variables (such as, soil texture, topography, etc.). Climate conditions (except 

lightning frequency) were obtained from the CRU/NCEP climate dataset 

(https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.CRUNCEP.v4.TPHWL6Hrly.html). 

Lightning frequency is the multi-year climatology (1995-2011) of the NASA Lightning Imaging 

Sensor/Optical Transient Detector (Christian et al., 2003), which was downloaded from 
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ftp://ghrc.nsstc.nasa.gov/pub/lis/climatology/HRAC/. Lightning climatology was applied to each 

year due to the lack of long-term observations. CO2 concentration was downloaded from the 

Carbon Dioxide Information Analysis Center (http://cdiac.ornl.gov/trends/co2/). Nitrogen 

deposition rates were acquired from the output of atmospheric chemical transport models 

(Dentener et al., 2006) and interpolated to annual scale. Land use change and human population 

density were obtained from the History Database of the Global Environment (HYDE3.1, 

ftp://ftp.pbl.nl/hyde/) (Klein Goldewijk et al., 2011). 

Spatial distribution and temporal variations of major driving forces are illustrated in 

Figure 5-1. As indicated by the input datasets, temperature in Africa was 24.1 ± 0.35 °C in the 

110 years. In the last four decades over the study period, African temperature presented a 

significant increasing trend at the rate of 0.31 °C dec-1 (p-value < 0.05, same hereafter), and 

warming trend in the NHAF (0.31 °C dec-1) was stronger than that in the SHAF (0.24 °C dec-1). 

During 1901-2010, precipitation rate in Africa was 639.3 ± 31.6 mm year-1 with no significant 

trend detected. Nitrogen deposition rates were 0.22 ± 0.09 g N m-2 year-1, with a continuous 

increasing trend from 0.12 g N m-2 year-1 in 1901 to 0.44 g N m-2 year-1 in 2010. CO2 

concentration increased from 295 ppmv in 1901 to 387.2 ppmv in 2010. From the early 20th 

century to the 2000s, cropland area increased from 1.11 × 106 km2 to 2.31 × 106 km2 in the 

Africa continent, increased from 0.83 × 106 km2 to 1.61 × 106 km2 in the NHAF, and increased 

from 0.28 × 106 km2 to 0.7 × 106 km2 in the SHAF. During the 110 years, African population 

grew from 0.14 billion to 1 billion, with an accelerated growing rate in the recent decades; 

population in the NHAF increased from 0.1 billion to 0.7 billion; and population in the SHAF 

increased from 0.03 to 0.3 billion.          
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Figure 5-1. Spatial-temporal patterns of major driving forces in Africa. (a) Temperature, (b) precipitation, (c) atmospheric nitrogen 
deposition, (d) cropland area, and (e) population density. The maps of temperature, precipitation, nitrogen deposition are illustrated by 
110-year average, while the maps of cropland area and population density are at the levels in 2010.    
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2.2 Model implementation and experimental design 
DLEM implementation was composed of three stages, namely equilibrium run, 

spin-up, and transient run (Table 5-1). Equilibrium run aimed at obtaining the initial 

carbon/nitrogen/water conditions at the beginning of model simulation. During this stage, 

the DLEM was driven by the average climate condition over 1901-1930, and other 

driving forces at the level in 1901. For each model grid, equilibrium state was assumed to 

be reached when the differences in carbon, nitrogen, and water storage were less than 0.1 

g C m-2, 0.1 g N m-2, and 0.1 mm between two consecutive 50-year periods. Equilibrium 

run was followed by the 100-year model spin-up. In model spin-up, driving forces were 

randomly selected from the period of 1901-1910.  

Table 5-1. Experimental design in this study 

  Climate CO2 Nitrogen deposition Land use and 
population 

Equilibrium run 1901-1930 average 1901 1901 1901 

Spin-up 1901-1910 random 1901-1910 random 1901-1910 random 1901-1910 random 

Transient 
run 

S0 Reference 1901 1901 1901 1901 

S1 All_Com 1901-2010 1901-2010 1901-2010 1901-2010 

S2 No_Clm 1901 1901-2010 1901-2010 1901-2010 

S3 No_CO2 1901-2010 1901 1901-2010 1901-2010 

S4 No_Ndep 1901-2010 1901-2010 1901 1901-2010 

S5 No_Hum 1901-2010 1901-2010 1901-2010 1901 

 Note: “1901-1930 average” refers to the 30-year average condition; “1901-1910 random” refers to the 
driving force randomly selected during 1901-1910; “1901” refers to the data at the level of year 1901; 
“1901-2010” refers to the time-series of datasets from 1901 to 2010.  

 

At last, the DLEM was run in transient mode (including six simulations) to 

investigate African burned area and pyrogenic carbon emissions from 1901 to 2010, and 

the contributions of various factors. “S0 Reference” simulation intended to examine 

model internal fluctuations by keeping all the driving forces constant at the level of 1901. 
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The “S1 All_Com” simulation considered the combined effect of all driving forces, and 

represented our best estimates of the spatial pattern and temporal changes in burned area 

and pyrogenic carbon emissions. For the other four simulations (“S2 No_Clm”, “S3 

No_CO2”, “S4 No_Ndep”, and “S5 No_Hum”), all the driving forces varied with time 

throughout simulation period, expect the designated one environmental factor kept 

constant at the level of 1901 (Table 5-1). Specifically, climate condition was kept 

constant in the “S2 No_Clm” simulation; CO2 concentration was kept constant in the “S3 

No_CO2” simulation; nitrogen deposition rates were kept constant in the “S4 No_Ndep” 

simulation; and human activities (i.e. land use change and population density) were kept 

constant in the “S5 No_Hum” simulation. Contributions of climate change, CO2, nitrogen 

deposition, and human activities to burned area and pyrogenic carbon emissions were 

examined according to the differences between the “S1 All_com” simulation and each of 

the four simulations, respectively. Combined impacts of all the driving forces were 

examined by computing the differences between “S1 All_com” simulation and “S0 

Reference” simulation. 

In this study, changing trends in burned area, pyrogenic carbon emissions, and the 

impacts of contributing factors were estimated according to Linear Least-square 

Regression analysis. The trends were assumed to pass the significance test if p-value < 

0.05.    
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3. Results 

3.1 Burned area in Africa 

 

Figure 5-2. Inter-annual variations of burned area in the Africa over the period of 1901-
2010.  

 

 In the 110 years, DLEM-simulated African burned area was 282.2 ± 33.4 Mha 

year-1, with a significant declining trend of -0.77 Mha year-2 (Figure 5-2). Average 

burned areas in the NHAF and SHAF were 139.8 Mha year-1 and 142.4 Mha year-1, 

respectively.  Temporal variations of burned areas in both hemispheres presented 

significant declining trends (-0.39 Mha year-2 in the NHAF and -0.39 Mha year-2 in the 

SHAF). Comparing with those in the 1900s, burned areas in the 2000s decreased by 

25.6%, 30.7%, and 22.4% in the African continent, NHAF, and SHAF, respectively 

(Table 5-2). Two peaks of burned area existed along latitudinal gradient (Figure 5-3a). 

One was located at between 5 °N to 15 °N, while the other one was located at between 

5 °S to 20 °S. For the grids fire occurred, 43.2% presented significant declining trend, 
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17.9 % presented significant increase trend, and 38.9% did not present significant trend 

(Figure 5-3b).         

Table 5-2. Statistics of burned area and pyrogenic carbon emissions in the 1900s, 1950s 
and 2000s. The percentages in the parenthesis are the changes comparing with those in 
the 1900s.    

 
Burned Area (Mha year-1) 

 
Pyrogenic carbon emissions (Pg C year-1) 

 
Africa NHAF SHAF 

 
Africa NHAF SHAF 

1900s 305.5 152.3 153.2 
 

1.05 0.36 0.68 

1950s 265.1 (-13.2%) 118.9 (-21.9%) 146.1 (-4.6%) 
 

0.84 (-20%) 0.28 (-22.2%) 0.56 (-17.6%) 

2000s 224.3 (-26.6%) 105.5 (-30.7%) 118.9 (-22.4%) 
 

0.84 (-20%) 0.29 (-19.4%) 0.54 (-20.6%) 
 

 

Figure 5-3. (a) DLEM-simulated spatial distribution of average burned fraction and (b) 
the changing trend of burned area over the period of 1901-2010. In (b), grids without 
significant trend are masked white.    
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3.2 Contributions of environmental factors to burned area 
 Inter-annual variations of burned area were influenced by multiple environmental 

factors (Figure 5-4). With the increases in population density and cropland expansion, 

human activities took continuous negative effects on burned area. The increases in CO2 

concentration and nitrogen deposition rates mainly played positive roles in burned area. 

African burned area decreased at the rate of -0.58 Mha year-2 under the single impact of 

human activities, while increased at the rates of 0.09 Mha year-2 and 0.09 Mha year-2 

under the impacts of CO2 concentration and nitrogen deposition, respectively.  

Comparing with that in year 1901, burned area in the 2000s was reduced by 55.3 Mha 

year-1 under the impacts of human activities, and increased by 7.9 Mha year-1 and 7.4 

Mha year-1 due to the increases in CO2 concentration and nitrogen deposition. 

Contributions of human activities were much stronger in the NHAF than those in the 

SHAF, due to the higher population density and faster cropland expansion in the NHAF. 

Contributions of climate conditions varied substantially among different decades, with a 

general declining trend at the rate of -0.38 Mha year-2. Over the study period, the 

declining trend of burned area in the NHAF was mainly induced by human activities, 

while the declining trend in the SHAF was mainly caused by the changes in climate 

conditions.        
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Figure 5-4. Contributions of human activities, climate changes, nitrogen deposition, CO2 
concentration, and the combined impact of multiple environmental factors to changes in 
burned area in the Africa (a), NHAF (b), and SHAF (c).   

 

 Figure S6 in Appendix V illustrates spatial patterns of the trends in burned area 

induced by the impact of single environmental factor. It can be found that human 

activities played a negative role across most of the African continent, due to cropland 

expansion and intensified human activities. However, human activities enhanced burned 

area in some regions, which was likely caused by the increases in anthropogenic ignition 
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sources. Climate changes reduced burned area in most of the Africa, but slightly 

enhanced burned area in the rainforest region in the central Africa. The impacts of CO2 

diverged between regions with higher fuel loading and regions with lower fuel loading, 

suggesting the duel effects of CO2 increment on African burned area. In regions with 

lower fuel loading, the increment in CO2 concentration enhanced carbon sequestration, 

fuel loading, and then burned area, while in regions with higher fuel loading, the 

increment in CO2 concentration reduced stomatal conductance, suppressed plant 

transpiration, enhanced soil and fuel moisture content, and then reduced burned area. 

Increases in nitrogen deposition mainly played positive roles in enhancing burned area 

across the Africa continent through stimulating fuel accumulation.           

 

3.3 Pyrogenic carbon emissions in Africa 
 From 1901 to 2010, pyrogenic carbon emissions in Africa were estimated to be 

0.93 ± 0.11 Pg C year-1 with a significant declining trend of -1.6 Tg C year-2 (Figure 5-5). 

However, the declining trends were not significant in both NHAF and SHAF. African 

pyrogenic carbon emissions deceased significantly at the rate of -3.9 Tg C year-2 in the 

first 60 years from 1901 to 1960, but no significant trend was detected during 1961-2010. 

Comparing with those in the 1900s, fire-induced carbon emissions in the 2000s decreased 

by 20% in the African continent (Table 5-2). Yet, fire-induced carbon emissions in the 

2000s were similar to those in the 1950s. For all the grids fire occurred, 32.9% presented 

significant declining trend, 26.2% presented significant increase trend, while 40.9% did 

not show significant trend (Figure 5-6b).   
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Figure 5-5. Inter-annual variations of DLEM-simulated pyrogenic carbon emissions in 
the Africa during 1901 to 2010.  

 

 

Figure 5-6. DLEM-simulated spatial distribution of pyrogenic carbon emissions (a) and 
the changing trend of pyrogenic carbon emissions (b) over the period of 1901-2010. In 
(b), grids without significant trend are masked white.   
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3.4 Contributions of environmental factors to pyrogenic carbon emissions 
 Figure 5-7 illustrates the contributions of environmental factors on pyrogenic 

carbon emissions. Comparing with 1901, African pyrogenic carbon emissions in the 

2000s were reduced by 0.18 Pg C year-1 under the influences of human activities, but 

enhanced by 0.08 Pg C year-1 and 0.09 Pg C year-1 under the impacts of increases in CO2 

concentration and nitrogen deposition, respectively. Contributions of climate changes 

varied substantially among decades. The trend of climate impacts on pyrogenic carbon 

emissions in Africa was not significant over the entire study period, although climate 

changes significantly reduced burned area (see section 3.2 in this chapter). In the last five 

decades, pyrogenic carbon emissions did not show significant trend. This is because the 

declining trend induced by human activities was largely offset by the influences of CO2 

concentration and nitrogen deposition. 
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Figure 5-7. Contributions of human activities, climate changes, nitrogen deposition, CO2 
concentration, and the combined impact of multiple environmental factors to the changes 
in pyrogenic carbon emissions in the Africa (a), NHAF (b), and SHAF (C).     

 

Spatial patterns of the changing trends caused by single factor are illustrated in 

Figure S7 in Appendix V. Human activities reduced pyrogenic carbon emissions in most 

of the African continent. The impacts of climate changes on pyrogenic carbon emissions 
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were very heterogeneous across the African continent, indicating the complex 

relationship between climate change and pyrogenic carbon emissions in Africa. Nitrogen 

deposition enhanced pyrogenic carbon emissions by stimulate fuel accumulation, and 

contributions of nitrogen deposition were relatively homogeneous across the Africa. The 

increases in CO2 concentration stimulated pyrogenic carbon emissions in most of the 

continent, except tropical rainforest in the central Africa.  

4. Discussions 

4.1 Future implications 
 The DLEM simulation indicated that African burned area and fire-induced carbon 

emissions were reduced by human activities in the past century. According to previous 

findings that forest coverage and vegetation biomass were negatively correlated to burned 

area (Poulter et al., 2015a), it can be expected that forest coverage have been enhanced 

by the reductions in burned area induced by human activities. As projected by the World 

Population Prospects (United Nations, 2013), Africa population would grow by 1.3 

billion during 2013-2050, and grow by 1.8 billion from 2050 to 2010. The trends of 

expansions in cropland and pasture land will continue in order the meet the growing food 

demand in Africa (Alexandratos &  Bruinsma, 2012). Therefore, more reductions in fire 

activities would be induced by the more intensive human activities in the 21st century. 

Current savannas ecosystems would be fundamentally altered, including vegetation 

composition, terrestrial carbon storage, and carbon exchange between land and 

atmosphere. Social-economic factors would dominant the trends in African fires in the 

future (Andela &  van der Werf, 2014).   
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 In this study, CO2 concentration and nitrogen deposition have been found to 

stimulate fuel accumulation, burned area and pyrogenic carbon emissions, which have 

largely offset the reductions caused by human activities. It is necessary for ecosystem 

models to consider the impacts of changes in atmospheric composition when assessing 

the long-term trends of fire activities. According to the projections of atmospheric 

chemistry transport models, nitrogen deposition rates and CO2 concentration are likely to 

increase in the future (Dentener et al., 2006, Lamarque et al., 2013a). More works are 

still in need to investigate the contributions of future changes in atmospheric composition 

to fire activities under different Representative Concentration Pathways (Van Vuuren et 

al., 2011). 

 Fires determines African vegetation composition (Bond et al., 2003). Savanna 

ecosystems are structurally responsive to fire disturbances (Higgins et al., 2007). 

Numerical experiments of ecosystem model indicated that many savannas would convert 

to forest, and the area of closed forest could double in a world without fires (Bond et al., 

2005b). Meanwhile, terrestrial carbon balance could be altered substantially by fires (Li 

et al., 2014a). Yang et al., (2015a) indicated that net primary productivity in African 

terrestrial ecosystems could increase by 2.59 Pg C year-1 and the size of net carbon sink 

could increase by 0.17 Pg C year-1 once African fires were put off. Therefore, changing 

trends in fire regimes under the impacts of multiple environmental factors should be 

carefully accounted when assessing the terrestrial carbon budget in future period.  

4.2 Uncertainties and improvement needs 
 In this study, we estimated the long-term changes in African fires by using a 

process-based ecosystem model. Although model performance was validated against 
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satellite-based fire products, uncertainties from input datasets and model 

parameterizations should be kept in mind. Due to the relatively short observations of 

lightning frequency, we applied the climatology of lightning frequency to each year 

across the study period. This might introduce uncertainties in estimating natural ignition 

sources. Nitrogen deposition rates were obtained from the output of atmospheric 

chemical transport models due to the lack of in-situ measurements in Africa. 

Parameterizations of anthropogenic ignition sources and human suppression strength 

were developed based on the relationship between fire and population density according 

to satellite observations in the recent decades (Archibald et al., 2009, Pechony &  

Shindell, 2009). Application of this human-fire relationship to historical period might 

bring uncertainties in estimating human impacts. Comparison of DLEM simulations 

against GFED3.1 fire products indicated an underestimation of DLEM-simulated 

pyrogenic carbon emissions in the NHAF. This underestimation was likely caused by the 

slow post-fire plant regrowth and lower fuel loading simulated by the DLEM. Thus, 

parameters regarding post-fire regrowth need to be refined. Another uncertainty was from 

the parameterizations of burn severity, which was estimated by using vegetation-specific 

parameters in this study. Thus, spatial and temporal variations in combustion 

completeness were largely neglected. Recently, satellite-based burn severity has been 

coupled into ecosystem model to estimate fire emissions and forest mortality in the 

United States (Yang et al., 2015). At global scale, spatially-explicit burned severity 

dataset has been developed according to satellite observations as well (Veraverbeke et al., 

2011a). If compared well with ground-based measurements in Africa, burn severity 
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information derived from satellite observations could be coupled into ecosystem model to 

improve model accuracy in estimating fire emissions.         

5. Conclusion 
 In this study, we investigated the spatial-temporal patterns of burned area and 

pyrogenic carbon emissions in the African continent from 1901 to 2010. Both burned 

area and pyrogenic carbon emissions presented significant declining trends over the study 

period. The intensified human activities were recognized as the major factor in 

determining the declines in fire activities and fire emissions, especially in the NHAF. The 

changes in CO2 concentration and nitrogen deposition enhanced African burned area and 

pyrogenic carbon emissions. Climate changes reduced burned area in the SHAF 

significantly, meanwhile controlled the inter-annual and inter-decadal variations in fire 

activities. We acknowledge the existing uncertainties regarding input dataset and model 

parameterizations. Nevertheless, this study is the first attempt for ecosystem model to 

quantify the contributions of multiple environmental factors to the changes in African 

burned area and fire emissions at century scale. The declining trend in African burned 

area is likely to continue in the 21st century under the impacts of more intensive human 

activities. However, future trend in fire-induced carbon emissions and fire impacts on the 

terrestrial carbon budget need further investigation by considering the combined impacts 

of human activities, atmospheric composition and climate changes.     
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Chapter 6. Spatial and temporal patterns of global burned area in response to 
anthropogenic and environmental factors  

 

Abstract 
Fire is a critical component of the earth system, which substantially influences 

land surface, climate change, and ecosystem dynamics. To accurately predict the fire 

regimes in the 21st century, it is essential to understand the historical fire patterns and 

recognize the interaction among fire, human and environment factors. Until now, few 

efforts are put on the studies regarding to the long-term fire reconstruction and the 

attribution analysis of anthropogenic and environmental factors to fire regimes at global 

scale. To fill this knowledge gap, we developed a 0.5° × 0.5° data set of global burned 

area from 1901 to 2007 by coupling Global Fire Emission Database version 3 (GFED3) 

with a process-based fire model, and conducted factorial simulation experiments to 

evaluate the impacts of human, climate, and atmospheric components. The average global 

burned area is ~442×104 km2 year-1 during 1901-2007 and our results suggest a notable 

declining rate of burned area globally (1.28×104 km2 year-1). Burned area in tropics and 

extratropics exhibited a significant declining trend, with no significant trend detected at 

high latitudes. Factorial experiments indicated that human activities were the dominant 

factor in determining the declining trend of burned area in tropics and extratropics, and 

climate variation was the primary factor controlling the decadal variation of burned area 

at high latitudes. Elevated CO2 and nitrogen deposition enhanced burned area in tropics 

and southern extratropics, but suppressed fire occurrence at high latitudes. Rising 

temperature and frequent droughts are becoming increasingly important and expected to 

increase wildfire activity in many regions of the world, particularly in extratropics.  
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Key words: Burned area; Dynamic Land Ecosystem Model (DLEM); Fire model; 

Climate change; Fire emissions 

1. Introduction 
Fire plays a critical role in shaping biosphere and atmospheric patterns. Fire 

regimes are largely regulated by climate (Morton et al., 2013) and human activities 

(Marlon et al., 2008b); meanwhile burning of biomass can speed up climate change 

through altering atmospheric radiative characteristics and land surface albedo (Andreae &  

Merlet, 2001, Langmann et al., 2009, Levine et al., 1995, Liu et al., 2013b, Randerson et 

al., 2006b). In the future, the global fire regimes may be quite different from the present 

pattern due to rapid climate change (Bowman et al., 2009), and anthropogenic effects on 

fire might become less important than climatic influences (Pechony &  Shindell, 2010). A 

better understanding of the interaction among fire, climate and human activities is helpful 

to enhance our capability of predicting future fire pattern and provide scientific 

information for fire management policy in the 21st century.  

To date, a variety of methods have been used to retrieve fire history at local and 

regional scales, including charcoal records of biomass burning (Marlon et al., 2008b), 

tree fire scars (Wallenius et al., 2004), official fire records  (Stocks et al., 2002) and 

satellite observations (Eidenshink et al., 2007a). At the global scale, gridded burned area 

has also been estimated through methods grouped into three categories: satellite 

observation, fire modeling, and hybrid approach. Since the early 1980s, satellite imagery 

has been widely used to retrieve global fire pattern (Bowman et al., 2009). Numerous 
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satellite-based global fire products have become available in recent decade, including 

Global Burnt Area 2000 (GBA2000) (Grégoire et al., 2003), L3JRC (Tansey et al., 

2008b), Global Fire Emission Database version 3 (GFED3) (Giglio et al., 2010a) and so 

on. GFED has the longest global fire observation, spanning 15 years from 1997 to 2012, 

and was verified by ground fire record in various regions (Giglio et al., 2010a, Giglio et 

al., 2013b). However, studies of global fire patterns prior to the 1980s are lacking.  

Mouillot and Field (2005) developed a global burned area dataset for the 20th 

century through a hybrid approach by incorporating satellite information, official fire 

records, and some fire trend assumptions. Their estimated global burned area was larger 

than satellite observations. For example, their estimated global burned area was 722×104 

km2 in 1999, while the GFED3 observed 339×104 km2. Current studies regarding long-

term spatial-explicit global fire history have shortcomings which hinder their application 

to studying fire-climate-human interactions. First, there is considerable disagreement in 

estimated global burned area with satellite observations in terms of temporal variation 

and spatial distribution; second, the effects of anthropogenic and environmental factors 

on fire patterns are difficult to interpret; third, temporal resolutions are relatively low, 

which is insufficient to study the seasonality of fire activity and emissions. Therefore, an 

urgent need is to develop a long-term, high resolution, gridded global burned area 

database consistent with satellite observations, with a consideration of both long-term 

climate change and human impacts. 

Global fire regimes have experienced extensive anthropogenic and environmental 

stresses in the 20th century due to the rapid climate and land use changes (Prentice, 2010). 
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Anthropogenic impacts have been recognized as the primary factor in controlling the 

global burned area (Flannigan et al., 2009b, Marlon et al., 2008b, Pechony &  Shindell, 

2010). The impacts of climate variation have also been studied at local, regional and 

global level (Liu et al., 2010, Westerling et al., 2006b). A key message is “Climate 

variability and fire weather influence wildfire behavior and account for the variability in 

fire severity at various time scales” (Liu et al., 2010). Most previous studies focused on 

either climate or anthropogenic factors, only a few quantitatively evaluated the impacts of 

both climate and human activities. Other environmental factors, such as CO2 and nitrogen 

deposition also play important roles in influencing fire regimes, however, are often 

neglected. To understand the mechanism of fire regimes at global scale, it is essential to 

quantify the relative contribution of human and multiple environmental factors 

simultaneously.  

The Dynamic Land Ecosystem Model (DLEM) (Tian et al., 2010a) is a highly 

integrated ecosystem model that incorporates biogeochemical cycle and water cycle to 

estimate the interactions and feedbacks among multiple ecosystem components. In this 

study, we improved the DLEM by coupling a process-based fire model to estimate global 

burned area and the feedback of fire to the ecosystem. The objectives of this study are: (1) 

to develop a global historical fire dataset at 0.5 degree resolution at monthly intervals 

from 1901 to 2007 through integrating the GFED3 burned area information; (2) to 

present the global and regional fire patterns; and (3) to discuss the determinative factors 

controlling fire trend and quantify the relative contributions of anthropogenic and 

multiple environmental factors to global and regional burned areas.   
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2. Materials and methods   

2.1. Datasets 
Gridded (0.5○×0.5○), geo-referenced data sets were compiled to drive DLEM-Fire, 

including satellite-observed fire climatology, climate (temperature, precipitation, relative 

humidity and wind speed and lightning frequency), atmospheric CO2 concentration, 

population density, nitrogen deposition, land use/cover change and land management 

practices (cropping system, fertilization and irrigation), GDP, and topography data 

(elevation, slope, and aspect) for the entire globe (Table 6-1). Satellite-observed fire 

climatology was derived from the GFED3 burned area from 1997 to 2007, which was 

developed based on multiple satellite sensors (MODIS, TRMM, VIRS, and ASTR) 

(Giglio et al., 2010a). Another satellite burned area product, MCD45A1 (Roy et al., 

2008a), was used for validation. Daily climate variables (1901- 2007) were generated 

based on CRU/NCEP dataset 

(http://nacp.ornl.gov/thredds/fileServer/reccapDriver/cru_ncep/analysis/readme.htm). 

Daily lightning frequency was collected from NASA LIS/OTD 

(ftp://ghrc.nsstc.nasa.gov/pub/lis/climatology/HRAC/), which is the climatology of daily 

lightning frequency for the period 1995-2011. Due to the lack of historical lightning data, 

the 17-year climatology was applied to each year across the study period. Population 

density (1901-2005) was extracted from the History Database of the Global Environment 

(HYDE3.1) (Klein Goldewijk et al., 2011), and assumed no change since 2005 due to the 

lack of data in 2006 and 2007. The CO2 concentration was obtained from the Carbon 

Dioxide Information Analysis Center (CDIAC). Land use/cover change was developed 

based on Synergetic Land Cover Product (SYNMAP) (Jung et al., 2006) and land use 
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transaction data (Hurtt et al., 2011). Annual deforestation rate was computed through the 

expansion of cropland and pasture within the grid where forest exists. Cropping system 

and crop phenology were identified based on a global crop geographic distribution map 

(Leff et al., 2004) and MODIS LAI products. Gross domestic production (GDP) dataset 

in 2000 is from van Vuuren et al., (2007). Elevation, slope and aspect were derived from 

Global 30 Arc-Second Elevation product (https://lta.cr.usgs.gov/GTOPO30). 

Table 6-1. The input datasets for DLEM-Firea 

Variables Period Sources 
Climate 1901-2007 CRU/NCEP 
Population density 1901-2005 HYDE3.1 
Lightning frequency climatology during 1995-2011 NASA LIS/OTD 
GDP 2000 van Vuuren et al., [2007] 
CO2 1901 – 2007 CDIAC 
Land use/cover change 1901-2007 SYNMAP and Hurtt et al., [2011] 
Topography Static GTOPO30 
Satellite-observed fire climatology climatology during 1997-2007 GFED3 

aThe variables simulated by DLEM , such as soil moisture and fuel loading, are not 
included in this table. 

2.2. Model implementation and experimental design 
DLEM-Fire implementation is comprised of three stages: (1) equilibrium run, (2) 

spin-up, and (3) transient run. The equilibrium run aims to determine the initial condition 

on January 1, 1901. In the equilibrium run, the model is fed with detrended climate data 

from 1901 to 1930, and atmospheric composition and land cover/use pattern in 1901 to 

reach an equilibrium state for carbon, nitrogen, and water (i.e. the changes in annual 

carbon, nitrogen and water fluxes and pools are less than 0.1 g C m-2, 0.1 g N m-2, and 0.1 

mm among consecutive years). After equilibrium state was reached, the model was run 

another 100 years for spin-up. In the transient mode, DLEM-Fire was driven by the time 

series of all input dataset and had two-type simulations: type I was run without 
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integrating satellite information, in which the annual satellite-adjusted scalar (𝑣𝑣) on each 

grid was estimated as the quotient of the average annual burned area of GFED3 and 

DLEM-Fire simulated average annual burned area from 1997 to 2007; type II was run 

after type I simulation by coupling the satellite-adjusted scalar (𝑣𝑣) estimated through type 

I simulation, and all the experiments below were based on type II simulation.  

Five experiments were designed to estimate the global burned area and quantify 

the relative contribution of human activities, climate change, and atmospheric 

components (CO2 and nitrogen deposition) respectively (Table 6-2). In the “baseline” 

scenario (sim0), all the forcing datasets were kept at the level in 1901 to estimate the 

inherent model fluctuation. The “all-Combined” scenario (sim1) considered the historical 

variation of all the driven factors. The “climate only” scenario (sim2) was driven by 

historical climate condition, but constant human activities, CO2 concentration, and 

nitrogen deposition. The “human only” scenario (sim3) was forced by dynamic human 

activities, but static climate, CO2 concentration, and nitrogen deposition. The “CO2+Ndep” 

scenario (sim4) was forced by historical CO2 concentration and nitrogen deposition, but 

static climate and human activities.  
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Table 6-2. Experimental design for this studya 

Simulation Scenario Climate LCLUC and Population CO2 and Ndep 
sim0 Baseline 1901 1901 1901 

sim1 All-Combined 1901-2007 
1901-2005 (L), 
1901-2007 (P) 1901-2007 

sim2 Climate only 1901-2007 1901 1901 

sim3 Human only 1901 1901-2005 (L), 
1901-2007 (P) 

1901 

sim4 CO2+Ndep 1901 1901 1901-2007 
aLCLUC, land cover and land use change; Ndep, nitrogen deposition; 1901-2007 indicates 
the dataset in 1901-2007 was used to drive model; 1901 indicates the dataset in 1901 was 
used to drive model through the whole simulation period; 1901-2005 (L), 1901-2007 (P) 
indicates LCLUC data ends at 2005 and Population data ends at 2007.  

 

3. Results and Discussion 

3.1. Spatial patterns  
During 1901-2007, our simulated global average burned area was 442.1×104 km2 

year-1, of which approximately 70.2% and 10.1% occurred in Africa and Oceania, 

respectively (Figure 6-1). The regions with high burned fraction included Africa, 

Northern Australia, and South America, where fuel was sufficient and dry season was 

long enough; the regions with low burned fraction were distributed in cold areas (e.g. 

Tibet plateau), very humid areas (e.g. interior Amazon rainforest) and regions with low 

fuel loading (e.g. Sahara desert). In the west-east direction, maximum burned area 

occurred between 10○ E and 40○ E, which was mainly due to fire in Africa. In the north-

south direction, two high burned area zones were shown clearly: one was approximately 

located at 10○ N, and the other one was within 5○ S - 20○ S.  
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Figure 6-1. Spatial distribution of global fire. (a) Average burned fraction from 1901 to 
2007, (b) zonal sum of burned area per 0.5○ latitude, (c) meridional sum of burned area 
per 0.5○ longitude. 

 

Table 6-3 lists global burned area estimated by Satellite observations, process-

based fire models, and hybrid methods. Satellite observations (GFED, MCD45A1, 

L3JRC, GBA2000, and GlobScar) clustered the burned area around 350×104 km2 year-1 

in the 2000s. Yet, Randerson et al. (2012) argued satellite imagery with coarse spatial 

resolution failed to detect small fires, and global burned area could be more than 400×104 

km2 year-1. Fire models estimated a similar global burned area as satellite observations, 

since satellite observed fires were often used as benchmarks to calibrated fire models 

(Kelley et al., 2013). Annual burned area from 1997 to 2004 estimated by Kloster et al. 

(2010) and Li et al. (2012) were 300×104 km2 and 330×104 km2, respectively. Our 
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estimated global burned area was 362.6×104 km2 year-1 in the 2000s, which fell within the 

range of satellite observations. 

Table 6-3. Annual global burned area estimated by different studies 

Source study period 

annual burned area 

(104 km2 year-1) study approach 

GFED4 [Giglio et al., 2013] 1997-2011 348 multiple satellite observations 

GFED3 [Giglio et al., 2010] 1997-2010 363 multiple satellite observations 

GFED2 [van der Werf et al., 2006] 1997-2004 329 multiple satellite observations 

MCD45A1 [Roy et al., 2008] 2002-2010 338 satellite observation 

L3JRC [Tansey et al., 2008] 2000-2007 392 satellite observation 

GBA2000 [Tansey et al., 2004] 2000 350 satellite observation 

GlobScar [Simon et al., 2004] 2000 211 satellite observation 

[Randerson et al., 2012] 2001-2010 464 satellite observation 

[Kloster et al., 2010] 1997-2004 300 process-base fire model 

[Li et al., 2012] 1997-2004 330 process-base fire model 

[Schultz et al., 2008] 1960-2000 383 hybrid of official statistics and 

process-based fire model 

[Mouillot and Field, 2005] 1900-2000 503 hybrid official statistics and 

satellite observation 

This study 1901-2007 442 hybrid of process-based fire 

model and satellite observation 

 

3.2. Temporal variations 
For the period from 1901 to 2007, Mann-Kendall trend test indicated a significant 

decreasing trend in global burned area at the rate of 1.28×104 km2 year-1, with a relatively 

small annual variation (CV = 0.1) (Table 6-4). The largest burned area was in 1912 

(552.1×104 km2), and the lowest burned area appeared in 2006 (348.9×104 km2). Decadal 
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burned area from the 1900s through the 2000s (2000s in this study refers to 2001-2007) 

varied between 362.9×104 km2 year-1 and 492.3×104 km2 year-1 (Figure 6-2). The burned 

area in the tropics and extratropics presented a significant declining trend, while no 

significant trend was detected at high latitudes.  

Table 6-4. The mean, CV and trend of global and regional burned areas during 1901-
2007a  

 
Mean (104 km2 year-1) CV Slope (104 km2 year-1) Trend significance 

Global 442.1 0.1 -1.28 (-0.29%) S 

N. High 4.7 0.43 -0.01 (-0.21%) NS 

N. Extra 30.4 0.43 -0.37 (-1.21%) S 

Tropics 374.7 0.09 -0.84 (-0.22%) S 

S. Extra 32.3 0.14 -0.05 (-0.15%) S 
aTrends were analyzed with significance of Mann-Kendall test (S for significant, P<0.05; NS for not 
significant, P≥0.05) and Sen’s slope; CV, coefficient of variation; in the column of “Slope”, the 
values within the parentheses are relative slope (slope normalized by the average burned area). 

 

 

Figure 6-2. Decadal variation of global burned area. Error bar refers to the standard 
deviation of annual burned area within that decade.  

 

The estimation of our study suggesting global fires declined in the 20th century 

was supported by Antarctic ice core record of atmospheric carbon monoxide (Wang et al., 
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2010), charcoal records (Marlon et al., 2008b), and fire model simulation of Li et al. 

(2013). Prentice (2010) argued present biomass burning is at a historical low because of 

human induced fuel loads reduction and fuel beds fragmentation. However, there are 

some studies presenting a different trend. As revealed by the dataset of Mouillot and 

Field (2005), 503×104 km2 of land area experienced fire annually in the 20th century, 

with an upward trend after the 1950s. However, their dataset should be used with caution, 

since they made some assumptions and interpolations to quantify the burned area based 

on the scattered and qualitative fire records, which may bring in large uncertainties. 

Besides that, their dataset may not be able to reflect the variation of burned area along the 

variation of driving forces, as they disregarded the underlying mechanism of fire 

activities. van der Werf et al. (2013) analyzed biomass burning sources and historical 

methane record, and argued the historical high levels of biomass burning implied by ice 

core record of carbon monoxide is likely overestimated. Yet, methane concentration may 

not be a good indicator of biomass burning, because methane emission from fires only 

contributes 5.6% of global emission (Kirschke et al., 2013), and explains only 15% of 

global emission anomalies, as compared with 70% explained by wetland emissions 

(Bousquet et al., 2006). Kloster et al. (2010) simulated global burned area and found a 

downward trend from the 1900s to the 1960s, followed by an upward trend from the 

1970s to the 1990s. The simulation of Pechony and Shindell (2010) showed global fire 

activity increases from the 1900s to the 1940s, and then decreases afterwards. These 

simulations contradict our estimated trend, which may be attributed to the different 

parameterization of anthropogenic impact on fire.          
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3.3. Relative contribution of human activities, climate, and atmospheric components 
Previous studies have reported the impacts of climate or human activities on fire 

regime, while few of them quantified the relative contribution of multiple factors. The 

impact of atmospheric components, such as CO2 and nitrogen deposition, was basically 

neglected. In this study, we conducted factorial experiments to quantify the relative 

contribution of human activities and multiple environmental factors from 1901 to 2007. 

The contribution of climate on burned area was estimated by the difference between sim2 

and sim0; the contribution of human activity was estimated by the difference between 

sim3 and sim0; and the contribution of CO2 and nitrogen deposition was estimated by the 

difference between sim4 and sim0.       

3.3.1. Human activities  

Anthropogenic impacts are critical factors in determining global fire patterns, 

since they may increase or decrease wildfire activity through grazing, clearing forests, 

altering ignition patterns and suppressing fires. Marlon et al. (2008) found an abrupt fire 

reduction after the 1870s in the tropics and extratropics as a response to cropland and 

pasture expansion. The model simulation of Pechony and Shindell (2010) suggested 

global fire as an anthropogenic-driven phenomenon in the 20th century. In our study, 

human impact was identified as the primary factor accounting for the declining trend in 

global fire activity, which reduced global burned area by 141.2×104 km2 year-1 in the 

2000s (sim3 – sim0) (Figure 6-3). In the tropics, cropland area increased by 76.6%, and 

population increased by 310% from the 1900s to 2000s. Although it has been reported 

that deforestation rate and burned area in Amazonia increased substantially since the 

1970s (Houghton et al., 2000b), human activities remarkably reduced burned area in the 
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tropics as a whole region (Figure  6-3), which is mainly contributed by the fire reduction 

in the tropical Africa and tropical Asia. In northern extratropics, human impact 

continuously increased from 1900s to 1980s (Figure 6-3). Until the 1980s, burned area 

was reduced by 31.7×104 km2 year-1 compared to the beginning of the 20th century, in 

which human activities contributed 23.6×104 km2 year-1. Studies have attributed the 

reduction of large fires in United States during this period to extensive livestock grazing 

and fire suppression efforts (Belsky &  Blumenthal, 1997, Savage &  Swetnam, 1990). 

Fire models also suggested fire suppression efforts have substantially reduced the extent 

of wildfire in United States (Lenihan et al., 2008). In China, burned area showed a 

downward trend from the 1950s to the 1990s. From 1981, fire suppression was 

strengthened across the forested region and abruptly reduced burned area (Lü et al., 

2006). At high latitudes, our results indicate human impact was relatively small compared 

with climate effects (Figure 6-3), although fire suppression was an important component 

in forest management (Flannigan et al., 2005). Generally, in the 20th century, human 

activities acted as the dominant factor in determining the downward trend in the tropics 

and extratropics, but its impact was relatively minor at high latitudes.    
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Figure 6-3. Factorial contributions to the inter-decadal variation of burned area. (a) Globe, 
(b) Northern high latitudes (>55° N), (c) Northern extratropics (55° N to 30° N), (d) 
Tropics (30° N to 20° S), and (e) Southern extratropics (>20° S).   

 

3.3.2. Climate variation 

At high latitudes, we found fire temporal pattern was closely related to climate 

variation (Figure 6-3). The contribution of climate variation on burned area (sim2 – sim0) 

dropped down from 2.3×104 km2 year-1 to -0.5×104 km2 year-1 during the 1930s-1960s, 

and increased from -0.5×104 km2 year-1 to 3.41×104 km2 year-1 during the 1960s-1990s. 

(a) (b)

(c) (d)
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Correspondingly, the burned area decreased by 2.8×104 km2 year-1 from the 1930s to 

1960s, and increased by 3×104 km2 year-1 from the 1960s to 1990s, which indicated 

decadal variation of burned area at high latitudes was controlled by climate variation. Our 

estimated temporal pattern of burned area was comparable with other studies. The Large 

Fire Database (LFDB), which includes large fire information in Canada starting from 

1959 (Stocks et al., 2002), indicated an upward trend in the amount of area burned in 

Canada from 1959 to the end of the 20th century. Wanger (1988) described burned area 

in Canada as a downward trend from the 1940s to the 1960s, followed by an upward 

trend from the 1960s to the 1990s. Krezek-Hanes et al., (2011) reported Canda burned 

area increased from the 1960s to the 1990s, and then decreased in the 2000s. Flannigan 

et al. (2005) suggested fire regimes in Canada were controlled by climate factors with 

temperature as the most important predictor to estimate burned area.  

In the extratropics, climate influence was also important for fire activities. In the 

western United States, wildfire frequency has increased since the mid-1980s in response 

to the climate warming and extended fire season (Westerling et al., 2006b). As 

demonstrated by Figure 6-3, our simulation captured the upward trend of burned area in 

northern extratropics from the 1980s to the 2000s. Within this period, climate dominated 

the fire trend, and its contribution increased from -7.1×104 km2 year-1 to 7.8×104 km2 year-

1. In southern Africa, either human activities or climate change could act as the primary 

factor in shaping fire regimes (Archibald et al., 2009). As shown in Figure 6-3, both 

climate and human activities were critical in southern extratropics. Although human 

impact was identified as the dominant factor in the extratropics, its influence was largely 
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counteracted by climate change. If the warming trend continues in the 21st century, 

climate impact may outweigh anthropogenic influence and become the primary factor in 

the extratropics. In general, climate variation was the primacy of fire variation at high 

latitudes, and is becoming increasingly important in extratropics in the context of global 

warming. However, the impact of climate variation was much less than anthropogenic 

influences in tropical regions and at the global level in the 20th century.    

3.3.3. Atmospheric components 

The impacts of atmospheric components on fire activity are rarely studied, 

because they are often covered up by the impacts of climate and human activities and its 

effect is difficult to detect based on short-term fire observations. The impacts of 

atmospheric components on ecological and hydrological processes have been verified by 

observations and model simulations. Theoretically, CO2 and nitrogen deposition can 

stimulate fire activities by boosting ecosystem productivity, vegetation biomass, and then 

fuel loading (Norby et al., 2010, Thomas et al., 2010); at the same time, CO2 can 

suppress fire occurrence by retaining more water in the soil (Nelson et al., 2004) through 

reducing transpiration (Ainsworth &  Rogers, 2007). Fire models are able to provide 

insight into the impact of atmospheric components on burned area (sim4 – sim0). As 

indicated by our simulation, the impact of atmospheric components reduced burned area 

at high latitudes (Figure 6-3). In the tropics and southern extratropics, elevated CO2 and 

nitrogen deposition significantly stimulated fire activity (Figure 6-3). In northern 

extratropics, the impact of elevated CO2 and nitrogen deposition was small, which is 

probably because the positive effect and negative effect counteracted each other. At the 
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global level, the impact of CO2 and nitrogen deposition enhanced the burned area 

significantly (Figure 6-3). It is reasonable to expect atmospheric components will have 

more of a significant effect on global fire regimes with the continuous increasing trend in 

CO2 and nitrogen deposition projected in the 21st century (Lamarque et al., 2013b). 

3.4. Uncertainties and future needs 
The global burned area dataset of this study agrees well with satellite fire products 

in terms of spatial and temporal patterns, but there should be some uncertainties when 

interpreting the results due to the input data and fire model parameterization. The 

constant lightning frequency applied to each year in the study period was one source of 

uncertainty. Currently, the dynamic lightning dataset prior to 1995 is still unavailable. To 

improve the spatial pattern of burned area simulation, GFED3 observed was integrated 

into DLEM-Fire. Thus, the reconstructed database has inherited uncertainties from 

GFED3 (Giglio et al., 2010a). Fire activities are a complicated phenomenon depending 

on numerous parameters (Pechony &  Shindell, 2009). Although DLEM-Fire has 

addressed most critical factors influencing fire activity, some processes, such as the 

impact of fuel quality, have not been well represented in the current fire module. The 

parameterization of fire duration in the present study only considered average fire 

duration and natural fire breaks, which may lead DLEM-Fire to underestimate the burned 

area caused by megafire events that last much longer than the average fire duration. A 

new algorithm estimating fire duration base on fuel characteristics, fire suppression effort, 

and weather conditions is expected to greatly improve model performance in estimating 

burned area under extreme climate conditions. On the deforested land in Amazonia, trees 

were reburned several times within one year to clear the land, and the burned area is at 
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least twice the deforested area (Nepstad et al., 1999). Combustion completeness and 

climate conditions are the two major factors determining the burning times. DLEM-Fire 

probably underestimated the burned area of deforestation fire. Moreover, the performance 

of DLEM-Fire needs further evaluation as one component within the framework of 

DLEM. The information collected from field observations related to fuel loading, fuel 

consumption, fire emissions, and fire damage to vegetation can be valuable for model 

development, validation and application.      

4. Conclusions 
In this study, we reconstructed a 0.5° × 0.5° data set of the global burned area for 

the 20th and early 21st centuries based on a process-based fire model and made 

comparisons to satellite observations. The resulting comparison indicated our 

reconstructed global fire history was capable of capturing the spatial and temporal 

patterns of global fire activities. As indicated by this dataset, the global burned area 

during 1901-2007 was 442.1×104 km2 year-1 and showed a significant declining trend at 

the rate of 1.28×104 km2 year-1. At the regional level, burned area in tropics and 

extratropics exhibited a significant declining trend, with no significant trend at high 

latitudes.  

This study highlighted the evaluation of the relative contributions of human 

activities, climate, and atmospheric components to global and regional burned areas, and 

was the first time to address the importance of elevated CO2 and nitrogen deposition to 

fire regimes. The factorial experiments identified human activities as the dominant factor 

in determining the declining trend of burned area in the tropics and extratropics, and 

climate variation as the primary factor in shaping the decadal variation of burned area at 
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high latitudes. The impact of climate change in extratropics is becoming increasingly 

important and may induce more fires in the context of global warming. Elevated CO2 and 

nitrogen deposition enhanced burned area in tropics and southern extratropics, but 

suppressed fire occurrence at high latitudes. The spatial and temporal information on 

global burned area derived from this study can be used for ecosystem, hydrological, and 

climate modeling as well as by policy makers for understanding and assessing complex 

interactions among fire, climate and human in a changing global environment.   
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Chapter 7. Century-scale estimation of global pyrogenic carbon emissions and fire 
impacts on terrestrial carbon fluxes 

 

Abstract 
Fires have consumed sizable amount of terrestrial organic carbon, and 

significantly influenced ecosystems and climate system over the past century. Less work 

has done in century-scale assessment of the changes in global fire regimes, although the 

global biomass burning has been widely investigated via satellite observations in the 

recent decades. The knowledge of long-term fire history in the context of multiple 

environmental changes would enhance our understanding of future changes in fire 

regimes. In this study, we investigated the global pyrogenic carbon emissions and fire 

impacts on carbon fluxes from 1901 to 2010 by using a process-based ecosystem model. 

The results show a significant declining trend in global pyrogenic carbon emissions 

between the early 20th century and the mid-1980s and then a significant increase trend 

thereafter. The increase trend in the recent decades is mainly caused by the more fire 

activities in the ecosystems with huge carbon storage, such as peatland and tropical 

rainforest. The average pyrogenic carbon emission was estimated to be 2.43 ± 0.27 Pg C 

year-1 over the 110 years. Due to fire impacts, global net primary productivity, 

heterotrophic respiration, and net carbon sink in terrestrial ecosystems were reduced by 

4.14 Pg C year-1, 6 Pg C year-1, and 0.57 Pg C year-1, respectively. Our study suggests 

that, in the future, special attention should be paid on the fire activities in the current 

peatland and tropical rainforest ecosystems. Practical strategies, such as minimizing the 

forest logging and cropland expansion in these humid regions, need be applied to reduce 

the risks of fires and pyrogenic emissions.    
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Key words: The Dynamic Land Ecosystem Model (DLEM); Terrestrial carbon sink; Fire 

emissions; Climate change 

 

1. Introduction 
At global scale, the recent estimates of terrestrial carbon sink clustered at around 

2.6 Pg C year-1 e.g., (Poulter et al., 2014, Quéré et al., 2013), while the estimates of 

global pyrogenic carbon emissions in the recent decade clustered at around 2.0 Pg C 

year−1, e.g., (Kaiser et al., 2012b, Li et al., 2014c, van der Werf et al., 2010b) . The 

global fire emissions presented strong inter-annual variations. For example, as shown by 

the third-generation global fire emissions database (GFED3) (van der Werf et al., 2010b), 

global pyrogenic carbon emissions were more than 2.5 Pg C year-1 in the two El Nino 

years 1997 and 1998, while lower than 1.6 Pg C year-1 in the year 2001 and 2009. The 

inter-annual variations in pyrogenic carbon emissions could substantially influence the 

size of terrestrial carbon sink. For many ecosystems, such as Canadian boreal forest and 

Amazon tropical forest, fire has been recognized as one of the most critical factors 

controlling the overall direction of carbon fluxes between land and atmosphere (Bond-

Lamberty et al., 2007, Gatti et al., 2014).  

In the recent decades, fires were extensively studied in many regions across the 

globe in the context of climate changes and intensified human activities, e.g., (Andela &  

van der Werf, 2014, Kasischke &  Turetsky, 2006, Mack et al., 2011, Westerling et al., 

2006b). The earliest estimation of global fire carbon emissions could be dated back to the 

1980s (Seiler &  Crutzen, 1980). However, global fires and their impacts on terrestrial 
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carbon balance prior to the satellite era are largely unknown. Up to date, various 

approaches have been use to investigate burned area and fire emissions. Generally, the 

methods to investigate global burned area could be classified into three categories, 

namely ground-based inventory data interpolation (Mouillot &  Field, 2005, Schultz et al., 

2008), satellite observation (Giglio et al., 2013b, Roy et al., 2008c, Tansey et al., 2008b), 

and model simulation (Arora &  Boer, 2005, Le Page et al., 2015, Li et al., 2012, 

Pechony &  Shindell, 2009, Thonicke et al., 2010, Yang et al., 2014a, Yue et al., 2014a). 

Meanwhile, global fire emissions could be either estimated by the product of burned area, 

fuel loading and combustion completeness (Ito &  Penner, 2004a, Li et al., 2014c, 

Mouillot et al., 2006, Prentice et al., 2011b, Seiler &  Crutzen, 1980, Thonicke et al., 

2010, van der Werf et al., 2010b, van der Werf et al., 2006a, Yue et al., 2014b), or 

derived through the satellite-observed Fire Radiative Power (FRP) (Kaiser et al., 2012b, 

Zhang et al., 2014).   

To examine the impacts of fire on ecosystem, field experiments and model 

simulations have been conducted at site, regional, and global level. The field fire-

exclusion experiments to compare sites with different fire management strategies have 

been conducted in many regions across the globe e.g. (Bowman &  Panton, 1995, 

Moreira, 2000, Tilman et al., 2000). All of these experiments indicated that the long-term 

fire exclusion can lead to the increase of forest coverage, and frequent fires can reduce 

vegetation and soil carbon storage. Numerical model results show that the tree cover and 

biomass decreased linearly with increasing burned area (Poulter et al., 2015a), and closed 

forest would increase from 27% to 56% of vegetated land area once the global fire 

activities were excluded (Bond et al., 2005a). Thus, terrestrial ecosystem carbon storage 
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and carbon sequestration could be fundamentally modified by fires. However, the impact 

of fires on global carbon sink is largely unknown until two recent model-based studies by 

using CLM-fire model (Li et al., 2014c) and ORCHIDEE model (Yue et al., 2014b). 

Both of them designed the “Fire-on” and “Fire-off” numerical experiments, and 

computed the differences in carbon balance between the two experiments. It is worth 

noting that the estimated reductions in the terrestrial carbon sink presented large 

divergence between the two studies (1.0 Pg C year-1 estimated by Li et al., (2014) and 

0.32 Pg C year-1 estimated by Yue et al., (2014a)). Therefore, further investigation is in 

need to narrow down the uncertainties.  

Century-scale global burned area datasets have been reconstructed by Mouillet 

and Field, (2005) and Yang et al., (2014a), independently. The dataset of Mouillet and 

Field, (2005) was developed based on fire inventory data, while the dataset of Yang et al., 

(2014a) was reconstructed based on model simulations and constrained by satellite 

observation. In the present study, we conducted our investigation by using a process-

based ecosystem model, the Dynamic Land Ecosystem Model (DLEM), in combination 

with a newly developed burned area dataset and other gridded environmental datasets. 

The objectives are (1) to provide a century-scale estimation of global pyrogenic carbon 

emissions from 1901 to 2010, (2) to evaluate the impact of fires on terrestrial carbon 

budget, and (3) to discuss the influences of climate, human activities, and atmospheric 

components on the trend of historical biomass burning and their future implications.  
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2. Method and Data 

2.1. Model input datasets 
Gridded, georeferenced data sets are compiled to drive the DLEM at the spatial 

resolution of 0.5°×0.5°, including climate (daily mean/maximum/minimum temperature, 

precipitation, downward solar radiation, and relative humidity), atmospheric CO2 

concentration, nitrogen deposition, land use/cover change, burned area, topography, soil 

texture, and other ancillary datasets (the data availability is described in the supporting 

materials). The temporal variations in the global temperature, precipitation, CO2 

concentration, and nitrogen deposition rate are illustrated in Figure 7-1.  

 
 
Figure 7-1. The inter-annual variations of the DLEM input dataset on land area from 
1901 to 2010. (a) Global average temperature (°C), (b) precipitation (mm year-1), (c) CO2 
concentration (ppmv), and (d) nitrogen deposition rate (g N m-2 year-1)
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The monthly burned area dataset used in study is consisted of two products. Burned area 

from 1901 to 1996 is obtained from Yang et al., [2014a], while burned area from 1997 to 2010 

comes from GFED3 (Giglio et al., 2010a). As the dataset of Yang et al., [2014a] was 

reconstructed based on GFED3 burned area climatology, no abrupt change exists in the transition 

period from 1996 to 1997. As indicated by this dataset, global burned area decreased from 

547.24 × 104 km2 year-1 in 1901 to 324.39 × 104 km2 year-1 in 2010, with a significant declining 

trend of -1.84 × 104 km2 year-1 (Mann-Kendall trend significance test, p-value < 0.05, same 

hereafter) (Figure 7-2).  

 
 

Figure 7-2. (a) Spatial distribution and (b) inter-annual variations of global burned area during 
1901-2010.    
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2.2. Model implementation and experimental designs 
To investigate the fire-induced carbon emissions and the impact of fires on global carbon 

fluxes, we designed two model experiments, i.e., “Fire-on” and “Fire-off”, by using the DLEM. 

Generally, the implementation of the DLEM was composed of three stages: equilibrium run, 

spin-up, and transient run. The equilibrium run aimed to determine the initial condition. During 

the equilibrium run, the DLEM was fed with the average climate condition from 1901 to 1930 

and other input data (atmospheric CO2 concentration, nitrogen deposition, land cover) at the 

level of 1901, while the disturbances (such as, fires and harvest) were excluded. For each 

simulation grid, the equilibrium state was assumed to be reached when the changes in annual 

ecosystem carbon, nitrogen, and water pools were less than 0.1 g C m-2, 0.1 g N m-2, and 0.1 mm 

among 50 consecutive years. Both “Fire-on” and “Fire-off” simulations shared the same initial 

condition. After equilibrium state was reached, the model was run for another 100 years for spin-

up purpose. During this stage, the time-series of driving forces were randomly selected within 

the 30 years from 1901 to 1930, and fire option was switched on in the “Fire-on” experiment, but 

kept closed in the “Fire-off” experiment. The different spin-up strategies for “Fire-on” and “Fire-

off” experiments caused different sizes of vegetation and soil organic carbon/nitrogen storage. At 

last, the DLEM was run in a transient mode by feeding with the time series of all input datasets 

from 1901-2010.   

The pyrogenic carbon emissions were estimated in the “Fire-on” experiment. The 

differences of net primary productivity (𝑁𝑁𝑃𝑃𝑃𝑃) and ecosystem heterotrophic respiration (𝑅𝑅ℎ) in 

“Fire-on” and “Fire-off” simulations were analyzed to denote the impacts of fires on terrestrial 

carbon fluxes. Net ecosystem production (𝑁𝑁𝑃𝑃𝑃𝑃) was defined as the difference between 𝑁𝑁𝑃𝑃𝑃𝑃 and 
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𝑅𝑅ℎ. The fire impact on 𝑁𝑁𝑃𝑃𝑃𝑃 (𝑁𝑁𝑃𝑃𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑) was calculated according to the NPP and Rh in the “Fire-

on” and “Fire-off” simulations,    

𝑁𝑁𝑃𝑃𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑 = �𝑁𝑁𝑃𝑃𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑛𝑛 − 𝑅𝑅ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑛𝑛� − �𝑁𝑁𝑃𝑃𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑑𝑑𝑑𝑑 − 𝑅𝑅ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑑𝑑𝑑𝑑� 

Net biome production (𝑁𝑁𝐵𝐵𝑃𝑃) was analyzed to investigate the impact of fires on terrestrial 

carbon sink, which is defined in this study as the difference between 𝑁𝑁𝑃𝑃𝑃𝑃 and the sum of 𝑅𝑅ℎ, 

pyrogenic carbon emissions (𝐶𝐶𝑏𝑏𝑠𝑠), carbon emissions during crop harvesting (𝐶𝐶ℎ𝑎𝑎𝑔𝑔𝑣𝑣), and biogenic 

methane emission (𝐶𝐶𝑎𝑎𝐻𝐻4). The magnitude of fire impacts on 𝐶𝐶ℎ𝑎𝑎𝑔𝑔𝑣𝑣 and 𝐶𝐶𝑎𝑎𝐻𝐻4  was found to be 

negligible comparing to its impacts on 𝑁𝑁𝑃𝑃𝑃𝑃 and 𝑅𝑅ℎ. Thus, we simplified the equation of fire 

impacts on terrestrial carbon sink (𝑁𝑁𝐵𝐵𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑) as, 

 

𝑁𝑁𝐵𝐵𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑 = �𝑁𝑁𝑃𝑃𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑛𝑛 − 𝑅𝑅ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑛𝑛 − 𝐶𝐶𝑏𝑏𝑠𝑠� − �𝑁𝑁𝑃𝑃𝑃𝑃𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑑𝑑𝑑𝑑 − 𝑅𝑅ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑−𝑐𝑐𝑑𝑑𝑑𝑑�    

Furthermore, we designed another two simulations, i.e., “without-CO2” and “without-

Ndep”, to examine the impacts of changes in atmospheric components (CO2 concentration and 

nitrogen deposition) on pyrogenic carbon emissions. In the “without-CO2” (“without-Ndep”) 

simulation, the model configurations were similar to the “Fire-on” experiment, except that the 

atmospheric CO2 concentration (nitrogen deposition rate) was kept at the level in 1901. The 

differences of the simulated pyrogenic carbon emissions in “Fire-on” and “without-CO2” 

simulations were assumed to be caused by the increment in CO2 concentration during 1901-2010. 

Similarly, the impact of increased nitrogen deposition on pyrogenic carbon emissions can be 

calculated according to the differences between “Fire-on” and “without-Ndep” simulations.    
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3. Results 

3.1. Long-term trend of pyrogenic carbon emissions 
From 1901 to 2010, DLEM-simulated global pyrogenic carbon emissions were 2.43 ± 

0.27 Pg C year-1 (avg. ± 1 std. dev., same hereafter). The maximum carbon emissions occurred in 

the year 1912 (3.02 Pg C year-1). Although burned areas in some other years, such as 1997 and 

2009, were even lower, the minimum carbon emissions occurred in the year 2001 (1.89 Pg C 

year-1), indicating a smaller combustion rate (carbon emissions per area burned, in unit g C m-2 

burned area year-1) in this year. Pyrogenic carbon emissions decreased significantly from the 

early 20th century to the mid-1980s at the rate of -0.0086 Pg C year-1, but followed by a 

significant increase at the rate of 0.014 Pg C year-1 from 1984 to 2010 (Figure 7-3). The upward 

trend in pyrogenic carbon emissions after the year 1984 were mainly contributed by the large 

increases in the low-latitudes (defined as 30° N to 30° S in this study) and mid-latitudes (defined 

as 30° N to 55° N, and 30° S to 55° S). The pyrogenic carbon emissions in the low-latitudes and 

mid-latitudes increased significantly at 0.011 Pg C year-1 and 0.006 Pg C year-1. However, the 

trend in pyrogenic carbon emissions in the high-latitudes (defined as 55° N and north) was not 

significant after the 1980s, which is similar to Balshi et al., (2007) indicating that, in the boreal 

North America (Canada and Alaska), the fire emissions in the 1990s were lower than those in the 

1980s.       
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Figure 7-3. Inter-annual variations of pyrogenic carbon emissions from 1901 to 2010 at global 
level (a), in the low-latitudes (b), mid-latitudes (c), and high-latitudes (d).    
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3.2. Spatial pattern of pyrogenic carbon emissions 
In the low-latitudes, 1.87 ± 0.2 Pg C organic carbon was burned annually, which 

contributed 77% to the global total amount. The pyrogenic carbon emissions in the mid-latitudes 

and high-latitudes contributed 14.8% and 8.2%, respectively. At continental level, the pyrogenic 

carbon emissions in Africa contributed the most (44%) to global total, followed by Asia (19.8%), 

South America (18.1%), North America (10.7%), Oceania (5.3%) and Europe (2.1%) (Table 7-1). 

Over the area affected by fires, the global average combustion rate was 537.85 g C m-2 burned 

area year-1. The highest combustion rate occurred in North America (2549.02 g C m-2 burned 

area year-1), while the lowest were found in Oceania (300.23 g C m-2 burned area year-1) and 

Africa (344.27 g C m-2 burned area year-1). Generally, the combustion rate in the pan-tropical 

regions was lower than that in the pan-boreal regions (Figure 7-4). The different combustion rate 

could be attributed to the fuel loading, fire return interval, and vegetation composition. In the 

tropical savanna regions, the frequent fires reduced fuel loading, and thus fuel combustion rate; 

while fires in the boreal forest have longer return interval, and left sufficient time for forest 

recovery and fuel accumulation. The crown fire is a common fire type in the boreal North 

America (Rogers et al., 2015), which substantially alters vegetation composition and combusts 

much more fuels than the tropical savanna fire.     
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Table 7-1. The statistics of average burned area, pyrogenic carbon emissions, and combustion 
rate from 1901 to 2010 at global and continental scales. The values within the parentheses denote 
their contributions to the global total amount.     

 

 

Burned area 
(×104 km2 year-1) 

Pyrogenic carbon emissions 
(Pg C year-1) 

Combustion rate 
(g C m-2 burned area year-1) 

Globe 451.8 (100%) 2.43 (100%) 537.85 

Africa 310.8 (68.8%) 1.07 (44%) 344.27 

Asia 46.2 (10.2%) 0.48 (19.8%) 1038.96 

Oceania 43.3 (9.6%) 0.13 (5.3%) 300.23 

South America 36.2 (8%) 0.44 (18.1%) 1215.47 

North America 10.2 (2.3%) 0.26 (10.7%) 2549.02 

Europe 5.1 (1.1%) 0.05 (2.1%) 980.39 
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Figure 7-4. (a) The spatial distribution of the 110-year average pyrogenic carbon emissions at 
grid level (g C m-2 year-1), and (b) combustion rate in the area affected by fires (g C m-2 burned 
area year-1).  

 

3.3. Fire impact on terrestrial carbon budget 
During the 110 years, the global terrestrial NPP were estimated to be 50.22 Pg C year-1 

and 54.36 Pg C year-1 in the “Fire-on” and “Fire-off” simulations, respectively (Figure 7-5). 

Under the impact of fires, the globally NPP was reduced by 4.14 Pg C year-1, with the largest 

NPP reduction occurred in Africa (2.59 Pg C year-1) (Table 7-2). The NPP reduction in the “Fire-

on” simulation was primarily caused by the less forest coverage and lower soil fertility. The 

global Rh were estimated to be 46.79 Pg C year-1 and 52.79 Pg C year-1 in the “Fire-on” and 
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“Fire-off” simulations in the study period (Figure 7-5). Global Rh was reduced by 6 Pg C year-1 

by fire activities, with the largest reduction in Africa (3.49 Pg C year-1) as well. The lower Rh in 

the “Fire-on” simulation could be attributed to the lower amounts of litter and soil organic 

materials for microbial decomposition. The Rh reduction caused by fires was higher than the 

reduction in NPP. Therefore, the global NEP in the “Fire-on” simulation was 1.86 Pg C year-1 

higher than that in the “Fire-off” simulation. Combining the fire-induced NEP change and the 

pyrogenic carbon emissions together, terrestrial carbon sink was estimated to be reduced by 0.57 

Pg C year-1 under the influences of global fires. Three continents with largest reduction in 

terrestrial carbon sink were Asia (0.18 Pg C year-1), Africa (0.17 Pg C year-1), and North 

America (0.14 Pg C year-1), sequentially.  

Table 7-2. The impact of fires on terrestrial carbon fluxes and carbon budget at global and 
continental scales during 1901 – 2010. 

 

NPP change 
(Pg C year-1) 

Rh change 
(Pg C year-1) 

NEP change 
(Pg C year-1) 

NBP change 
(Pg C year-1) 

Globe -4.14 -6 1.86 -0.57 
Africa -2.59 -3.49 0.9 -0.17 
Asia -0.5 -0.8 0.3 -0.18 
Oceania -0.24 -0.36 0.12 -0.01 
South America -0.59 -0.97 0.38 -0.06 
North America -0.17 -0.29 0.12 -0.14 
Europe -0.05 -0.09 0.04 -0.01 
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Figure 7-5. The temporal variations of global net primary productivity (a) and heterotrophic 
respiration (b) simulated by the DLEM.  

 

In the meridional direction, the fire-induced reductions in NPP and Rh presented double-

peak pattern, with one peak located at between 0° and 15° N and the other peak located at 

between 0° and 20° S (Figure 7-6). In the low-latitudes, NPP was reduced by 3.92 Pg C year-1, 

contributing 94.7% of the global NPP reduction; Rh was reduced by 5.52 Pg C year-1, 

contributing 92% of the global Rh reduction. The reductions in NPP and Rh in the mid- and 

high-latitudes were much lower than those in the low-latitudes. The fire-induced reduction in 
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carbon sink was mainly contributed by two latitudinal bands: one was located at between 46° N 

to 70° N, contributing 48.1% of global fire-induced NBP reduction, the other one was located at 

between 10° N to 20° S, contributing 42.1% of the global fire-induced NBP reduction (Figure 7-

6). 
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Figure 7-6. Fire-induced changes in net primary productivity (a), heterotrophic respiration (b),  
net ecosystem production (c), and net biome production (d), which are calculated as the 
differences of each variable between the “Fire-on” and “Fire-off” simulations.  
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4. Discussions 

4.1. Changing trends of pyrogenic carbon emissions during 1901-2010 
 The burned areas in the tropics and extra-tropics have been found to have declining 

trends in the last century (Marlon et al., 2008a, Yang et al., 2014a). The satellite observations 

indicated that the trend in global burned area continues in the first decade of this century (Giglio 

et al., 2013b). Prior to the 1980s, the downward trend in burned area is the major factor 

determining the declining of pyrogenic carbon emissions simulated by the DLEM. Previous 

studies identified human activities as the main factor in controlling the trends in burned area and 

pyrogenic carbon emissions: fire suppression activities inhibited fire durations, while cropland 

expansion broke the fuel continuity and reduced fire spread (Marlon et al., 2008a). However, 

after the mid-1980s, the trend of pyrogenic carbon emissions reversed, which contradict the 

continuous decrease trend in burned area. The reversed trend in the recent decades can be 

explained by the significant increase in the combustion rate from 1985 to 2010 (Figure 7-7), 

which was caused by the increased burned area in the ecosystem with higher carbon storage 

(such as, tropical rainforest), and CO2 and nitrogen deposition induced higher fuel loading.  

 

 

 

 

141 
 



 

 

 

Figure 7-7. Inter-annual variations in the global average combustion rate during 1901-2010.  

 

In the recent decades, the tropical deforestation area increased dramatically. It has been 

recorded that forest clear-cutting area increased from 18,165 km2 in 2001 to 23,750 km2 in 2004 

in Brazilian Amazon basin, and increased from 17,000 km2 in 1997 to 21,000 km2 in 2003 in 

Indonesia (Santilli et al., 2005). Fire is one economical and widely-used practice to clear the 

tropical forested land and prepare for agricultural cultivation. Different with other fire types, the 

trees were usually reburned several times by the deforestation fires within one year to thoroughly 

clear the land. Thus, the burned area could be several times of the deforested area, and the 

combustion completeness is very high (Nepstad et al., 1999). Since the 1990s, the importance of 

tropical peatland fires have been widely recognized and studied. The carbon emissions from 

deep-burning peatland fires in Indonesia were estimated to be 0.95 Pg C in 1997 and 1998 (Page 

et al., 2002, van der Werf et al., 2010b). In the recent decades, human activities in the Southeast 

Asia peatland, such as logging, drainage, and plantation development, reduced the forest canopy 

and dried up the fuel, which made peatland soil easier to catch fire (Turetsky et al., 2015). In the 
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boreal peatland regions, the recent global warming enhanced the fire risk. It has been reported 

that an unprecedented Alaska peatland fire in 2007 released 2.1 Tg C to the atmosphere (Mack et 

al., 2011).   

In many regions of the mid-latitudes, burned area since the 1980s presented substantial 

increases. For example, in the western United States (US), the total burned area increased at the 

rate of 355 km2 year-1 from 1984 to 2011 (Dennison et al., 2014). The increment in burned area 

in the western US could be largely attributed to the climate warming, earlier spring, and more 

frequent droughts (Westerling et al., 2006b). In the early and middle 20th century, the fire 

suppression policies inhibited fire spread and duration (Houghton et al., 2000a), which, therefore, 

enhanced fuel accumulation and induced higher fire emissions in the 21st century. From 1984 to 

2012, the pyrogenic carbon emissions in the conterminous US were reported to be 17.65 ± 12.68 

Tg C year-1 with a significant increasing trend at the rate of 0.87 Tg C year-1 (Yang et al., 2015). 

It is worth noting that burned area and fire emissions in some areas in the mid-latitudes, such as 

China, witnessed continuous decline from the 1950s to the 2000s under the intensified fire 

suppression activities (Lü et al., 2006). Nevertheless, the declining trend in China did not reverse 

the increasing trend in the entire mid-latitudes after the 1980s. 

As indicated by the model input datasets, the average CO2 concentration increased from 

294.5 ppmv to 393.7 ppmv, and the average nitrogen deposition rate over the land area increased 

from 0.16 g N m-2 year-1 to 0.54 g N m-2 year-1 during 1901-2010 (Figure 7-1). The changes in 

atmospheric components have been reported to stimulate the terrestrial carbon sequestration and 

vegetation carbon storage e.g. (Lu et al., 2012, Tian et al., 2011). We further examined the 

impacts of CO2 and nitrogen deposition on pyrogenic carbon emissions. The results showed that 
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both the changes in CO2 and nitrogen deposition rate positively contributed to the global 

pyrogenic carbon emissions, and their influences increased with time (Figure 7-8). Comparing 

with the year 1901, CO2 increment enhanced global pyrogenic carbon emissions by 0.1 Pg C 

year-1, 0.13 Pg C year-1, and 0.16 Pg C year-1 in the 1980s, the 1990s and the 2000s, respectively; 

meanwhile, nitrogen deposition enhanced global pyrogenic carbon emissions by 0.08 Pg C year-1, 

0.1 Pg C year-1, and 0.13 Pg C year-1 in the 1980s, the 1990s and the 2000s, respectively. The 

increments in CO2 concentration and nitrogen deposition contributed to the upward trend of 

pyrogenic carbon emissions.  

 

Figure 7-8. The contributions of the atmospheric CO2 and nitrogen deposition to the pyrogenic 
carbon emissions from the 1900s to the 2000s. 

 

4.2. Comparison with other studies 
 Mouillet et al., (2006) showed that the global pyrogenic carbon emissions at the 

beginning of the 20th century were 1.5-2.7 Pg C year-1, and increased to 2.7-3.3 Pg C year-1 by 
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the end of the 20th century. However, our study indicated that global pyrogenic carbon emissions 

were 2.7 Pg C year-1 in the 1900s, and decreased to 2.36 Pg C year-1 in the 1990s. The 

discrepancies could be mainly attributed into the large differences between the global burned 

area dataset used by Mouillet et al., (2006) and the one used in this study. From 1997 to 2000, 

the burned area dataset used in Mouillet et al., (2006) indicates that the global burned area is 602 

× 104 km2 year-1, which is 51.3% higher than GFED3.1 burned area. The declining trend of 

burned area used in our study is more consistent with the charcoal-based reconstruction of fire 

history  (Marlon et al., 2008a). Nevertheless, both our study and Mouillet et al., (2006) show that 

global pyrogenic carbon emissions present significant increasing trend after the mid-1980s. 

In this study, the DLEM simulations indicated that fire activities reduced the terrestrial 

carbon sink by 0.57 Pg C year-1, which falls between the estimates of Li et al., (2014) (1 Pg C 

year-1) and Yue et al., (2014) (0.32 Pg C year-1). Our estimated global pyrogenic carbon 

emissions are 2.43 Pg C year-1, which are 27.9% higher than Li et al., (2014) and Yue et al., 

(2014) (1.9 Pg C year-1). Both Li et al., (2014) and Yue et al., (2014) simulated the burned area 

by fire models, while our study used the satellite-constrained global burned area as input dataset, 

which has similar spatial pattern to satellite observations. For the three studies, large differences 

exist in the fire-induced reductions in NPP and Rh. Li et al., (2014) showed that fire activities 

reduced global NPP by 1.9 Pg C year-1, and Yue et al., (2014) showed that the fire-induced 

reduction in NPP was negligible, while our estimated NPP reduction was 4.14 Pg C year-1. The 

post-fire reduction in vegetation biomass and ecosystem productivity have been widely recorded 

across various climate zones, e.g., (Dore et al., 2012, Hicke et al., 2003). The fire-induced 

changes in vegetation composition and forest coverage can also contribute to the changes in NPP. 

Therefore, the reductions in NPP estimated by this study and Li et al., (2014) are more 
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reasonable than that in Yue et al., (2014). All of the three studies agreed that the fire enlarged the 

global NEP, but reduced the size of terrestrial carbon sink.  

4.3. Future implications 
 In the future, fires are projected to increase in many areas of the globe under the impact 

of climate change (Flannigan et al., 2001, Flannigan et al., 2013, Kloster et al., 2012, Liu et al., 

2010, Pechony &  Shindell, 2010). Many current humid regions would become drier and prone 

to fire activities. In the tropical rainforest, the droughts will be more popular and the forest will 

be easier to catch fires (Phillips et al., 2009). For example, in the historical period, the humid 

interior Amazon basin is difficult to be ignited and resist to the fire-driven deforestation; 

however, the percentage of Amazon basin resist to deforestation fire is projected to decrease 

from 58% in the contemporary period to 24% in the 2050s (Le Page et al., 2010). Similarly, the 

fires in the pan-boreal regions would also be more popular when the future climate warming dry 

up the fuel and soil, and induce earlier soil melt. In the North America boreal forest, carbon 

consumption by fires was projected to be 2.5-4.4 times its current level (Balshi et al., 2009a).  

Once the current fire-resist ecosystems, such as boreal peatland and humid rainforest, convert to 

fire-prone systems under the impact of future climate warming, the regional terrestrial carbon 

sink would diminish, or even become net carbon source (Davidson et al., 2012, Turetsky et al., 

2002). The fires are strongly influenced by human activities. For the tropical peatland, human 

activities facilitated the peatfire ignitions by reducing the forest canopy and draining the water 

(Turetsky et al., 2015). In the future, peatland protection strategies, such as, minimizing the 

forest logging and cropland expansion, would be critical to reduce fire-induced reduction in 

carbon sink. Due to their huge carbon storage, more attention should be paid on fires in the 

peatland and tropical rainforest regions in the context of future climate warming.    
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 In the 21st century, CO2 concentration and nitrogen deposition rate are projected to 

increase continuously (Lamarque et al., 2013c, Van Vuuren et al., 2011). It can be expected that 

the fertilization effects of CO2 and nitrogen deposition would further enhance ecosystem 

productivity and enlarge the terrestrial carbon sink until the CO2 and nitrogen saturation points 

are reached  (Keenan et al., 2011). Meanwhile, the CO2 and nitrogen deposition would be 

expected to further promote fuel accumulation and lead to higher carbon emissions from biomass 

burning (Martin Calvo et al., 2014).  

4.4. Uncertainties and improvements needed 
 In this study, some uncertainties exist in the model parameterization and input datasets, 

and need further improvement. First, in the current DLEM version, we considered the post-fire 

reduction in the fraction of forest area and the gradual recovery of tree coverage (Chen et al., 

2013), but neglected the grass occupation in the previous forest area. Therefore, ecosystem 

productivity in the early succession stage might be underestimated. To completely consider the 

post-fire vegetation succession, the ecosystem model is required to simulate the succession 

processes and the dynamics of both canopy and understory layers. Second, we used the burned 

area as input data to drive the DLEM. One merit of this strategy is the improvement in the 

representation of fire spatial pattern, as this input burned area dataset was constructed by 

incorporating satellite observation. Nevertheless, this method disregarded the feedbacks of 

ecosystems to fire, and may bring some uncertainties to the simulated carbon fluxes influenced 

by fires. Third, we used vegetation specific parameters to identify burn severity (combustion 

completeness and forest mortality), but did not consider the impacts of topography, vegetation 

species, and weather conditions on burn severity. In the field measurement, combustion 

completeness and forest mortality have been reported to differ substantially depending on the 
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locations, times of fire occurrence, and vegetation species (Rogers et al., 2015, van Leeuwen et 

al., 2014b). The Differenced Normalized Burned Ratio (dNBR) is a satellite-based burned 

severity index, which was found to be in good correlation with ground-based Composite Burn 

Index (CBI) in many regions e.g., (Cocke et al., 2005, Miller &  Thode, 2007). The regional and 

global dNBR datasets have been developed based on MODIS and LANDSAT images, and 

coupled into ecosystem model to investigate burn severity and biomass burning in the United 

States (Yang et al., 2015). To represent the burn severity prior to satellite era or in future period, 

it is in urgent need to develop a prognostic fire model to simulate the burn severity based on fuel 

characteristics and environmental conditions. It should be noted that, in this study, the 

contributions of elevated CO2 and nitrogen deposition to carbon emissions were estimated via 

their impacts on ecosystem carbon storage and fuel loading. Previous study reported that the 

elevated CO2 and nitrogen deposition can modify the burned area and then fire emissions (Yang 

et al., 2014a), which were not considered in this study and need further investigation.       

5. Conclusions  
Our dynamic land ecosystem model has simulated the spatial and temporal patterns of 

global pyrogenic carbon emissions from 1901 to 2010. We found a significant increasing trend 

of carbon emissions after the mid-1980s, resulting from multiple environmental changes and 

variations including climate change, land use/cover change, rising atmospheric CO2 

concentration and nitrogen deposition. Terrestrial carbon sink was found to be largely reduced 

due to fire activities. This study improves our current understanding about the magnitude and 

spatiotemporal patterns of century-scale pyrogenic carbon emissions and the impacts of fires on 

terrestrial carbon budget. We acknowledge certain caveats related to the representation of 

biogeochemical processes in modeling dynamic post-fire succession, the temporal and spatial 
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resolution of burned area datasets, and parameters such as burn severity etc. Nevertheless, our 

study integrated existing environmental information and mechanisms of fire impacts on 

terrestrial ecosystems, and provided useful information for future implications. 
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Chapter 8. General conclusions and improvement needs 
 

 In this study, long-term trend of fire activities and their impacts on ecosystems were 

investigated at both regional and global scales. A process-based fire model (DLEM-fire) was 

developed on the platform of one existing terrestrial ecosystem model, and its performance was 

validated by benchmark datasets. Spatially-explicit burned area data were collected from satellite 

observations and inventory-based fire records, or reconstructed by model simulations at decadal 

and century scales. Together with other environmental factors (such as, climate change, land use 

and land cover change, atmospheric composition, etc.), burned area datasets were used to drive 

the DLEM to study fire-induced carbon emissions and fire impacts on ecosystem carbon storage 

and carbon budgets. Meanwhile, underlying mechanisms of the changes in fire regimes and 

contributions from environmental factors were analyzed and quantified through numerical 

experiments by the DLEM.  

 The major conclusions are listed as below: 

 (1) In the CONUS during 1984-2012, both burned area and biomass burning presented 

significantly upwards trends; the contributions of larger fires were becoming higher in the recent 

years, owing to the warming and drying trend and previous fire suppression policies; the larger 

fires were generally associated with higher burn severity.       

 (2) In the BONA during 1960-2010, the increasing fires activities reduced regional GPP 

and TER, but enhanced the NEP. As a result of more frequent fires in the 51 years, terrestrial 

carbon sink in the BONA was reduced by 25.42 Tg C year-1, comparing to the scenario with 
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constant fires in 1960. The increases in burned area caused a net decrease in vegetation, litter, 

and soil carbon storage, but an increase in woody debris carbon storage. 

 (3) In the African continent from 1901 to 2010, both burned area and pyrogenic carbon 

emissions presented significant declining trends. The intensified human activities were 

recognized as the major factor in determining the declines in fire activities and fire emissions, 

especially in the NHAF. The changes in CO2 concentration and nitrogen deposition enhanced 

African burned area and pyrogenic carbon emissions. Climate changes reduced burned area in 

the SHAF significantly, meanwhile controlled the inter-annual and inter-decadal variations in 

fire activities. 

 (4) Global burned area during 1901-2007 was 442.1×104 km2 year-1 and showed a 

significant declining trend at the rate of 1.28×104 km2 year-1. Burned area in tropics and 

extratropics exhibited a significant declining trend. The factorial experiments identified human 

activities as the dominant factor in determining the declining trend of burned area in the tropics 

and extratropics, and climate variation as the primary factor in shaping the decadal variation of 

burned area at high latitudes. 

 (5) Over the period of 1901-2010, global pyrogenic carbon emissions were estimated to 

be 2.43 Pg C year-1, and terrestrial carbon sink was found to be reduced by 0.57 Pg C year-1 due 

to fire activities. Large increases in global pyrogenic carbon emissions and global average 

combustion rate were found after the mid-1980s, resulting from multiple environmental changes 

(climate change, rising atmospheric CO2 concentration and nitrogen deposition) and intensified 

human activities.  
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 Uncertainties were identified in this study. First, in current DLEM version, we explicitly 

considered post-fire reduction in the fraction of forest area and the gradual recovery of tree 

coverage, but neglected the growth of herbaceous vegetation in the former forest area. To 

completely account for post-fire trajectory of carbon storage and fluxes, ecosystem model is 

required to simulate vegetation succession processes and the dynamics of both canopy and 

understory layers. Second, we used vegetation specific parameters to identify burn severity 

(combustion completeness and forest mortality). In field measurements, combustion 

completeness and post-fire tree mortality have been reported to differ substantially depending on 

local topography, climate/weather condition, and vegetation species. It is in urgent need to 

develop a prognostic fire model to simulate burn severity based on fuel characteristics and 

environmental conditions. Third, the parameterization of fire duration in the present study only 

considered average fire duration and natural fire breaks, which may lead DLEM-Fire to 

underestimate the burned area caused by megafire events that last much longer than the average 

fire duration. A new algorithm estimating fire duration base on fuel characteristics, fire 

suppression effort, and weather conditions is in need to be developed to improve model 

performance in estimating burned area under extreme climate conditions. Fourth, due to the 

relatively short observations of lightning frequency, we applied the climatology of lightning 

frequency to each year across the study period. This might introduce uncertainties in estimating 

natural ignition sources. 

 Nevertheless, this study is the first attempt for ecosystem model to investigate long-term 

fire activities and quantify the contributions of multiple environmental factors at regional and 

global scales. These findings could provide useful knowledge to design specific fire management 

strategies for different regions. The fire model developed in this study can be coupled into the 
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earth system models, and improve the accuracy of projections in future climate and global 

biogeochemical cycles.    
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Appendix I 
 

 

Figure S1. The detailed structure of the DLEM
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Appendix II  

 
Figure S2. An example to illustrate the format of MTBS fire perimeter and burn severity. The 
example selected is “North Fork fire”, which started in July 1988. 
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Appendix III 
 

 
 

Figure S3. Inter-annual variations and changing trend in the arithmetic mean fire size from 1984 
to 2012.   

 
 
  

  

y = 55.8x + 5919.7 

0

5000

10000

15000

1984 1988 1992 1996 2000 2004 2008 2012

A
ri

th
m

et
ic

 m
ea

n 
fir

e 
si

ze
 (a

cr
e)

 

172 
 



 

 

Appendix IV  
 

 

Figure S4. DLEM-simulated spatial distribution of average gross primary productivity (GPP), 
and inter-annual variations of GPP in the boreal North America from 1960 to 2010.    
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Figure S5. DLEM-simulated spatial distribution of average terrestrial ecosystem respiration 
(TER), and inter-annual variations of TER in the boreal North America from 1960 to 2010.    
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Appendix V  

 

Figure S6. Changing trends of grid burned area during 1901-2010 under the impact of single 
factor: (a) human activities, (b) climate changes, (c) CO2 concentration, and (d) nitrogen 
deposition. Grids without significant trend are masked white.   
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Figure S7. Changing trends of pyrogenic carbon emissions during 1901-2010 under the impact of 
single factor: (a) human activities, (b) climate changes, (c) CO2 concentration, and (d) nitrogen 
deposition. The grids without significant trend are masked white.   
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