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This dissertation investigates the sources of black carbon (BC) in the Western United States 

(WUS) mountain ranges using a global 3-dimensional chemical transport model (CTM). I 

quantify the relative contributions from different sources and source regions to BC in the WUS 

mountain ranges by analyzing surface BC observations for 2006 from the Interagency 

Monitoring of PROtected Visual Environment (IMPROVE) network. Major discrepancies 

between modeled and observed surface BC concentrations are found at elevated mountainous 

sites during the July-October fire season when simulated BC concentrations are negatively 

biased by a factor of two. I attribute these low biases largely to the underestimated (by more than 

a factor of two) biomass burning BC emissions in the model, not only in the absolute magnitudes 

of fire emissions but also in the timing and location of fires.  

I improve estimates of biomass burning and anthropogenic BC emissions in the WUS for 

2006 by inverting surface BC concentrations from the IMPROVE network using a global CTM 

and its adjoint. I first use active fire counts from the Moderate Resolution Imaging 
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Spectroradiometer (MODIS) to improve the spatiotemporal distributions of the biomass burning 

BC emissions from the Global Fire Emissions Database (GFEDv2). This adjustment primarily 

shifts emissions from late to middle and early summer (a 33% decrease for September-October 

and a 56% increase for June-August) and leads to appreciable increases in modeled surface BC 

concentrations in early and middle summer, especially at the 1-2 and 2-3 km altitude ranges.  

I then conduct analytical and adjoint inversions at both 2° × 2.5° and 0.5° × 0.667° (nested 

over North America) horizontal resolutions. The a posteriori biomass burning and anthropogenic 

BC emissions in the WUS for July-September are 16.4-31.7 Gg (increased by a factor of 2.4-4.7 

relative to the corresponding a priori) and 9.1-33.5 Gg (48-190% of the corresponding a priori), 

respectively. There are large differences in the a posteriori emissions between the analytical and 

adjoint inversions, mostly evident in different BC emission sectors. The anthropogenic BC 

emissions in the WUS increase by about a factor of two from the adjoint inversions, but decrease 

by ~50% from the analytical inversions. The biomass burning BC emissions increase by about 

factors of 2 after the adjoint inversions and 3 after analytical inversions. The differences are 

partially because that the inversion system has trouble effectively distinguishing collocated 

anthropogenic and biomass burning emissions at the grid-based resolution and tends to falsely 

impose larger anthropogenic emissions in the regions where biomass burning emissions are 

severely underestimated. Simulated surface BC concentrations with the a posteriori emissions 

capture the observed major fire episodes at most sites and the substantial enhancements at the 1-

2 and 2-3 km altitude ranges, especially at 0.5° × 0.667°. The a posteriori emissions also lead to 

large bias reductions in modeled surface BC concentrations (~30% on average) and significantly 

better agreement with observations (increases in Taylor skill scores of ~40-200%).  
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CHAPTER 1 

Overview 

Black carbon (BC) is directly emitted into the atmosphere from the incomplete combustion 

of carbonaceous fuels (Bond et al., 2004). BC plays a unique role in the global climate because 

of its strong absorption of solar radiation, important influences in cloud processes, and 

significant impacts on snow and ice surfaces (IPCC, 2007). The most recent and comprehensive 

estimate of BC radiative forcing is 1.1 W m-2 for the industrial era (1750-2005) (Bond et al., 

2013). BC is therefore the second most important anthropogenic compound for climate in terms 

of its radiative forcing in the present-day atmosphere after carbon dioxide (Bond et al., 2013; 

Ramanathan and Carmichael, 2008). BC strongly absorbs solar radiation in the visible 

wavelength with a mass absorption cross section of 5 m2 g-1 or larger at 550nm (Bond and 

Bergstrom, 2006). BC thus warms the atmosphere and darkens the surface. The direct radiative 

forcing of BC in the atmosphere is 0.71 W m-2 with a medium level of scientific understanding 

(Bond et al., 2013). BC as a cloud condensation nuclei influences cloud processes by changing 

the number of cloud droplets and ice particles, cloud extent, cloud distribution, precipitation, and 

atmospheric temperature structure (Jacobson, 2006). The resulting radiative changes in the 

atmosphere are the so called indirect and semi-direct climate effects of BC, which are estimated 

to be 0.23 W m-2 with a very low level of scientific understanding (Bond et al., 2013). BC 

deposited on snow and ice significantly reduces the surface albedo (Warren and Wiscombe, 

1980) and accelerates snow and ice melt (e.g., Flanner et al., 2009; Hansen and Nazarenko, 

2004). BC thus has a significant contribution to the observed rapid glacier retreats in the Tibetan 
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Plateau (Xu et al., 2009) and in the Alps from the mid-19th century onwards (Painter et al., 

2013). The climate forcing due to BC deposition on snow and sea ice is 0.13 W m-2 with a low 

level of scientific understanding (Bond et al., 2013). 

 BC is also an important component of fine particulate matter, which degrades air quality and 

affects public health (e.g., Anenberg et al., 2011; Smith et al., 2009). BC is thus one of the only 

two agents to both degrade air quality and cause global warming. Freshly emitted BC is mostly 

hydrophobic and quickly becomes hydrophilic by oxidation or by coating with other aerosol 

particles (e.g., sulfate and organics) in several days (Park et al., 2003). BC is removed from the 

atmosphere on a scale of days to weeks by dry deposition and especially by wet deposition 

(Jacobson, 2004). The lifetime of BC is thus much shorter than long-lived greenhouse gases such 

as carbon dioxide. It has been proposed that BC reduction may provide an efficient short-term 

solution to global warming, and will simultaneously improve air quality and public health (Bond 

et al., 2013; Shindell et al., 2012; Anenberg et al., 2012; Ramanathan and Carmichael, 2008).  

BC is often referred to as soot or elemental carbon (EC). These three terms are used 

interchangeably in emission and modeling studies (Bond et al., 2013; Fu et al., 2012). The term 

“soot” refers to impure and black color aggregation of aerosol particles from incomplete 

combustion. EC and BC are both the operational definitions of soot. From a measurement 

standpoint, the term “black carbon” (BC) mostly refers to the fraction of soot with a high 

absorption of solar radiation, measured with photo-absorption techniques for the absorption 

coefficient of aerosol. The term “elemental carbon” (EC) mostly refers to soot measured with 

thermal/optical techniques for carbon mass concentration, inferred from the evolution of carbon 

dioxide in a heated sample. I consider in this study EC and BC to be equivalent. 
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The transport and subsequent deposition of BC is known to influence the region’s climate 

and hydrological cycle in the western U.S. mountain ranges. Mountain snowmelt accounts for 

over 70% of the fresh water supply in the western U.S. (Qian et al., 2009). A modeling study by 

Qian et al. (2009) using the WRF-Chem model showed that the BC deposition on snow in this 

region led to increased rainfall but reduced snow accumulation during the winter. This change in 

the precipitation pattern resulted in a reduced and earlier snowmelt in the spring, decreased 

runoff between April and June, and adverse impacts on the region’s fresh water supply. The 

decreasing snow water equivalent and earlier snowmelt in the western U.S. mountain ranges 

(Mote et al., 2005), the ongoing and most severe drought on record during the last five decades 

in California (e.g., Mirchi et al., 2013), and the dwindling water level of the Colorado River 

(e.g., Vano et al., 2013) all provide motivation to better understand BC in the western U.S. 

mountain ranges.  

A better understanding of the transport and deposition of BC requires the accurate estimates 

of BC sources. BC has both anthropogenic and natural sources. Globally, the annual BC 

emissions mainly come from the following three sources (Bond et al., 2004; Cooke et al., 1999): 

fossil fuels (~40%), biomass burning (~40%), and biofuels (~20%). BC in the western U.S. is 

mainly from North American anthropogenic emissions (Park et al., 2003), North American 

biomass burning emissions during the summer and fall fire season (Spracklen et al., 2009; Park 

et al., 2003), and the transpacific transport of Asian emissions especially during the spring (Chin 

et al., 2007; Hadley et al., 2007; Park et al., 2003). Diesel engines and biomass burning 

emissions are known to be the two major sources of BC in the U.S. (Rao and Somers, 2010). 

However, the relative contributions from these sources, particularly biomass burning, to BC in 

the western U.S. are still uncertain. Numerous studies have shown that wildfires are an important 
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source to carbonaceous aerosols in the western U.S. (Zeng et al., 2011; Spracklen et al., 2007; 

Jaffe et al., 2008; Park et al., 2007). Long-term records have shown increases in fire intensity and 

burned area in the western U.S. over the past 30 years because of the increase in temperature 

during spring and summer (Jin et al., 2014; Peterson and Marcinkowski, 2014; Westerling et al., 

2006), and these increases are expected to continue as a result of the warming climate (Yue et al., 

2013; Spracklen et al. 2009). The annual burned area in the western U.S. is projected to increase 

by 25-125% in the 2050s relative to the present as a result of future warming (Yue et al., 2013; 

Spracklen et al., 2009). It is conceivable that fires will become an even larger contributor to BC 

in the western U.S. in the 21st century, especially considering that the North American 

anthropogenic emissions are trending downwards because of emission reduction regulations 

(Ramanathan and Carmichael, 2008; Bond et al., 2007; Novakov et al., 2003) and the 

transpacific transport of Asian emissions will continue to increase in the coming decades due to 

the rapid economic developments in East Asian countries (Zhang et al., 2009; Bond et al., 2007; 

Streets et al., 2003).  

In Chapter 2 (Mao et al., 2011), I quantify the relative contributions from different sources 

and source regions to surface BC concentrations in the Western U.S. (WUS, defined hereinafter 

as 30°N-50°N, 100°W-125°W for clarity) mountain ranges using a global 3-dimensional 

chemical transport model (CTM). I particularly focus on biomass burning emissions for 2006, a 

relatively strong fire year in terms of burned area in temperate North America (Giglio et al., 

2010). I evaluate model simulations using surface BC observations from the Interagency 

Monitoring of PROtected Visual Environment (IMPROVE) network (Malm et al., 1994). I find 

major discrepancies between modeled and observed surface BC concentrations at elevated 

mountainous sites during the July-October fire season when simulated BC concentrations are 
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negatively biased by a factor of two. I attribute these discrepancies largely to underestimated 

biomass burning emissions of BC in the model, likely by more than a factor of two, in both the 

absolute magnitudes of fire emissions and the timing and location of fires. 

 The uncertainty in current BC emission estimates is at least ±50% on global scales and a 

factor of 2-5 on regional scales (Ramanathan and Carmichael, 2008; Streets et al., 2001, 2003). 

Biomass burning emissions are typically calculated as a product of burned area, fuel load, 

combustion completeness, and emission factor (Langmann et al., 2009; van der Werf et al., 2006, 

2010). The most recent generation of biomass burning emission inventories is based on a 

combined approach using burned area and active fire counts from satellites, accompanied by 

biogeochemical modeling of available fuel load (van der Werf et al., 2006, 2010; Langmann et 

al., 2009). The uncertainty of biomass burning BC emissions in the WUS (biased low by more 

than a factor of two) is in both the absolute magnitudes of fire emissions and the timing and 

location of fires (Mao et al., 2011). Part of the large uncertainty comes from estimates of burned 

area and fuel load (Langmann et al., 2009), especially of small fires, including agricultural 

burning (Randerson et al., 2012). Giglio et al. (2006, 2010) showed that small fires can lead to 

high relative errors of 50-100% in the burned area estimates. This uncertainty is likely because of 

the lack of detection of small fires in the burned area algorithms (Randerson et al., 2012; van der 

Werf et al., 2010; McCarty et al., 2009; Roy and Boschetti, 2009; Korontzi et al., 2006). 

The traditional bottom-up emission estimates generally rely on emission factors using 

socioeconomic, energy, land use, or environmental data (Bond et al., 2013, 2007; Lu et al., 

2011). These emission estimates usually have large uncertainties (Müller and Stavrakou, 2005). 

For example, the emission factors are typically acquired from local measurements and then 

extrapolated to much larger spatiotemporal scales. The emission factors thus have large 
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uncertainties due to high spatiotemporal variability of emission fluxes. The top-down or inverse 

modeling approach is an alternative method to characterize the spatiotemporal variability of 

emissions. The top-down emissions are optimized by combining atmospheric observations and 

bottom-up constraints using a forward model, through the minimization of cost function. The 

cost function is described as the error-weighted discrepancies between the model predictions and 

the atmospheric observations, as well as the error-weighted discrepancies between the a priori 

emissions and the true state, derived from Bayes’ theorem with the assumption of Gaussian error 

distributions (Rodgers, 2000). The Maximum A Posteriori (MAP) solution for minimizing the 

cost function with respect to the state vector is equivalent to finding the gradient of the cost 

function to be zero (Rodgers, 2000). Analytical and adjoint inversions are two typical methods to 

minimize the cost function. The analytical method obtains the absolute solution directly by 

computing the CTM Jacobian matrix (i.e., the sensitivities of the model predications to the finite 

changes of the a priori emissions). The analytical method requires the explicit construction of a 

Jacobian matrix as well as multiplications of matrices with the dimension of the state vector. 

Because of its expensive computational cost, the analytical method limits the number of the 

observations and the practical size of the state vector (i.e., the number of the sources and source 

regions to be optimized). The adjoint method seeks a numerical solution iteratively and is able to 

handle a very large number of observations and the state vector on a grid-based scale. The 

adjoint method uses the CTM adjoint to efficiently compute the gradient of the cost function 

from successive estimates of the emissions starting with the a priori emission estimates, and 

applies an iterative optimization algorithm (e.g., the steepest-descent numerical method) to 

converge to the solution (Kopacz et al., 2009).  
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Inversion techniques have been used to estimate emissions of long-lived gases when the 

atmospheric concentrations are linearly dependent on their emissions, e.g., unreactive carbon 

dioxide (e.g., Gloor et al., 1999; Chevallier et al., 2007; Pickett-Heaps et al., 2011), or weakly 

reactive methane (e.g., Hein et al., 1997; Meirink et al., 2008; Wecht et al., 2012). More 

inversion studies of carbon monoxide emissions have conducted in recent years because of the 

availability of numerous high-quality satellite observations (Kopacz et al., 2009). Several recent 

inverse studies have used satellite observations of carbon monoxide columns to constrain carbon 

monoxide sources (Heald et al., 2004; Stavrakou and Müller, 2006; Arellano et al., 2007; 

Chevallier et al., 2009; Jone et al., 2009; Jiang et al., 2013). When the linearity condition 

between emissions and atmospheric concentrations cannot be satisfied, as is the case for reactive 

trace gases like the ozone precursors, the inversion techniques for optimizing the emissions are 

no longer applicable (Müller and Stavrakou et al., 2005). A few studies are thus focused on 

short-lived tracer species due to the non-linear complexities of the inverse system. However, 

inverse methods could still be applied as long as only weak non-linearities are present. For 

example, nitrogen oxides sources have been constrained using tropospheric nitrogen dioxide 

columns measured by satellite (e.g., Martin et al., 2006; Chai et al. 2009; Lin et al., 2010; 

Zyrichidou et al., 2013). Sulfur dioxide and ammonia emissions have been examined from top-

down constraints (Clarisse et al., 2010; Pinder et al., 2011; Tuner et al., 2012; Zhu et al., 2013). 

A few inversion studies have focused on aerosols. For example, inorganic particulate matter 

precursor emissions were constrained by the sulfate and nitrate aerosol measurements from the 

IMPROVE network (Henze et al., 2009). Aerosol optical thickness derived from satellite 

observations were applied to constrain aerosol sources on the global scale (Dubovik et al., 2008) 

and the regional scale (Wang et al., 2012). The vertical profiles of the dust extinction coefficients 
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derived from Lidar observations were used to constrain Asian dust emissions (Yumimoto et al., 

2008). 

Several inverse modeling studies have analyzed BC sources on regional scales. However, 

most studies have been fairly coarse, limited to optimizing a few scaling factors of emission 

inventories over large domains and analyzing the sensitivity of BC concentrations at a given 

location and time to the sources. Park et al. (2003) used multiple linear regressions to estimate 

annual mean sources of seven types of primary carbonaceous aerosols over the US. Similarly, Fu 

et al. (2012) and Wang et al. (2013) used multiple regressions to estimate annual mean BC 

emissions in China. Kopacz et al. (2011) analyzed the source locations of BC in the Himalayas 

and Tibetan Plateau using the adjoint sensitivity analysis of the GEOS-Chem model. Hakami et 

al. (2005) applied the adjoint approach to optimally recover spatially resolved anthropogenic and 

biomass burning emissions and initial and boundary conditions of BC during the Asian Pacific 

Regional Aerosol Characterization Experiment (ACE-Asia).  

In Chapter 3 (Mao et al., 2014) and Chapter 4, I improve the understanding of BC sources in 

the WUS mountain ranges with a particular focus on biomass burning emissions. I estimate BC 

emissions by inverting surface BC observations from the IMPROVE network. In Chapter 3, I 

first improve the spatial distributions and the seasonal and interannual variations of BC 

emissions using high spatial resolution active fire counts from the Moderate Resolution Imaging 

Spectroradiometer (MODIS). I then apply analytical inversions for four BC sources and source 

regions in the WUS for May-October 2006 (fire season) using a global 3-dimensional CTM. In 

Chapter 4, I conduct adjoint inversions to estimate anthropogenic and biomass burning BC 

emissions in the WUS on the grid-based scales using a global 3-dimensional CTM and its adjoint 
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for July-September 2006 (large fire season). I draw final conclusions and propose future work in 

Chapter 5. 
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Abstract 

Forest fires are an important source to carbonaceous aerosols in the Western United States 

(WUS). We quantify the relative contribution of biomass burning to black carbon (BC) in the 

WUS mountain ranges by analyzing surface BC observations for 2006 from the Interagency 

Monitoring of PROtected Visual Environment (IMPROVE) network using the GEOS-Chem 

global chemical transport model. Observed surface BC concentrations show broad maxima 

during late June to early November. Enhanced potassium concentrations and potassium/sulfur 

ratios observed during the high-BC events indicate a dominant biomass burning influence during 

the peak fire season. Model surface BC reproduces the observed day-to-day and synoptic 

variabilities in regions downwind of but near urban centers. Major discrepancies are found at 

elevated mountainous sites during the July-October fire season when simulated BC 

concentrations are biased low by a factor of two. We attribute these low biases largely to the 

underestimated (by more than a factor of two) and temporally misplaced biomass burning 

emissions of BC in the model. Additionally, we find that the biomass burning contribution to 

surface BC concentrations in the U.S. likely was underestimated in a previous study using 

GEOS-Chem (Park et al., 2003), because of the unusually low planetary boundary layer (PBL) 

heights in the GEOS-3 meteorological reanalysis data used to drive the model. PBL heights from 

GEOS-4 and GEOS-5 reanalysis data are comparable to those from the North American 

Regional Reanalysis (NARR). Model simulations show slightly improved agreement with 

observations when driven by GEOS-5 reanalysis data, but model results are still biased low. The 

use of biomass burning emissions with diurnal cycle, synoptic variability, and plume injection 

has relatively small impact on the simulated surface BC concentrations in the WUS.   
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2.1 Introduction 

Black Carbon (BC) is a product of incomplete combustion of carbonaceous fuels (Bond et al., 

2004). It strongly absorbs solar radiation and has considerable impacts on global climate 

(Flanner et al., 2007, 2009; IPCC, 2007; Hansen and Nazarenko, 2004; Jacobson, 2001, 2004). 

BC deposited on snow and ice can significantly decrease the surface albedo (Warren and 

Wiscombe, 1980). The reduced snow albedo enhances surface snowmelt (Flanner et al., 2007; 

Zwally et al., 2002) and can potentially change the regional hydrological cycle over mountain 

ranges (e.g., Qian et al., 2009). Globally, the direct radiative forcing due to fossil fuel BC is 

estimated to be +0.2 ± 0.15 W m-2 and the radiative forcing of snow/ice albedo effect due to BC 

is +0.1 ± 0.1 W m-2 (IPCC, 2007). Freshly emitted BC is mostly hydrophobic and becomes 

hydrophilic by oxidation or by coating with sulfate and organics in about 1-2 days (Park et al., 

2003 and references therein). BC is removed from the atmosphere within days to weeks 

primarily by wet deposition (Jacobson, 2004). Because of its shorter lifetime relative to long-

lived greenhouse gases such as carbon dioxide, BC shows a much stronger regional warming 

effect and its reduction may provide an efficient short-term solution to combat global warming 

(Ramana et al., 2010; Ramanathan and Carmichael, 2008; Bond and Sun, 2005; Hansen et al., 

2005). 

Globally, the annual emissions of BC are mainly from three sources: about 40% from fossil 

fuels, 40% from biomass burning, and 20% from biofuels (Bond et al., 2004; Cooke et al., 1999). 

The uncertainty in current BC emission estimates ranges from at least ±50% on global scales to a 

factor of 2-5 on regional scales (Ramanathan and Carmichael, 2008; Streets et al., 2001, 2003). 

The most recent generation of fire emission inventories is based on a combined approach using 

burned area and active fire counts from satellites, accompanied by biogeochemical modeling of 
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available fuel load (van der Werf et al., 2006, 2010; Langmann et al., 2009). Biomass burning 

emissions are typically calculated as the product of burned area, fuel load, combustion 

completeness, and emission factors (Seiler and Crutzen, 1980; Langmann et al., 2009; van der 

Werf et al., 2006, 2010). Even though fire emission inventories have improved considerably in 

recent years, large uncertainties remain in the temporal and spatial variations of fire emissions, 

particularly from burned area and fuel load (Langmann et al., 2009). Small fires are likely a 

major source of uncertainty in the estimates of biomass burning emissions of BC. For instance, 

small fires can lead to high relative errors of 50-100% in the estimates of burned area (Giglio et 

al., 2006, 2010). Additionally, the lack of detection for or under-detection of agricultural 

burnings in satellite active fire detection algorithms may be another large uncertainty (van der 

Werf et al., 2010; Korontzi et al., 2006).  

 Recent studies have shown that the transport and subsequent deposition of BC in the 

Western United States (WUS) mountain ranges may significantly impact the region’s climate 

and hydrological cycle. In the WUS, mountain snowmelt accounts for more than 70% of the 

annual stream flows (Qian et al., 2009). A modeling study by Qian et al. (2009) using the WRF-

Chem model showed that the deposition of BC on snow over the WUS mountain ranges led to 

increased rain but less snow accumulation in winter. This change in the precipitation pattern 

resulted in reduced and earlier snowmelt in spring. Consequently, runoff from snowmelt between 

April and June decreased, adversely affecting the supply of fresh water in the western states.  

It is thus imperative to better understand the sources, transport, and deposition of BC in the 

WUS mountain ranges. BC in this region is mainly from North American anthropogenic 

emissions (Park et al., 2003), transpacific transport of Asian emissions especially during spring 

(Chin et al., 2007; Hadley et al., 2007; Park et al., 2003), and North American biomass burning 
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emissions during the summer and fall fire season (Spracklen et al., 2009; Park et al., 2003). 

However, the relative contributions from these sources particularly biomass burning to BC in the 

WUS are still uncertain. Wildfires are an important source to carbonaceous aerosols in the WUS 

(Zeng et al., 2011; Spracklen et al., 2007, 2009; Jaffe et al., 2008; Park et al., 2007). The increase 

of fire frequency and prolonged fire seasons observed in the WUS in recent decades have been 

linked to increased spring and summer temperatures and an earlier spring snowmelt (Westerling 

et al., 2006). The modeling study by Spracklen et al. (2009) showed that the annual mean area 

burned in the WUS could increase by 54% by the 2050s relative to the present under future 

warming. It is conceivable that fires will be an even larger contributor to BC in the WUS in the 

21st century, especially considering that North American anthropogenic emissions are trending 

down due to aggressive emission reduction regulations (Ramanathan and Carmichael, 2008; 

Bond et al., 2007; Novakov et al., 2003). For the transpacific transport of Asian emissions, it is 

likely that Asian BC emissions will continue to increase in the coming decades due to the rapid 

economic developments in that region (Zhang et al., 2009; Bond et al., 2007; IPCC, 2007; Streets 

et al., 2003; Novakov et al., 2003). The large uncertainties in BC emissions again warrant better 

understanding of the sources of BC in the WUS mountain ranges. 

The goal of the present study is to improve our understanding of the sources, transport, and 

deposition of BC in the WUS mountain ranges. Our approach is to apply a global three-

dimensional (3-D) chemical transport model (CTM) to analyze surface BC observations over the 

WUS. We intend to quantify the relative contributions from the different source types and source 

regions to surface BC concentrations in the WUS mountain ranges. Our focus is on the 

contributions from fires. Our analysis centers on 2006, a relatively strong fire year in terms of 

burned area in temperate North America (Giglio et al., 2010). We describe the observations and 
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the GEOS-Chem global 3-D CTM in section 2.2. We present our results and related discussions 

in section 2.3. Conclusions are given in section 2.4. 

 

2.2 Observations and model description 

2.2.1 IMPROVE 

Long-term measurements of aerosols with chemical species including BC and elemental 

components of potassium (K) and sulfur (S) are available in the U.S. from the Interagency 

Monitoring of PROtected Visual Environment (IMPROVE) network since 1987 for the 

protection of visibility in Class I remote areas (Malm et al., 1994; data available at 

http://vista.cira.colostate.edu/improve/). Figure 2.1 shows 67 IMPROVE sites in the WUS. These 

are remote sites at various elevations. IMPROVE measurements are made every three days for 

2006 and twice a week for 1998. The reported values are 24-hour averages. Thermal Optical 

Reflectance (TOR) combustion method was used for the BC measurements based on the 

preferential oxidation of organic carbon (OC) and BC at different temperatures (Chow et al., 

2004). The uncertainties of the TOR method are difficult to quantify (Park et al., 2003; Chow et 

al., 1993).  

Tanner et al. (2001) showed that the surface concentrations of K and the K/S ratios 

significantly increased during wildfire episodes and were therefore good tracers of biomass 

burning. IMPROVE observations of K and K/S are thus particularly useful for identifying fire 

influence. Additionally, the IMPROVE data also provides surface soil dust concentrations that 

were calculated as the sum of the soil-derived elements (Al, Si, K, Ca, Ti, Fe) and their normal 

oxides (Malm et al., 1994). The primary natural dust is wind-blown mineral dust while the main 
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anthropogenic dust is road dust that contains carbon and metals (Wells et al., 2007; Kim et al., 

2005). Previous studies have shown that surface dust concentrations in the WUS in spring were 

influenced by not only local sources (Hwang and Hopke, 2007; Wells et al., 2007) but also the 

transpacific transport of Asian dust (VanCuren and Cahill, 2002; Husar et al., 2001). Therefore, a 

combination of high dust concentrations and relative low K concentrations and K/S ratios during 

relatively high-BC events in the WUS in spring indicates an anthropogenic rather than a fire 

influence on surface BC concentrations.  

 

2.2.2 GEOS-Chem description and simulations 

GEOS-Chem is a global 3-D CTM driven by assimilated meteorological observations from 

the NASA Goddard Earth Observing System (GEOS) (Bey et al., 2001). We use here GEOS-

Chem version 8-01-04 (available at http://acmg.seas.harvard.edu/geos/) driven by GEOS-3, 

GEOS-4, and GEOS-5 meteorological fields with 6-hour temporal resolution (3-hour for surface 

variables and mixing depths), 2° latitude × 2.5° longitude horizontal resolution, and 30 (GEOS-3, 

4) or 47 (GEOS-5) vertical layers from the surface to 0.01 hPa. The lowest model levels are 

centered at approximately 10, 50, 100, 200, 350, 600, 850, 1250, and 1750 m above sea level in 

GEOS-3, 60, 250, 600, 1200, 2000 m in GEOS-4, and 60, 200, 300, 450, 600, 700, 850, 1000, 

1150, 1300, 1450, 1600, 1800 m in GEOS-5.  

Tracer advection is computed every 15 minutes with a flux-form semi-Lagrangian method 

(Lin and Rood, 1996). Tracer moist convection is computed using GEOS convective, 

entrainment, and detrainment mass fluxes as described by Allen et al. (1996a, 1996b). The deep 

convection scheme of GEOS-4 is based on Zhang and McFarlane (1995), and the shallow 

convection treatment follows Hack (1994). GEOS-3 and GEOS-5 convection is parameterized 

http://acmg.seas.harvard.edu/geos/�
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using the relaxed Arakawa-Schubert scheme (Moorthi and Suarez, 1992; Arakawa and Schubert, 

1974).  

GEOS-Chem simulation of carbonaceous aerosols has been reported previously by Park et al. 

(2003). Eighty percent of BC and 50% of organic carbon (OC) emitted from primary sources are 

assumed to be hydrophobic and hydrophobic aerosols become hydrophilic with an e-folding time 

of 1.2 days (Park et al., 2003; Chin et al., 2002; Cooke et al., 1999). Global fossil fuel and 

biofuel emissions of BC are based upon Bond et al. (2004) with updated emissions for Asia 

(Zhang et al., 2009) and North America (Cooke et al., 1999).  

Biomass burning emissions of BC are from version 2 of the Global Fire Emissions Database 

(GFEDv2) (Randerson et al., 2007; van der Werf et al., 2006). The GFED inventory was derived 

using satellite observations including active fire counts and burned areas in conjunction with a 

biogeochemical model. Burned areas were derived using active fire counts and 500-m burned 

area datasets from the Moderate Resolution Imaging Spectroradiometer (MODIS) as described 

by Giglio et al. (2006). Total carbon emissions were calculated as the product of burned area, 

fuel load and combustion completeness. Fuel load depends on vegetation type, climate, soil type 

and time since last fire, while combustion completeness, describing the fraction of the available 

fuel combusted during a fire, depends on the type of fire, the type of fuel (e.g., stems, leaves and 

litter) and its moisture content (Langmann et al., 2009). For GFED, the Carnegie-Ames-

Stanford-Approach (CASA) biogeochemical model was used to estimate combustion 

completeness as well as fuel load and the associated spatial variability (van der Werf et al., 2006, 

and references therein). BC emissions were then derived from the total carbon emissions based 

on BC emission factors. Figure 2.2 shows the monthly mean total carbon emissions in the WUS 

(100-125oW, 30-50oN) for 2006. The fire season started in April and lasted through November. 
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The GFEDv2 inventory has a multitude of temporal resolutions from monthly, 8-day, to 3-hourly 

with diurnal cycles (for 2004 only), as reported previously by Chen et al. (2009). Forest fires 

typically last from several days to weeks as seen in MODIS active fires (Giglio et al., 2006). The 

8-day emissions were re-sampling of the standard GFEDv2 monthly emissions to an 8-day time 

step according to MODIS 8-day active fire counts (Chen et al., 2009).  

Simulation of aerosol wet and dry deposition follows Liu et al. (2001). Wet deposition 

includes contributions from scavenging in convective updrafts, rainout from convective anvils, 

and rainout and washout from large-scale precipitation. Dry deposition of aerosols uses a 

resistance-in-series model (Walcek et al., 1986) dependent on local surface type and 

meteorological conditions.  

For the present study, we conducted GEOS-Chem ‘offline’ carbonaceous aerosols simulations 

(Park et al., 2003) for 2006, driven by GEOS-4 and GEOS-5 meteorological fields. We use 

GFEDv2 8-day emissions unless stated otherwise. In addition, we conducted two model 

simulations for 1998 driven by GEOS-3 and by GEOS-4 meteorological fields. In the last two 

simulations, emissions including those from biomass burning were exactly the same as those 

used by Park et al. (2003). Detailed discussions and justifications for these model simulations are 

provided in the following sections where appropriate.  

Model results are sampled at the corresponding locations of the IMPROVE sites. IMPROVE 

observations are 24-h averages sampled every three days and we sample the model accordingly. 

We would like to point out that comparing localized observations such as the IMPROVE data 

with model results that are representative of a much larger area is inherently problematic. The 

comparison is further complicated by the fact that many of the IMPROVE sites are mountainous 
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sites and the associated upslope flow is difficult to represent in a coarse-resolution model like the 

GEOS-Chem model used in this study. 

 

2.3 Results and discussions 

2.3.1 Seasonal and daily variations of surface BC 

Figure 2.3 compares the seasonal variations of simulated and observed daily surface BC 

concentrations during 2006 at selected IMPROVE sites. Values shown are 24-h averages for 

every three days. Model results shown here are from simulations driven by GEOS-4 data with 

GFEDv2 8-day emissions unless stated otherwise. We sampled model results at the time and 

location of IMPROVE observations. In addition to a standard simulation where all emissions 

were included, we also conducted sensitivity simulations by shutting off separately sources of 

BC from North American anthropogenic emissions, Asian anthropogenic emissions, and global 

biomass burning emissions. The differences between results from the standard simulation and 

those from the sensitivity simulations therefore represent the contributions to surface BC 

concentrations from the aforementioned BC source types and source regions. These relative 

contributions are also shown in Figure 2.3. Table 2.1 is a summary of the statistical comparisons 

of model versus observed surface BC concentrations at the IMPROVE sites examined here. 

GEOS-Chem BC reproduces both the synoptic variability and magnitudes of surface BC 

concentrations at sites downwind of but near urban centers. Figure 2.3 includes two such sites, 

Meadview, AZ (36.0°N, 114.1°W, 0.90 km) (Figure 2.3a) and San Gabriel, CA (34.3°N, 

118.0°W, 1.79 km) (Figure 2.3b). Meadview is about 100 miles to the east of Las Vegas. The 

San Gabriel site is on the northern edge of the Los Angeles Basin. The correlation coefficients 
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(r) between model and observed surface BC concentrations are 0.45 and 0.55 (p < 0.001) for 

Meadview and for San Gabriel. North American anthropogenic emissions account for ~98% of 

the annual mean BC concentrations at the two sites. North American anthropogenic emissions 

thus dominate at these sites as seen in the model results. The agreements at these sites indicate 

that North American anthropogenic BC emissions in the model are reasonably prescribed.  

Both the observations and model results show broad maxima of surface BC concentrations 

during summer and fall at some sea-level sites (e.g., Figure 2.3c) and at elevated sites (Figures 

2.3d-p). The seasonal variations of BC vary considerably from site to site. Some of the highest 

BC concentrations are seen during August and September at most sites. Relatively small fires (in 

terms of BC emissions) are apparent in late April and early May at sites such as Kalmiopsi, OR 

(42.6°N, 124.1°W, 0.08 km) and Three Sisters, OR (44.3°N, 122.0°W, 0.89 km). At the 0-1 km 

altitude range, model results reproduce largely the peaks of BC concentrations observed during 

the fire season at some IMPROVE sites, e.g., Kalmiopsi, OR (r = 0.59, p < 0.001) and North 

Cascades, WA (48.7°N, 121.1°W, 0.57 km, r = 0.54, p < 0.001). At elevated sites, however, 

model results significantly underestimate surface BC concentrations often by a factor of at least 

two during summer and fall (Figures 2.3e-p). For instance, model results are biased low by 59% 

at Hells Canyon, OR (45.0°N, 116.8°W, 0.66 km) and 74% at Pasayten, WA (48.4°N, 119.9°W, 

1.63 km). The discrepancies exist not only in the magnitudes of BC concentrations but also in the 

timing of the enhanced BC concentrations. In particular, some of the observed large 

enhancements due to biomass burning during June and July are completely missing in the model 

results. For example, at Hells Canyon, OR and Three Sisters, OR, observed large enhancements 

to the surface BC are in middle July. Though simulated BC concentrations show small yet 

significant relative enhancements, the large peaks of simulated BC concentrations do not occur 
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until September. The discrepancies are larger at the 1-3 km altitude range. The simulated BC 

concentrations at Flathead, MT (47.8°N, 114.3°W, 1.58 km), Craters Moon, ID (43.5°N, 

113.6°W, 1.82 km), and Mt. Gates, MT (46.8°N, 111.7°W, 2.39 km) are biased low by a factor 

of three or more. Part of the discrepancies is because of the model resolution, which is too coarse 

to resolve fine regional distributions of BC. As widely pointed out in previous studies, 

comparing localized observations with model results that are representative of a much larger area 

is inherently problematic. There is another compounding factor that contributes to the 

aforementioned discrepancies, especially at elevated mountainous sites. In the standard GEOS-

Chem simulation of BC as reported here, biomass burning emissions are uniformly distributed 

throughout the planetary boundary with the assumption that boundary layer mixing is efficient. 

For elevated mountainous sites, the surface BC concentrations are often influenced more by up-

slope flow than boundary layer mixing; the latter is not resolved explicitly in coarse-resolution 

global models like the GEOS-Chem model used in this study.  

Figure 2.4 compares the observed and model simulated daily surface BC concentrations 

averaged for sites at the altitude ranges 0-1, 1-2, 2-3, and 3-4 km, respectively. Model results 

shown here are from simulations driven by GEOS-4 meteorological data and with GFEDv2 8-

day emissions. Again, Figure 2.4 shows significantly underestimated surface BC concentrations 

in the model during summer and fall, especially at the 1-2 km and 2-3 km altitudes. Model 

results are biased low by 37% at 1-2 km (r = 0.57, p < 0.001) and 38% at 2-3 km (r = 0.50, p < 

0.001) altitude ranges (Table 2.1). The contributions to surface BC concentrations in the WUS 

from North American anthropogenic emissions show rather small variations throughout the year 

at all four altitude ranges. Figures 2.3 and 2.4 also show small yet significant relative 

enhancements of BC concentrations (up to 50%) during February to March and April to early 
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May. These enhancements are particularly evident at the 0-1 and 1-2 km altitude ranges and to a 

lesser degree at 2-3 km. Our model results show that these enhancements are dominated by 

North American anthropogenic emissions but with significant contributions from Asian 

anthropogenic emissions. This relatively large Asian influence during this time of the year is 

consistent with our understanding that the transpacific transport of Asian pollution is strongest in 

spring (Jacob et al., 2010; Report of National Research Council, 2009; Liu et al., 2003, 2005; 

Jaffe et al., 2003, 2005). 

 

2.3.2 BC correlations with K, K/S, and dust 

In this section, we examine the correlations between surface BC and K, K/S, and soil dust to 

further verify the large influence of biomass burning on the surface BC concentrations in the 

WUS during summer and fall. As an example, Figure 2.5 shows time series of observed surface 

concentrations of BC and K as well as K/S ratios at Flathead, MT. The large BC concentration 

peaks (0.4-1 µg m-3) during August-October are strongly correlated with either high K 

concentrations (up to 0.3 µg m-3) or high K/S ratios (up to 0.9) or both. The correlation 

coefficients are 0.95 between observed surface concentrations of BC and K and 0.61 between BC 

concentrations and K/S ratios during August-October (p < 0.001). We find similar strong 

correlations during the summer and fall fire season at most of the mountainous sites (not shown). 

These correlations suggest that biomass burning emissions dominate the broad maxima of 

surface BC concentrations in summer and fall. That biomass burning emissions are the dominant 

source to surface BC concentrations in the WUS mountain ranges during summer and fall is 

consistent with our model results (section 2.3.1).  
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Also shown in Figure 2.5 are time series of IMPROVE surface soil dust concentrations. The 

relatively high surface BC concentrations (up to 0.4 µg m-3) during middle March and April to 

early May correspond with high soil dust concentrations (up to 2 µg m-3) and relatively low K 

concentrations and K/S ratios. The correlation coefficient is 0.74 between observed surface 

concentrations of BC and soil during March-May (p < 0.001). As discussed in section 2.2.1, the 

strong BC-soil dust correlations thus indicate significant anthropogenic contributions to the 

surface BC at the site during spring. Our examination of BC-soil dust correlations at the other 

IMPROVE sites shows similar results (not shown). The significant springtime anthropogenic 

contributions to the surface BC in the WUS mountain ranges are in agreement with our model 

results that show dominant contributions from North American anthropogenic emissions (section 

2.3.1).  

As discussed in section 2.3.1, North American anthropogenic emissions prescribed in the 

model appear to be reasonable. The broad maxima of surface BC concentrations in the WUS 

mountain ranges during summer and fall are dominated by biomass burning emissions. Thus, the 

large discrepancies between our model results and the observations in the summer and fall fire 

season can be attributed in large part to the biomass burning emissions of BC being 

underestimated in the model, likely by more than a factor of two. An ongoing analysis shows that 

GFEDv2 underestimates BC emissions not just in the WUS but rather globally (Y. Chen et al., 

manuscript in preparation, UC Irvine). The GFEDv3 inventory (van der Werf et al., 2010) that 

recently became publicly available, gives even lower total carbon hence BC emissions than 

GFEDv2 in the WUS. Many factors may have contributed to the underestimation, from burned 

area, fuel load estimate, to BC emission factors (van der Werf et al., 2010). As such, the low bias 

may not be limited to the estimate of BC emissions but rather that of total carbon emissions 
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hence other species in GFED. Yet another potentially important factor is the lack of detection of 

small-scale agriculture burnings (van der Werf et al., 2010; Korontzi et al., 2006). In addition, 

the discrepancies in the timing of the observed and simulated surface BC enhancements suggest 

that the uncertainties of biomass burning emissions of BC are not only in the magnitudes of fire 

emissions but also likely in the timing and location of fires.  

 

2.3.3 Sensitivity of surface BC to PBL height  

A previous study by Park et al. (2003) using the GEOS-Chem model driven by GEOS-3 

reanalysis data estimated the contribution of Asian emissions to the surface BC concentrations in 

the U.S. in 1998. Fire activities in temperate North America were considerably weaker in 1998 

than in 2006 in terms of burned area (Giglio et al., 2010). Their model results showed very good 

agreement with IMPROVE observations of BC (r2 > 0.8) including those in the summer and fall 

fire season. Interannual biomass burning emissions in that study were from Duncan et al. (2003). 

To reconcile the apparent differences between results from our simulation driven by GEOS-4 

data and those of Park et al. (2003), we conducted a simulation for 1998 using the same GEOS-

Chem configurations, including GEOS-3 reanalysis data and the various emissions (biomass 

burning included), as used by Park et al. (2003) (the line ‘GEOS-3 Interannual’ in Figure 2.6). In 

addition, we also conducted a model simulation for the same year but driven by GEOS-4 data 

and with the same Duncan et al. (2003) biomass burning emissions as used by Park et al. (2003) 

(the line ‘GEOS-4 Interannual’ in Figure 2.6). Figure 2.6 compares the monthly mean surface 

BC concentrations for June-December 1998 from these three simulations against IMPROVE 

observations at Mt. Rainier, WA (46.8°N, 122.1°W, 0.44 km) and Three Sisters, OR. Also 

shown in Figure 2.6 are results from our standard model simulation driven by GEOS-4 data and 
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with GFEDv2 8-day biomass burning emissions (the line ‘GEOS-4 GFEDv2 8-day’ in Figure 

2.6). We are able to reproduce the results reported by Park et al. (2003). The results from the 

simulation driven by GEOS-3 data are in good agreement with IMPROVE observations. The 

results from the two simulations driven by GEOS-4 data are very similar, despite the different 

biomass burning emissions used. However, the results from both of these simulations show 

considerably lower surface BC concentrations than those from the simulation driven by GEOS-3 

meteorological data and from IMPROVE observations. 

Part of the discrepancy seen in Figure 2.6 can be attributed to the different planetary 

boundary layer (PBL) heights. We compare PBL heights (above model ground level instead of 

sea-level) from GEOS-3 and GEOS-4 against those from NCEP North American Regional 

Reanalysis data (NARR) (Mesinger et al., 2006; data available at 

http://www.esrl.noaa.gov/psd/cgi-bin/data/narr/plothour.pl). The NARR data have a horizontal 

resolution of 32 km and a temporal resolution of three hours. To compare with NARR data, we 

extracted PBL heights at 14:00 local time at the IMPROVE sites from all three datasets. Figure 

2.7 shows as an example the comparison for August-September 1998 for Mt. Rainier. PBL 

heights are considerably lower in GEOS-3 than in NARR. In contrast, GEOS-4 PBL heights are 

in good agreement with NARR data. Other IMPROVE sites show similar comparisons. It is thus 

clear that the unusually shallow boundary layer in GEOS-3 data partly results in artificially high 

surface BC concentrations in the model simulation driven by GEOS-3 reanalysis data hence a 

false good agreement with IMPROVE observations. Because the U.S. fossil fuel emissions of 

BC prescribed in GEOS-Chem are reasonable (section 2.3.1), our model simulations driven by 

GEOS-4 data therefore suggest that biomass burning emissions of BC were likely significantly 

underestimated in Park et al. (2003), too. 
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We conducted an additional GEOS-Chem simulation for 2006, driven by GEOS-5 

meteorological fields and with GFEDv2 8-day biomass burning emissions. The results are 

compared against IMPROVE observations and those from the standard simulation. Figure 2.8 

shows surface BC concentrations from model results and IMPROVE observations, averaged for 

IMPROVE sites at the 0-1, 1-2, 2-3, and 3-4 km altitude ranges. During the fire season, surface 

BC concentrations from the simulation driven by GEOS-5 data increase considerably (relative to 

the standard simulation), especially at the 0-1 km altitude ranges thereby improving the 

comparisons (Figure 2.8a). Part of this improvement is because of the better-resolved boundary 

layer in GEOS-5 than in both GEOS-4 and GEOS-3 (section 2.2.2). The two model simulations 

driven by GEOS-5 and by GEOS-4 data show very similar results at the higher altitude ranges. 

Both model results are still biased low, though, particularly at the 1-2 and 2-3 km altitudes 

during the fire season (Figures 2.8b, c). The largest discrepancies are seen at 1-2 km. The 

correlation coefficients between simulated BC concentrations with observations show slightly 

improvement at 1-3 km (r = 0.62, p < 0.001). The increased correlation coefficients imply that 

the variations of simulated BC driven by GEOS-5 data show slightly improved comparison with 

the observations at sites in the 1-3 km altitude range.  

Again, we compare PBL heights between GEOS-4 and GEOS-5 at IMPROVE sites. As an 

example, Figure 2.9 compares the PBL heights from GEOS-4 and GEOS-5 with NARR data at 

Mt. Rainier for August and September 2006. Both GEOS-4 and GEOS-5 PBL heights are in 

reasonable agreement with NARR data. These results imply that both GEOS-4 and GEOS-5 

meteorological fields are better suited than GEOS-3 for the simulation of BC in GEOS-Chem. 
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2.3.4 Sensitivity of surface BC to improved and finer temporally resolved biomass burning 

emissions  

Giglio et al. (2006) showed that the burned area estimates in GFEDv2 had low biases of 17% 

in Alaska and 30% in western Canada. In a recent modeling study using GEOS-Chem and 

GFEDv2 emissions, Chen et al. (2009) scaled up GFEDv2 emissions of carbon monoxide (CO) 

and BC by 20% over North America to correct for these low biases. Our sensitivity simulations 

showed that fires in the WUS were the major contributor of biomass burning emissions to the 

surface BC concentrations in the WUS mountain ranges (not shown) during the summer and fall 

fire season. Biomass burning emissions in the WUS account for ~75% of total biomass burning 

contribution to the surface BC concentrations during summer and fall. We conducted a 

sensitivity GEOS-Chem simulation driven by GEOS-4 data where we increased the GFEDv2 8-

day emissions by 50% over the WUS. Figure 2.10 compares the results with IMPROVE 

observations. This significantly improves model comparisons with observations during the fire 

season. Simulated surface BC concentrations show near linear enhancement relative to those 

from the standard simulation. The largest increases are at the 1-2 km altitude ranges in the 

summer and fall fire season (Figure 2.10b). The increased emissions have rather small impacts 

on the surface BC concentrations at the 0-1 km (Figure 2.10a) and 3-4 km (Figure 2.10d) 

altitudes. However, simulated BC concentrations are still significantly lower than IMPROVE 

observations. Clearly not only the total biomass burning emissions of BC as prescribed in the 

model is likely too low but also the spatiotemporal distributions of the emissions are less than 

accurate. Small fires are likely a major source of uncertainty in the estimates of biomass burning 

emissions of BC (Giglio et al., 2006, 2009, 2010). Since agricultural burnings are usually small 

fires therefore difficult to detect from space, agricultural burnings may be another large 
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uncertainty (van der Werf et al., 2010; Korontzi et al., 2006). Furthermore, that some fires were 

obscured by clouds or vegetation, or were not actively burning at the time of the satellite 

overpass introduces yet additional uncertainties (Giglio et al., 2009). 

Chen et al. (2009) have also shown that finer temporally resolved biomass burning emissions 

had significant impacts on GEOS-Chem simulated surface CO and BC concentrations, especially 

in the biomass burning source regions in Alaska and western Canada. To account for the strong 

diurnal cycles of forest fires – peak burning typically occurs from 13:00 to 18:30 local time and 

distinctly earlier in heavily forested regions (Giglio et al., 2007), we started with the GFEDv2 8-

day emissions and applied diurnal cycles with a 3-hour time step. The result is a GFEDv2 diurnal 

inventory with a 3-hourly temporal resolution. The mean diurnal cycles were constructed based 

on the Automated Biomass Burning Algorithm (ABBA) active fire observations from the 

Geostationary Operational Environmental Satellites (GOES) (Chen et al., 2009). Additionally, 

the variations of synoptic weather conditions may influence forest fires and the associated 

emissions – high wind speed and less precipitation may enhance forest fires, for instance. It is 

thus essential to account for this synoptic variability in forest fires. Initial Spread Index (ISI: Van 

Wagner, 1987) indicates the fire favorability of synoptic weather conditions and the expected 

rate of fire spread (Chen et al., 2009, and references therein). ISI was calculated to re-distribute 

emissions within each 8-day period using GEOS meteorological parameters including 

temperature, relative humidity, wind speed, and precipitation (Chen et al., 2009). Such synoptic, 

day-to-day variability was then superimposed onto the 3-hourly diurnal inventory. The resulting 

GFEDv2 synoptic inventory thus combined both diurnal and synoptic variations. In other words, 

the GFEDv2 synoptic inventory thus includes both diurnal and daily variability with a 3-hourly 

temporal resolution. We would like to point out that the GFEDv2 8-day inventory (and the 
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synoptic and diurnal inventories as a result) likely already includes some synoptic variability. 

That is because the 8-day inventory was in part constrained by active fire counts, which are 

presumably influenced by synoptic weather conditions. 

We conducted two simulations driven by GEOS-4 and by GEOS-5 reanalysis data, both with 

GFEDv2 synoptic emissions. Additionally, we conducted two simulations driven by GEOS-4 

and by GEOS-5 reanalysis data, but with GFEDv2 8-day emissions. All four simulations are for 

2004, the year for which both GEOS-4 and GEOS-5 data are available to us. Also, the GFEDv2 

synoptic emissions are available only for 2004 as of this study. Figure 2.11 compares the results 

with IMPROVE observations from April to December 2004. The correlation coefficients are 

summarized in Table 2.2. Since 2004 is a relatively weak fire year in terms of burned area in 

temperate North America (Giglio et al., 2010), the discrepancies between model results and 

IMPROVE observations are smaller in 2004 than in 2006. With the 3-hourly GFEDv2 synoptic 

emissions, the correlation coefficients between model results and observations show slight 

improvements at all altitudes. The largest improvements are seen at below 2 km altitudes, but 

model results still vastly underestimate surface BC concentrations during the fire season. 

Simulated surface BC concentrations show overall very similar variability between model results 

using the 3-hourly synoptic and the 8-day GFEDv2 inventories. This similarity implies that the 

variation of the surface BC at the mountainous IMPROVE sites examined here is largely driven 

by the synoptic (rather than the 3-houly) variability and transport of the fire emissions and that 

many of the sites are not directly located in the fire emission source regions. That, and the fact 

that forest fires usually last on synoptic and longer time scales, lead us to conclude that the 

model results with the GFEDv2 8-day inventory are proper for comparison with IMPROVE 

(every 3 day) daily data. Results from the simulation driven by GEOS-5 data and with GFEDv2 
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synoptic emissions are in slightly better agreement with IMPROVE observations during summer 

and fall. The results from the simulations driven by GEOS-4 and by GEOS-5 data, on average, 

are comparable and almost indistinguishable. 

 

2.3.5 Sensitivity of surface BC to vertically injected biomass burning emissions  

Ample evidence has shown that biomass burning smoke plumes can be injected into the free 

troposphere (Mims et al., 2010; Kahn et al., 2008). Modeling studies also showed that vertically 

injected biomass burning emissions can significantly improve model comparisons with 

observations (Leung et al., 2007; Turquety et al., 2007). We are thus motivated by these studies 

to include the vertical injection of biomass burning emissions to above the boundary layer. It is 

conceivable that the vertical injection can lead to increased surface BC concentrations at elevated 

IMPROVE sites in the WUS, especially those sites that are downwind of but near fire regions. 

To investigate the impact of smoke plume vertical injection on surface BC, we conducted two 

simulations with vertical injection of GFEDv2 8-day emissions. In the first simulation, GFEDv2 

emissions were evenly distributed throughout the boundary layer. Obviously, this approach 

underestimates emissions injected into the free troposphere. In the second simulation, GFEDv2 

emissions were uniformly (in mass mixing ratio) distributed throughout the tropospheric column 

up to 200 hPa. This approach represents an extreme scenario in which certain percentages of 

emissions from each forest fire are injected to the middle and upper troposphere. As expected, 

the simulated summer-fall surface BC concentrations from the second simulation show 

significant decreases compared with the first simulation at sites below 2 km (not shown) simply 

because of more emissions are injected to above the boundary layer. However, we find that the 

inclusion of plume vertical injection, on average, has relatively small impact on the simulated 



 

42 
 

surface BC concentrations in the WUS mountain ranges during the fire season (not shown). This 

likely is because biomass burning emissions in the model are too low to show significant 

improvements. 

 

2.4 Summary and conclusions 

We have used a global 3-D chemical transport model driven by assimilated meteorological 

data (GEOS-Chem) to examine the sources of the surface black carbon (BC) in the Western 

United States (WUS) mountain ranges. We conducted simulations of BC for 2006 with 2° × 2.5° 

horizontal resolution and compared model results to surface BC concentrations observed from 

the IMPROVE network. Sensitivity simulations were used to estimate the relative contributions 

from North American anthropogenic emissions, Asian anthropogenic emissions, and global 

biomass burning emissions to the surface BC concentrations in the WUS.  

Observed concentrations of BC over the WUS showed strong enhancements during summer 

and fall of 2006. Observed concentrations of potassium and potassium to sulfur ratio, both 

tracers of biomass burning, indicated that these enhancements of BC concentrations were largely 

influenced by fire emissions. Model results were strongly sensitive to the assimilated 

meteorological observations, particularly the boundary layer schemes in the assimilation systems 

used to generate these meteorological data. The unusually shallow planetary boundary layer in 

GEOS-3 significantly and artificially increased model surface BC concentrations in the WUS. In 

contrast, model simulations driven by GEOS-4 and GEOS-5 meteorological observations with 

reasonable boundary layer heights, showed significantly lower surface BC concentrations. 

Observed BC concentrations during the summer and fall fire season were often a factor of two 
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higher than the corresponding model results from simulations driven by GEOS-4 and GEOS-5 

meteorological data. Largest discrepancies were seen at elevated mountainous sites (above 1 km 

altitude). Improved temporal variation including diurnal and synoptic variability and plume 

vertical injection in the biomass burning emission inventory were found to have relatively small 

impact on the simulated surface BC concentrations at the mountainous IMPROVE sites during 

the fire season. 

Surface BC concentrations in the WUS were dominated by North American anthropogenic 

emissions year-around. Transpacific transport of Asian anthropogenic emissions became more 

important with increasing altitude and accounted for about 28% of surface BC concentrations in 

winter and 24% in spring at the 3-4 km altitude range. The large low bias of model results during 

summer and fall was a result of the low biomass burning emissions of BC used in the model. 

Biomass burning emissions contributed about 14-20% at the 1-2 km altitude range to surface BC 

concentrations during summer and fall, but these estimates were likely biased low by a factor of 

two. Biomass burning emissions were most important at the 1-2 km altitude range in the WUS. 

Our results so far have shown that, the contributions from global biomass burning emissions 

were significantly underestimated in our model, likely by more than a factor of two during 

summer and fall. Park et al. (2003) showed that annually about 30% of surface BC 

concentrations in the U.S. were from biomass burning. It is likely that their estimate is biased 

low, too. Recent studies have projected increased fire activity in the WUS in the 21st century 

(Spracklen et al., 2009; Westerling and Bryant, 2008), which portend to even larger contributions 

from biomass burning to BC in the WUS. 
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Table 2.1. GEOS-Chem simulated and IMPROVE observed mean surface BC concentrations, 

model biases, and correlation coefficients between model results and observations (Figures 2.3, 

2.4, and 2.8). 

Figure Obs. mean 
(μg m-3) 

Model mean 
(μg m-3) 

Model bias (%) 
(Model-Obs.)/Obs. 

r 
(p < 0.001) 

2.3(a) 0.137 0.168 22.63 0.45 
2.3(b) 0.210 0.187 -10.95 0.55 
2.3(c) 0.148 0.082 -44.59 0.59 
2.3(d) 0.108 0.166 53.70 0.54 
2.3(e) 0.255 0.105 -58.82 0.52 
2.3(f) 0.160 0.138 -13.75 0.59 
2.3(g) 0.301 0.170 -43.52 0.16 

(p = 0.063) 
2.3(h) 0.161 0.139 -13.66 0.72 
2.3(i) 0.158 0.105 -33.54 0.53 
2.3(j) 0.135 0.081 -40.00 0.51 
2.3(k) 0.152 0.094 -38.16 0.33 
2.3(l) 0.366 0.095 -74.04 0.13 

(p = 0.182) 
2.3(m) 0.137 0.093 -32.12 0.51 
2.3(n) 0.163 0.086 -47.24 0.42 
2.3(o) 0.121 0.062 -48.76 0.71 
2.3(p) 0.107 0.062 -42.06 0.31 
2.4(a) 0.173 0.139 -19.65 0.50 
2.4(b) 0.175 0.111 -36.57 0.57 
2.4(c) 0.114 0.071 -37.72 0.50 
2.4(d) 0.088 0.046 -47.73 0.49 

2.8(a) GEOS-5 0.173 0.170 -1.73 0.38 
2.8(b) GEOS-5 0.175 0.113 -35.43 0.62 
2.8(c) GEOS-5 0.114 0.069 -39.47 0.61 
2.8(d) GEOS-5 0.088 0.042 -52.27 0.51 
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Table 2.2. Correlation coefficients between GEOS-Chem simulated and IMPROVE observed 

surface BC concentrations (Figure 2.11). 

Figure GFED 8-day GFED synoptic 
 GEOS-4 GEOS-5 GEOS-4 GEOS-5 

2.11(a) 0.68 0.68 0.71 0.70 

2.11(b) 0.33 0.30 0.34 0.31 

2.11(c) 0.31 0.41 0.37 0.46 

2.11(d) 0.11 0.17 0.12 0.18 
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Figure 2.1. IMPROVE sites (black dots; data available at http://vista.cira.colostate.edu/improve/) 

in the western U.S. Also shown are terrain heights (color contours). 
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Figure 2.2. GFEDv2 monthly total carbon emissions from fires in the western U.S. (100-125°W, 

30-50°N) for 2006. 
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Figure 2.3. (a-p) Simulated (black line) and observed (red line) daily surface BC concentrations 

at representative IMPROVE sites (Figure 2.1) in 2006. Values shown are daily averages for 

every three days. Simulations are driven by GEOS-4 reanalysis data and with GFEDv2 8-day 

emissions. Model results are sampled at the time and location of IMPROVE observations. Also 

shown are relative contributions to surface BC concentrations from Asian anthropogenic 

emissions (green line), global biomass burning emissions (pink line), and North American 

anthropogenic emissions (blue line). 
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Figure 2.3. continued.
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Figure 2.3. continued.
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Figure 2.4. Simulated (black line) and observed (red dots) daily surface BC concentrations at 

IMPROVE sites (Figure 2.1) for 2006, averaged for four altitude ranges: (a) below 1 km (18 

sites), (b) 1-2 km (30 sites), (c) 2-3 km (18 sites), and (d) above 3 km (3 sites). Simulations are 

driven by GEOS-4 reanalysis data and with GFEDv2 8-day emissions. Also shown are simulated 

relative contributions to surface BC concentrations from Asian anthropogenic emissions (green 

line), global biomass burning emissions (pink line), and North American anthropogenic 

emissions (blue line). 
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Figure 2.5. Daily surface concentrations of BC (red line), soil (green line), potassium (K, black 

line), and potassium to sulfur (K/S) ratio (blue line) at IMPROVE site Flathead, MT (47.8°N, 

114.3°W, 1.58 km) for 2006.  

Jun Jul Aug Sep Oct Nov Dec
0

0.2

0.4

0.6

0.8

1

Time

( 
C

B
μ

m
g

3-
)

   Mt. Rainier, WA (46.8oN, 122.1 oW, 0.44 km)

(a)GEOS-4 GFEDv2 8-day
GEOS-4 Interannual
GEOS-3 Interannual
IMPROVE

Jun Jul Aug Sep Oct Nov Dec  1998
Time

  Three Sisters, O R (44.3oN,  122.0oW, 0.89 km)

(b)

  o

Figure 2.6. Monthly mean surface BC concentrations from June to December 1998 at  (left) Mt. 

Rainier, WA (46.8°N, 122.1°W, 0.44 km) and (right) Three Sisters, OR (44.3°N, 122.0°W, 0.89 

km). Red lines: IMPROVE observations; black lines: model driven by GEOS-4 data and with 

GFEDv2 8-day emissions; green lines: model driven by GEOS-4 reanalysis data and with 

Duncan et al. (2003) interannual biomass burning emissions; blue lines: model driven by GEOS-

3 reanalysis data and with Duncan et al. (2003) interannual biomass burning emissions.  
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bin/data/narr/plothour.pl)). Values are for 14:00 local time (Daylight savings time). 
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Figure 2.8. (a-d) Same as Figure 2.4, but from simulations driven by GEOS-4 (black line) and 

GEOS-5 (green line) reanalysis data and with GFEDv2 8-day emissions.  
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Figure 2.9. Same as Figure 2.7, but from GEOS-4 (black line), GEOS-5 (green line), and NARR 

(red line) for 2006. 
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Figure 2.10. (a-d) Same as Figure 2.4, but from simulations with standard GFEDv2 8-day 

emissions (black line) and with GFEDv2 8-day emissions increased by 50% (green line) over the 

western U.S. Also shown are contributions to surface BC from biomass burning emissions (blue 

line) and 150% biomass burning emissions (pink line) over the western U.S. 
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Figure 2.11. (a-d) Same as Figure 2.4, but for April-December 2004 and with GFEDv2 8-day 

emissions (black line, GEOS-4; pink line, GEOS-5) and GFEDv2 synoptic emissions (green line, 

GEOS-4; blue line, GEOS-5).  
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Abstract 

We estimate biomass burning and anthropogenic emissions of black carbon (BC) in the 

western U.S. for May-October 2006 by inverting surface BC concentrations from the Interagency 

Monitoring of PROtected Visual Environment (IMPROVE) network using a global chemical 

transport model. We first use active fire counts from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) to improve the spatiotemporal distributions of the biomass burning 

BC emissions from the Global Fire Emissions Database (GFEDv2). The adjustment primarily 

shifts emissions from late to middle and early summer (a 33% decrease in September-October 

and a 56% increase in June-August) and leads to appreciable increases in modeled surface BC 

concentrations in early and middle summer, especially at the 1-2 and 2-3 km altitude ranges. We 

then conduct analytical inversions at both 2° × 2.5° and 0.5° × 0.667° (nested over North 

America) horizontal resolutions. The a posteriori biomass burning BC emissions for July-

September are 31.7 Gg at 2° × 2.5° (an increase by a factor of 4.7) and 19.18 Gg at 0.5° × 0.667° 

(an increase by a factor of 2.8). The inversion results are rather sensitive to model resolution. 

The a posteriori biomass burning emissions at the two model resolutions differ by a factor of ~6 

in California and the Southwest and by a factor of 2 in the Pacific Northwest. The corresponding 

a posteriori anthropogenic BC emissions are 9.1 Gg at 2° × 2.5° (a decrease of 48%) and 11.0 

Gg at 0.5° × 0.667° (a decrease of 36%). Simulated surface BC concentrations with the a 

posteriori emissions capture the observed major fire episodes at most sites and the substantial 

enhancements at the 1-2 and 2-3 km altitude ranges. The a posteriori emissions also lead to large 

bias reductions (by ~30% on average at both model resolutions) in modeled surface BC 

concentrations and significantly better agreement with observations (increases in Taylor skill 

scores of 95% at 2° × 2.5° and 42% at 0.5° × 0.667°).  
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3.1 Introduction 

Black carbon (BC), as a component of fine particulate matter, has deleterious effects on 

human health (e.g., Anenberg et al., 2012, 2011; Smith et al., 2009). BC is also known as one of 

the only two agents to cause both degraded air quality (e.g., Anenberg et al., 2012, 2011) and 

warming due to its strong absorption of solar radiation (e.g., Ramanathan and Carmichael, 2008; 

Horvath, 1993). BC thus has considerable impacts on global climate (Fuglestvedt et al., 2010; 

Shindell et al., 2008; Levy et al., 2008; Reddy et al., 2007; IPCC, 2007; Jacobson, 2004, 2001). 

BC deposited on snow and ice can significantly decrease the surface albedo (Warren and 

Wiscombe, 1980) and quicken surface melt (e.g., Flanner et al., 2009, 2007; Hansen and 

Nazarenko, 2004; Zwally et al., 2002). BC thus has a significant contribution to the observed 

rapid glacier retreats (Painter et al., 2013; Xu et al., 2009). Because of its shorter lifetime relative 

to long lived greenhouse gases such as carbon dioxide, BC shows a much stronger regional 

warming effect and its reduction may provide an efficient solution to mitigate near-term climate 

change and to improve air quality and human health simultaneously (Bond et al., 2013; Shindell 

et al., 2012; Kopp and Mauzerall, 2010; Ramana et al., 2010; Jacobson, 2010, 2002; Bond and 

Sun, 2005; Hansen et al., 2005).  

The transport and subsequent deposition of BC is known to impact the regional climate and 

hydrological cycle in the western U.S. mountain ranges. Mountain snowmelt accounts for over 

70% of the annual stream flows in this region (Qian et al., 2009). Qian et al. (2009) showed that 

the deposition of BC on snow over the western U.S. mountain ranges reduced snow 

accumulation in winter, snowmelt in spring, and runoff between April and June. The ongoing 

and most severe drought on record during the last five decades in California (e.g., Mirchi et al., 

2013) and the dwindling water level of the Colorado River (e.g., Vano et al., 2013) both add 



 

68 
 

even more urgency to better understand the sources, transport, and deposition of BC in the 

western U.S. mountain ranges. 

The uncertainty in current BC emission estimates ranges from at least ±50% on global scales 

to a factor of 2-5 on regional scales (Ramanathan and Carmichael, 2008; Streets et al., 2003, 

2001). The uncertainty of biomass burning BC emissions in the western U.S. is equally large, not 

only in the absolute magnitudes of fire emissions but also in the timing and location of fires 

(Mao et al., 2011). Part of the large uncertainty stems from estimates of burned area and fuel 

load (Langmann et al., 2009), especially of small fires, including agricultural burning (Randerson 

et al., 2012). Giglio et al. (2010, 2006) have shown that small fires can lead to high relative 

errors of 50-100% in the burned area estimates. The uncertainty is likely because of the lack of 

detection of small fires in the burned area algorithms (Randerson et al., 2012; van der Werf et al., 

2010; McCarty et al., 2009; Roy and Boschetti, 2009; Korontzi et al., 2006). In addition, the 

increases of fire frequency, fire season length, and annual burned area observed in the western 

U.S. in recent decades have been linked to the warm climate (Peterson and Marcinkowski, 2014; 

Westerling et al., 2006). The annual burned area in the western U.S. is also projected to increase 

by 25-125% in the 2050s relative to the present under future warming (Yue et al., 2013; 

Spracklen et al., 2009). It is therefore conceivable that, biomass burning emissions as an 

important source to BC will have even larger contributions to BC in the western U.S. in the 21st 

century. 

Understanding the distributions of a chemical species in the atmosphere depends on the 

information of the emissions. The bottom-up emission estimates generally rely on emission 

factors using socioeconomic, energy, land use, or environmental data (Bond et al., 2013, 2007; 

Lu et al., 2011). In recent years, there has been an increasing emphasis on the use of inverse 
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methods to characterize the temporal and spatial variability of emissions. Top-down inversions 

have been widely used for estimating emission fluxes of long-lived trace gases such as carbon 

dioxide (e.g., Pickett-Heaps et al., 2011; Chevallier et al., 2007; Gloor et al., 1999), methane 

(e.g., Wecht et al., 2012; Meirink et al., 2008; Hein et al., 1997), and carbon monoxide based on 

observations from surface stations (e.g., Bergamaschi et al., 2000; Kasibhatla et al., 2002), 

aircraft (e.g., Palmer et al., 2006, 2003), and satellites (Jiang et al., 2013, 2011; Jones et al., 2009; 

Stavrakou and Müller, 2006; Arellano et al., 2006, 2004), when the atmospheric concentrations 

are linearly or weakly non-linearly dependent on their emissions (Müller and Stavrakou, 2005).  

Top-down inversions, by nature, are a way to examine the consistency of model results with 

observations. It is important to note that the abovementioned studies have consistently 

demonstrated that the bottom-up and top-down approaches are not mutually exclusive. 

Improving estimate of emissions is inherently an iterative process and it is imperative to 

optimally integrate both bottom-up and top-down approaches. 

Several studies have used multiple regressions to estimate annual mean sources of primary 

carbonaceous aerosols over the U.S. (Park et al., 2003) and in China (Wang et al., 2013; Fu et al., 

2012). The goal of the present study is to improve our understanding of sources of BC in the 

western U.S. mountain ranges, with a particular focus on biomass burning emissions during 

May-October 2006, broadly encompassing the fire season in the region. We first improve the 

spatial distributions and the seasonal and interannual variations of BC emissions using high 

spatial resolution active fire counts. We then apply top-down inversions of surface BC 

concentration measurements using a global 3-dimensional chemical transport model (CTM). We 

briefly describe the observations in Sect. 3.2 and the model in Sect. 3.3. We then discuss in Sect. 

3.4 improvements to the spatiotemporal distributions of biomass burning emissions of BC. In 
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Sect. 3.5, we describe the analytical inversion method. The inversion results and discussions are 

presented in Sect. 3.6. We give a summary and draw conclusions in Sect. 3.7. 

 

3.2 Observations  

3.2.1 IMPROVE 

The Interagency Monitoring of PROtected Visual Environment (IMPROVE) surface network 

in the U.S. was created for the protection of visibility in Class I remote areas (Malm et al., 1994). 

Long-term measurements of aerosols with chemical species including BC are available from the 

network since 1987 (data available at http://vista.cira.colostate.edu/improve/). We use surface 

BC concentration data for 2006 from 69 sites across the western U.S. (Fig. 3.1 and Table 3.S1). 

These are mostly remote sites located predominantly in national parks. BC mass concentration is 

measured by the Thermal Optical Reflectance (TOR) combustion method based on the 

preferential oxidation of organic carbon (OC) and BC at different temperatures (Chow et al., 

2004). The uncertainties of the method are difficult to quantify (Park et al., 2003; Chow et al., 

1993). The measurements are made every three days and 24-hour averages are reported. 

Previously, sulfate and nitrate aerosol measurements from the IMPROVE network have been 

used to constrain their precursor emissions using the GEOS-Chem CTM and its adjoint (Henze et 

al., 2009).  

 

3.2.2 MODIS  

   The Moderate Resolution Imaging Spectroradiometer (MODIS) active fire product 

(available at ftp://fuoco.geog.umd.edu) detects fires in 1-km pixels that are burning at the time of 

overpass under relatively cloud-free conditions using a contextual algorithm (Giglio et al., 2003). 
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The detection utilizes the strong emission of mid-infrared radiation from fires and applies 

thresholds to the observed middle–infrared and thermal infrared brightness temperatures. The 

algorithm examines each pixel of the MODIS swath, and ultimately assigns to each one of the 

following classes: missing data, cloud, water, non-fire, fire, or unknown. We use here MODIS 

active fire counts at the spatial resolution of 0.5° × 0.5° and a temporal resolution of eight days. 

 

3.3 Model description and simulations  

We apply the GEOS-Chem global 3-D CTM (Bey et al., 2001, with many updates 

thenceforth) to analyze IMPROVE surface BC observations. GEOS-Chem is driven by 

assimilated meteorological observations from the Goddard Earth Observing System (GEOS) of 

the NASA Global Modeling and Assimilation Office (GMAO). Here we use GEOS-Chem 

version 8-03-02 (available at http://geos-chem.org) driven by GEOS-5 meteorological data with 

a temporal resolution of 6-hour (3-hour for surface variables and mixing depths), horizontal 

resolutions of 2° (latitude) × 2.5° (longitude) and 0.5° (latitude) × 0.667° (longitude), and 47 

hybrid eta levels in the vertical from the surface to 0.01 hPa. The lowest model levels are 

centered at approximately 60, 200, 300, 450, 600, 700, 850, 1000, 1150, 1300, 1450, 1600, and 

1800 m above the local surface. GEOS-Chem simulations at the finer horizontal resolution are 

typically nested over a continental-scale domain within the global domain. Lateral boundary 

conditions for the nested-grid simulations are archived from a global simulation. The nested-grid 

simulation employs the same meteorology, dynamics, and chemistry as the global simulation, 

thus allows for consistent propagation of features from the global to the nested domain via one-

way nesting. 

Tracer advection is computed every 15 minutes with a flux-form semi-Lagrangian method 
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(Lin and Rood, 1996). Tracer moist convection is computed using GEOS convective, 

entrainment, and detrainment mass fluxes as described by Allen et al. (1996a, b). The deep 

convection in GEOS-5 is parameterized using the relaxed Arakawa-Schubert scheme (Moorthi 

and Suarez, 1992; Arakawa and Schubert, 1974), and the shallow convection treatment follows 

Hack (1994). Simulation of aerosol wet and dry deposition follows Liu et al. (2001). Wet 

deposition includes contributions from scavenging in convective updrafts, rainout from 

convective anvils, and rainout and washout from large-scale precipitation. Dry deposition of 

aerosols uses a resistance-in-series model (Walcek et al., 1986) dependent on local surface type 

and meteorological conditions. 

GEOS-Chem simulation of carbonaceous aerosols has been reported previously by Park et al. 

(2003). Eighty percent of BC and 50% of OC emitted from primary sources are assumed to be 

hydrophobic and hydrophobic aerosols become hydrophilic with an e-folding time of 1.2 days 

(Park et al., 2003; Chin et al., 2002; Cooke et al., 1999). BC aerosols in the model are assumed to 

be externally mixed. Global anthropogenic (fossil fuel and biofuel) emissions of BC are based 

upon Bond et al. (2007) with imposed seasonality following Park et al. (2003). Biomass burning 

emissions of BC are from the Global Fire Emissions Database version 2 (GFEDv2) emissions 

with an 8-day temporal resolution (Randerson et al., 2007; van der Werf et al., 2006). We 

include for comparison BC emissions from GFEDv3 (van der Werf et al., 2010) and the Fire 

Locating and Monitoring of Burning Emissions (FLAMBE) inventory (Reid et al., 2009). 

GFEDv2 was derived using satellite observations including active fire counts and burned 

areas in conjunction with a biogeochemical model (Randerson et al., 2007; van der Werf et al., 

2006). Burned area was derived using monthly 1° × 1° active fire and 500-m burned area data 

from MODIS (Giglio et al., 2006). Total carbon emissions were then calculated as the product of 
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burned area, fuel load, and combustion completeness. Fuel load depends on vegetation type, 

climate, soil type, and time since last fire, while combustion completeness (the fraction of the 

available fuel combusted during a fire) depends on the type of fire, fuel (e.g., stems, leaves, and 

litter) and its moisture content (Langmann et al., 2009). The Carnegie-Ames-Stanford-Approach 

(CASA) biogeochemical model was used to estimate combustion completeness as well as fuel 

load and the associated spatial variability (van der Werf et al., 2006, and references therein). BC 

emissions were then derived from the total carbon emissions and BC emission factors. GFEDv3 

includes several updates over GFEDv2: a finer spatial resolution (0.5°), a better mapping method 

in estimating 500-m global burned area, a local (in lieu of regional) regression in producing the 

indirect, active-fire based estimates of burned area, and an improved CASA model.   

FLAMBE provides carbon emissions at a 1° × 1° spatial resolution and hourly temporal 

resolution based on both MODIS and Geostationary Operational Environmental Satellites 

(GOES) fire counts. Hourly emissions are available from 2005. Fire pixel detections and sub-

pixel burning characterizations were computed based on operational NOAA/NESDIS GOES 

Wild-Fire Automated Biomass Burning Algorithm (WF_ABBA) for most of the Western 

Hemisphere. For the rest of the globe, the near real time University of Maryland/NASA MODIS 

fire products from Terra and Aqua were used. The Advanced Very High Resolution Radiometer 

(AVHRR) derived Global Land Cover Characteristics (GLCC) data (v2.0) was used to assign 

surface emissivity and to screen for false alarms. Based on the thermal anomaly and fire radiative 

power in a subpixel fire, FLAMBE provides hourly burned areas and carbon emissions. 

Following Fisher et al. (2009), we calculate BC emissions using emission factors from Andreae 

and Merlet (2001). 

For computational expediency, we conduct GEOS-Chem ‘offline’ simulations of 
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carbonaceous aerosols following Mao et al. (2011). We conduct simulations for 2006 at both 2° 

× 2.5° and 0.5° × 0.667° resolutions. The first three months are used for initialization and we 

focus our analysis on May through October. The finer resolution is nested over North America 

(40°W-140°W longitudes, 10°N-70°N latitudes, cf. Fig. 1 in Wang et al., 2004). Wang et al. 

(2004) reported the first nested-grid GEOS-Chem simulations of carbon monoxide over North 

America. Chen et al. (2009) provided a detailed description of the one-way nesting in the model.  

Model results are sampled at the corresponding locations of the IMPROVE sites. IMPROVE 

observations are 24-hour averages sampled every three days and we sample the model 

accordingly. It is known that comparing localized observations such as the IMPROVE data with 

model results that are representative of a much larger area is inherently problematic (Mao et al., 

2011; Fairlie et al., 2007). Furthermore, many of the IMPROVE sites are at high elevations and 

the associated upslope flow is difficult to represent in a coarse-resolution model. 

 

3.4 Spatiotemporal distributions of biomass burning BC emissions  

Mao et al. (2011) pointed out that the GFEDv2 inventory not only underestimated the 

magnitude but also inadequately captured the temporal (and presumably spatial) distribution of 

biomass burning emissions in the Western U.S. (WUS, defined hereinafter as 30°N-50°N, 

100°W-125°W for clarity). Ample evidence has suggested that the root cause of these 

deficiencies was likely the lack of detection of small fires, for example, prescribed and 

agricultural burning (e.g., Randerson et al., 2012; Giglio et al., 2010). Randerson et al. (2012) 

pointed out that current global burned area products largely missed small fires because such fires 

were typically well below the detection limit of the burned area algorithms. For instance, 

GFEDv2 burned area was derived from MODIS 500-m surface reflectance, suited for detecting 
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large fires with fire scars greater than 500 m (Giglio et al., 2010, 2006). Active fire data has long 

been used as a proxy for burned area due to the lack of long-term global burned area data (Giglio 

et al., 2010, 2006). MODIS active fire data, based on thermal anomalies, allows for the detection 

of fires that are an order of magnitude smaller in size than those detected by MODIS 500-m 

surface reflectance. MODIS active fire data thus preserves detailed aspects of the spatial 

distribution and seasonality of burning (Randerson et al., 2012, and references therein).  

Here we use MODIS active fire counts from 2005-2007 to improve the spatiotemporal 

distribution of GFEDv2 BC emissions in North America. The adjusted emissions will be the a 

priori for the inversions presented hereinafter. There are large uncertainties in relating fire counts 

to actual burned area because of inadequate temporal sampling, variability in fuel conditions and 

cloud cover, differences in fire behavior, and issues related to spatial resolution (Giglio et al., 

2006; Kasischke et al., 2003). We choose the 3-yr period in part to minimize such uncertainties. 

We adjust the emissions for three zones: boreal North America, temperate North America, and 

Mexico and Central America, following the geographic regions defined in the GFED inventory 

(Giglio et al., 2010, 2006). We first sum up for each zone the monthly carbon emissions and 

MODIS active fire counts from 2005-2007. We then redistribute the emissions according to the 

ratio of the active fire counts for each 8-day period within each grid box (0.5° × 0.5°) to the total 

fire counts. We note that the adjusted GFEDv2 emissions have the same total emissions as the 

original GFEDv2. We would like to point out that, fuel loading and combustion completeness are 

also basic factors to derive emissions and have large spatial and temporal variations. The 

emission adjustment presented here therefore would introduce some uncertainties without 

considering these issues. We make another emission adjustment with the same calculation 

method but using daily active fire counts and carbon emissions only in the WUS for 2006 to 
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partially measure these uncertainties. The resulting emissions are essentially the same as the 

former adjusted emissions and we thus focus our analysis on the former adjusted emissions 

hereinafter. 

 Fig. 3.2 shows the active fire counts and the biomass burning BC emissions (before and after 

the adjustments), summed over the WUS, from 2005 to 2007. Of the three years, 2006 is a 

relatively large fire year. Fire seasons in the WUS typically last from late June through October 

even November, as evident in both the fire counts and the emissions. The fire season in 2006 is 

from July to September primarily. The adjustment largely shifts emissions from late to middle 

and early summer. Take 2006 for example, the adjustment results in a 33% decrease in 

September-October and a 56% increase in June-August. The spatial distributions of monthly BC 

emissions for July-September 2006, before and after the adjustments, are shown in Fig. 3.3. 

There are significant increases in the agricultural areas in August and September, e.g., Columbia 

River Basin in Washington, Oregon, and Idaho, and Snake River Basin in Idaho. These increases 

reflect improved spatial allocation of biomass burning emissions using MODIS active fire counts, 

which now presumably picks up (small) agricultural burning. The adjusted emissions track 

spatiotemporally MODIS active fire counts (Fig. 3.3a), as expected.   

The spatiotemporal shift of the emissions manifests in higher BC concentrations in some 

regions and lower concentrations in others. Fig. 3.4 compares modeled surface BC 

concentrations against observations for May-October 2006 at six IMPROVE sites. Model results 

are from simulations at 2° × 2.5° or 0.5° × 0.667° horizontal resolutions. There are substantial 

increases of surface BC concentrations (up to ~100%) after the emission adjustment, at Bend, 

MT (47.6°N, 108.7°W, 0.89 km) and North Cheyenne, MT (45.7°N, 106.6°W, 1.28 km) in early 

and middle summer, while concentrations are appreciably lower (up to ~10% at 2° × 2.5°) at 
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Starkey, OR (45.2°N, 118.5°W, 1.26 km) and Mt. Cabinet, MT (48.0°N, 115.7°W, 1.44 km) in 

September and October. The resulting changes to modeled surface BC concentration are largely 

consistent between the two resolutions but are considerably more pronounced at 2° × 2.5° than at 

0.5° × 0.667° at Starkey and Mt. Cabinet.  

Fig. 3.5 shows modeled versus observed surface BC concentrations averaged for sites at the 

0-1, 1-2, 2-3, and 3-4 km altitude ranges for May-October 2006. The adjusted emissions lead to 

small yet significant relative enhancements of model surface BC concentrations (up to ~0.05 µg 

m-3) at both model resolutions from late June to August. These enhancements are particularly 

evident at the 1-2 and 2-3 km altitude ranges at 0.5° × 0.667° and yet insignificant at 3-4 km sites. 

The adjustments also provide better agreement with the observations at sites below 1 km, 

especially at 0.5° × 0.667°. The adjustment to the emissions reduces the median model bias by 

64% at 0.5° × 0.667° but has little to no effect on the model bias at 2° × 2.5° (Fig. 3.6). 

 

3.5 Analytical solution to the inverse problem 

Analytical inversion methods are applicable for linear or weakly non-linear conditions 

between emissions and atmospheric concentrations (Müller and Stavrakou, 2005). Previous 

studies have shown that the GEOS-Chem simulations of BC were linear with respect to BC 

emissions (e.g., Wang et al. 2013, 2011; Kopacz et al., 2011). Considering the problem of 

inferring emissions (state vector x) given observations (observation vector y) with error ε, the 

two are related via a forward model F as follows (Rodgers, 2000): 

  F( ) ε= +y x                                                                     (3.1) 

where x is monthly BC emissions (Fig. 3.1) in the present study, y the 24-hour average BC 



 

78 
 

surface concentrations (Fig. 3.1 and Table 3.S1), and F the GEOS-Chem model. Based on Bayes’ 

theorem and the assumption of Gaussian error distributions (Rodgers, 2000), the optimal or 

Maximum A Posteriori (MAP) solution to Eq. (3.1) is equivalent to finding the minimum of an 

error-weighted least squares cost function J(x) (Rodgers, 2000),  

T 1 T 1( ) ( ) ( ) ( ) ( )a a aJ − −
Σ= − − + − −x y Kx S y Kx x x S x x                                            (3.2) 

where xa and Sa are a priori emissions and the associated error covariance, S∑ the observational 

error covariance, and K = ∇xF the Jacobian matrix. Minimization of J(x) yields 

T 1 1 1 T 1ˆ ( ) ( )a a a
− − − −
Σ Σ= + + −x x K S K S K S y Kx                                                           (3.3) 

T 1 1 1 T Tˆ ( ) ( ) ( )a a
− − −
Σ Σ= + = − − +S K S K S I A S I A GS G                                            (3.4) 

where x̂  is the a posteriori emissions, Ŝ  the a posteriori error covariance, I the identity matrix, 

ˆ∂
=
∂

xG
y

 the gain matrix (the sensitivity of the retrieval to the observations), and 

1ˆ ˆ- a
−∂

= = =
∂
xA GK I SS
x

 the averaging kernel matrix. In a successful inversion, the cost function 

should be of the same order as the number of observations, provided that errors are properly 

specified (Palmer et al., 2003).  

     The matrix of averaging kernel and the number of degrees of freedom for signal (DOFs) are 

useful metrics for inspecting the ability of the observing system to uniquely constrain individual 

element of the state vector (Kasibhatla et al., 2002). The averaging kernel matrix represents the 

sensitivity of the a posteriori estimates to the unknown true state. Averaging kernels peaking at 

their own state vector element denote a well constrained source, which shows the inversion 

system has enough information to constrain the source categories independently. DOFs is the 

trace of the averaging kernel matrix (Rodger, 2000). The number of pieces of information from a 
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perfect inversion system is expected to be the size of the state vector. Following Jaffe et al. 

(2008), we initially include in the state vector five regions of biomass burning: the Northern 

Rocky Mountains, the Southern Rocky Mountains, California, the Southwest, and the Pacific 

Northwest. Upon examining the averaging kernel and DOFs, we find that the inversion system is 

unable to distinguish the biomass burning from the Northern versus the Southern Rockies. 

Therefore, we lump these two regions. We also lump California and the Southwest for the same 

reason. Our analyses show that biomass burning emissions in the WUS account for ~85% of the 

total biomass burning contribution to surface BC in the region for May-October 2006. The 

corresponding contribution from Canadian fire is ~7%. We thus define a four-component state 

vector (Fig. 3.1): biomass burning emissions in the Rockies (BBRM), California and the 

Southwest (BBCSW), and the Pacific Northwest (BBPNW), and anthropogenic emissions in the 

WUS (ANTHWUS).  

We assume a 50% uncertainty for the anthropogenic BC emissions in North America, within 

the 30-60% range suggested by Bond et al. (2004). GFEDv2 fuel loading has an uncertainty of 

22% for woody biomass and 44% for herbaceous biomass, while combustion completeness has 

an uncertainty of ~50% (van der Werf et al., 2010). GFEDv2 burned area has an uncertainty of 

10-40% for large fires and 50-100% for small fires (Giglio et al., 2006). BC emission factor has 

an uncertainty of ~40% for savanna, grasslands, and extra-tropical forest (Andreae and Merlet, 

2001). Mao et al. (2011) suggested that GFEDv2 BC emissions were likely biased low by a 

factor of 2-3 in the WUS. We assume for separate inversions presented here uncertainty of 200%, 

300%, and 500% for biomass burning emissions of BC in the WUS. We assume that the a priori 

errors are spatially uncorrelated.  

The observation error includes contributions from predominantly model transport error, 
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representation error, and measurement error (Heald et al., 2004). We estimate the transport error 

by computing the variance of the relative difference between the observations and the 

corresponding model BC concentrations, following Palmer et al. (2003) and Heald et al. (2004). 

The mean model bias, as diagnosed by the mean relative difference, is because of errors in the a 

priori sources, while the variance of the relative residual error is chiefly because of errors in the 

transport. The resulting model transport error is ~20%, consistent with previous studies (Kopacz 

et al., 2009; Heald et al., 2004; Palmer et al., 2003) Jiang et al. (2011) used the differences in 

GEOS-Chem simulated carbon monoxide distributions with two different GEOS meteorological 

fields (GEOS-3 versus GEOS-4) as an alternative measure of model transport error. They found 

that such transport error introduced an error of up to 20% on the source estimates. The 

representation error describes the mismatch between model results and the corresponding 

observations. This error arises because model results are averages over a large model grid scale 

(e.g., ~200 × 250 km2 at 2° × 2.5°), while as observations are typically point measurements. 

Palmer et al. (2003) estimated a representation error (for carbon monoxide) of 5-10% of 

observations for GEOS-Chem simulations at 2° × 2.5°. Their estimate was based upon aircraft 

measurements, mostly 1 km over the ocean, and corresponding model simulations over the 

western Pacific. It is likely that the representation error in the WUS should be larger than 5-10% 

merely because of the complex terrain, which is more difficult (relative to remote oceans) to 

resolve in coarse-resolution models. We thus assume a 5-10% representation error as a lower 

limit in the analyses presented here. We further assume a measurement error of 5-10% for 

IMPROVE BC measurements. The total observation error is set at 30% or 50%.  

Inspection of the averaging kernels and DOFs shows that an a priori biomass burning error 

of 500% and an observation error of 30% provide the best overall inversion results, with higher 
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resolution in the averaging kernels (Fig. 3.7) and highest values of DOFs (Table 3.1). The 

averaging kernels at the two model resolutions are essentially indistinguishable. Overall the 

retrievals are slightly better constrained at 0.5° × 0.667° than at 2° × 2.5°, as evident in the 

higher DOFs. Fig. 3.7 shows that the inversion system is able to constrain each element of the 

state vector independently, especially during July to September and to a less degree in October. 

However, the system has insufficient information to distinguish anthropogenic from biomass 

burning BC emissions in May and June.  

The cost function provides yet another metric for appraising the quality of an inversion. The 

inversions presented here see large cost function reductions (42% at 2° × 2.5° and 38% at 0.5° × 

0.667°). In addition, the cost function values are of the same order as the number of observations 

(~690). Palmer et al. (2003) showed that the value of the cost function in a successful inversion 

should be of the same order as the number of observations, provided that the errors are properly 

specified.  

 

3.6. Results and discussions 

3.6.1 A posteriori estimates of BC emissions  

Fig. 3.8 shows the a priori (i.e., adjusted GFEDv2, see Sect. 3.4) and the a posteriori 

estimates of monthly BC emissions in the WUS for May-October 2006. The anthropogenic 

emissions are divided by three in the figures, for the sake of clarity, because the anthropogenic 

emissions are considerably larger than biomass burning emissions. The a posteriori biomass 

burning emissions increase (by a factor of 3-5 on average) dramatically and consistently, while 

the a posteriori anthropogenic emissions decrease (by ~50%) substantially. The retrievals also 

largely reduce the uncertainties of the emissions by more than 50%. An a priori biomass burning 
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emissions error of 500% and an observational error of 30% provide the best overall inversion 

results, with larger reductions in uncertainties (Fig. 3.8), larger DOFs (Table 3.1), and better-

resolved averaging kernels (Fig. 3.7). By the same metrics, the inversion results are appreciably 

better at 0.5° × 0.667° than at 2° × 2.5°. As expected, model simulations with the former also 

result in better agreement with observations.  

Table 3.2 presents the a priori and a posteriori monthly biomass burning and anthropogenic 

BC emissions in the WUS for May-October 2006. The a posteriori biomass burning BC 

emissions are 31.7 Gg at 2° × 2.5° (4.7 times the a priori) and 19.2 Gg at 0.5° × 0.667° (2.8 

times the a priori) for July-September. The a posteriori biomass burning emissions show large 

regional and month-to-month differences between the two model resolutions. For example, the a 

posteriori biomass burning emissions at 2° × 2.5° for July-September increase by factors of 6.3 

in the Rockies and 3.3 in the CSW, relative to the corresponding a priori. The a posteriori 

biomass burning emissions in the WUS increase by factors of 6.3 (4.1) in July and 3.6 (2.2) in 

August at 2° × 2.5° (0.5° × 0.667°). The a posteriori anthropogenic BC emissions are 9.1 Gg at 2° 

× 2.5° (a 48% reduction relative to the a priori) and 11.2 Gg at 0.5° × 0.667° (a 36% reduction 

relative to the a priori) for July-September 2006. These decreases in anthropogenic BC 

emissions estimates are consistent with the findings by Rao and Somers (2010), who showed that 

BC emissions in the U.S. had declined by ~30% from 1990 to 2005 and were expected to decline 

by an additional 80% by 2030. Murphy et al. (2011) have shown that observed BC 

concentrations from 50 IMPROVE sites decreased by more than 25% on average from 1990 to 

2004, reflecting effective anthropogenic BC emission control in the U.S. 

It is useful to compare biomass burning BC emissions in the WUS between the a priori, a 

posteriori, GFEDv3, and FLAMBE. The total BC emissions for 2006, however, are lower in 
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GFEDv3 than in GFEDv2 (and the a priori emissions) (van der Werf et al., 2010). Here we focus 

on July-September 2006. The emissions are 8% higher in GFEDv3 than in the a priori. These 

differences are largest in August (20%) and September 2006 (15%). GFEDv3 emissions are 

considerably lower than the a posteriori estimates at 2° × 2.5° (by a factor of 4.4) and at 0.5° × 

0.667° (by a factor of 2.7). The emissions are substantially higher (by a factor of 6) in FLAMBE 

than in the a priori emissions. We note that the a priori emissions have the same total emissions 

as the original GFEDv2 emissions and are thus known to underestimate biomass burning BC 

emissions in the WUS (Randerson et al., 2012; Mao et al., 2011). The difference between 

FLAMBE and the a posteriori emissions, however, is substantially smaller. The emissions are 30% 

higher in FLAMBE than in the a posteriori at 2° × 2.5°. The difference is a factor of two 

between FLAMBE and the a posteriori at 0.5° × 0.667°. Previous studies have indicated 

substantial reductions to the FLAMBE inventory for Russia (53%, Wang et al., 2011) and for 

Southeast Asia (45%, Fisher et al., 2010).  

 

3.6.2 Evaluation of the a posteriori estimates with IMPROVE observations 

Fig. 3.9 shows model simulated and observed surface BC concentrations for May-October 

2006 at 10 sites in the Rockies (a-d), the Pacific Northwest (e-g), and California and the 

Southwest (h-j). Model results are from simulations at 2° × 2.5° and 0.5° × 0.667° and with the a 

priori and the a posteriori emissions. The a posteriori emissions significantly improve model 

agreement with observations, not only at individual sites (Fig. 3.9) but also on average over each 

of the aforementioned three regions (Fig. 3.10) and at four altitude ranges (below 1 km, 1-2 km, 

2-3 km, and above 3 km)(Fig. 3.11). The improvements are most pronounced for July-September, 

the strongest part of the fire season, reflecting the large increases in biomass burning emissions 
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in the a posteriori inventory (Sect. 3.6.1 and Table 3.2). The improvements are especially 

evident in the Rockies and to a lesser degree in the Pacific Northwest (Fig. 3.10), a result of the 

large increases in the a posteriori biomass burning emissions in these regions. Fig. 3.9 shows 

that model results with the a posteriori emissions now reproduce the observed synoptic 

variability in surface BC and capture the major fire episodes, for example, at Craters Moon, ID 

(43.5°N, 113.6°W, 1.82 km), North Cheyenne, MT (45.7°N, 106.6°W, 1.28 km), Jarbidge Wild, 

NV (41.9°N, 115.4°W, 1.87 km), Three Sisters, OR (44.3°N, 122.0°W, 0.89 km), Starkey, OR, 

and Indian Gardens, AZ (36.1°N, 112.1°W, 1.17 km). The a posteriori emissions lead to mean 

bias reductions of 32% at 2° × 2.5° and 13% at 0.5° × 0.667° for May-October (Fig. 3.6). The 

bias reduction is ~30% on average in the simulated surface BC concentrations at the 1-2 km 

altitude range. 

Fig. 3.12 presents the Taylor diagram (and skill scores) of our model results and the 

observations. The diagram provides a (visual) measure of model accuracy in comparison with 

observations. It relates the centered root mean square error (RMSE), the pattern correlation and 

the standard deviation of observations and model results (Taylor, 2001). Simulated fields are 

located in the first quadrant if the correlation with the reference data is positive (Gleckler et al., 

2008). The Taylor skill score (ranges from 0 to 1) is a quantitative measure of model accuracy. It 

increases as the correlation becomes larger or as the modeled variance approaches the observed 

variance. Fig. 3.12 shows that the a posteriori emissions increase both the average correlation 

coefficient (~37% increase at both model resolutions) and the average model standard deviations 

(45% increase at 2° × 2.5° and 26% at 0.5° × 0.667°), lower the centered RMSE, and increase 

the Taylor skill scores on average by 95% at 2° × 2.5° and by 42% at 0.5° × 0.667°.  

To investigate the robustness of our inversion results, we set aside 10 (random) IMPROVE 
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sites and use the remaining 59 sites for our inversions. The measurements from those 10 sites are 

then used as independent observations for evaluating the inversions. We find that the resulting a 

posteriori emissions (using the aforementioned 59 sites) lead to substantial reductions (~30% 

reduction at 2° × 2.5° and ~10% at 0.5° × 0.667°) in the mean bias of simulated surface BC 

concentrations averaged for the 10 sites that are not used in the inversions. The a posteriori BC 

emissions are essentially unchanged (within 8% at 2° × 2.5° and 5% at 0.5° × 0.667°) compared 

with the a posteriori emissions with 69 sites. In addition, the differences in the simulated surface 

BC concentrations averaged at those 10 sites are rather small (< 7% at 2° × 2.5° and < 4% at 0.5° 

× 0.667°) between the two sets (one with 59 sites and the other with 69 sites) of a posteriori BC 

emissions (Fig. 3.S1).  

 

3.6.3 Sensitivity to model resolution 

In this section, we compare and contrast the a posteriori emissions and the resulting model 

surface BC concentrations at both 2° × 2.5° and 0.5° × 0.667° resolutions. GEOS-Chem 

simulations of surface BC with the a priori and a posteriori emissions are very sensitive to the 

model horizontal resolution. The 0.5° × 0.667° resolution generally provides better results 

(compared with observations) than the 2° × 2.5° resolution does. This is expected because the 

finer resolution allows for better-resolved topography, meteorological fields, transport and 

emissions, and therefore provides better agreement with observations, as shown in previous 

modeling studies (e.g., Zhang et al., 2012; Chen et al., 2009; Wang et al., 2004). The surface BC 

simulations at 0.5° × 0.667° with the a priori emissions show better agreement with observations 

compared with those at 2° × 2.5°, as evident in both a lower (by ~35% on average, Fig. 3.6) 

model bias and a higher (by a factor of 2, Fig. 3.13) Taylor skill score. Inversions at 0.5° × 0.667° 
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also lead to larger reductions in the uncertainties of emissions, larger values of DOFs, and 

higher-resolution averaging kernels, compared with those at 2° × 2.5°. The resulting simulated 

surface BC concentrations at 0.5° × 0.667° show improved agreement with observations, too. 

The mean biases of the simulated surface BC concentrations are 27% lower at 0.5° × 0.667° than 

at 2° × 2.5° (Fig. 3.6) and the corresponding Taylor skill score is higher by 24% on average (Fig. 

3.13). 

The difference in the two a posteriori biomass burning emissions (at the two resolutions) is 

most evident from July through September 2006. The a posteriori biomass burning emissions are 

substantially higher (by 65% in the WUS, 48% in the RM, and nearly a factor of five in the CSW; 

Table 3.2) at 2° × 2.5° than at 0.5° × 0.667°. In contrast, the resulting surface BC concentrations 

averaged at the IMPROVE sites are higher at the finer resolution and in better agreement with 

the observations. The larger discrepancies between the coarser-resolution model results and the 

observations to a large degree reflect the considerably larger smearing out (“dilution”) of 

emissions at the coarse resolution than at the nested finer resolution (Chen et al., 2009). 

Consequently, these larger discrepancies (for the coarser-resolution model results) dictate that 

the inversion system, which seeks to minimize the very differences, imposes larger emissions at 

the coarser resolution than at the finer resolution. 

 

3.7 Summary and conclusions 

We have applied Bayesian linear inversions to derive top-down estimates of biomass burning 

and anthropogenic emissions of BC in the WUS for May-October 2006 by inverting surface BC 

concentrations from the IMPROVE network. We conducted analytical inversions using the 

GEOS-Chem chemical transport model at both 2° × 2.5° and 0.5° × 0.667° (nested over North 
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America) horizontal resolutions. Model simulated surface BC concentrations with both the a 

priori and the a posteriori emissions were compared with observations. 

We first used MODIS active fire counts to improve the spatiotemporal distributions of the 

GFEDv2 biomass burning emissions of BC. The adjustment primarily shifted emissions from 

late to middle and early summer (a 33% decrease in September-October and a 56% increase in 

June-August) and led to significant enhancements in model simulated surface BC concentrations 

in early and middle summer, particularly evident at the 1-2 and 2-3 km altitude ranges and at 0.5° 

× 0.667°. The adjustment also reduced the median model bias by 64% at 0.5° × 0.667° but had 

little to no effect on the model bias at 2° × 2.5°. The resulting emissions were then used as the a 

priori for the inversions. 

The examination of the averaging kernels and DOFs at both 2° × 2.5° and 0.5° × 0.667° 

indicated that the inversion system had sufficient information to uniquely constrain the four 

elements of the state vector and our retrievals were reliable with specified errors, especially for 

July-September 2006. The inversions led to large reductions in cost functions (42% at 2° × 2.5° 

and 38% at 0.5° × 0.667°) and the uncertainties of the emissions (> 50%). An a priori biomass 

burning emissions error of 500% and a total observation error of 30% provided the best overall 

inversion results, with larger reductions in uncertainties, larger values of DOFs, and better-

resolved averaging kernels. 

The a posteriori biomass burning BC emissions for July-September are 31.7 Gg at 2° × 2.5° 

(an increase by a factor of 4.7) and 19.18 Gg at 0.5° × 0.667° (an increase by a factor of 2.8), 

relative to the a priori. The corresponding a posteriori anthropogenic BC emissions were 9.1 Gg 

at 2° × 2.5° (a decrease of 48%) and 11.0 Gg at 0.5° × 0.667° (a decrease of 36%). The GFEDv3 

BC emissions were higher than the a priori estimates (8%) and lower than the a posteriori 
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estimates (by factors of 4.4 at 2° × 2.5° and 2.7 at 0.5° × 0.667°) in the WUS for July-September 

2006. FLAMBE emissions were higher than the a priori emissions (by a factor of 5.9) and 

similar to the a posteriori emissions (factors of 1.3 at 2° × 2.5° and 2.1 at 0.5° × 0.667°) in the 

WUS during July to September 2006. Model surface BC concentrations with the a posteriori 

emissions captured the major fire episodes at many IMPROVE sites, especially at the 1-2 and 2-

3 km altitude ranges. The a posteriori estimates significantly improved the model agreement 

with observations, especially at 0.5° × 0.667°, in the Rockies, and for July-September. The a 

posteriori emissions substantially reduced the bias of the simulated surface BC concentrations 

(~30% on average) and increased the resulting Taylor skill scores (95% at 2° × 2.5° and 42% at 

0.5° × 0.667°). 

The inversion results are rather sensitive to the model horizontal resolution. The a posteriori 

biomass burning emissions showed large regional and month-to-month differences between the 

two model resolutions. The biomass burning emissions were generally lower at 0.5° × 0.667° 

than at 2° × 2.5°. The large differences in the two a posteriori emissions suggested that the 

inversion system likely imposed larger emissions at the coarser resolution than at the finer 

resolution to minimize the larger differences between the coarser-resolution model results and 

the observations, because of the larger smearing out of emissions at the coarse resolution. 
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Table 3.1. Number of degrees of freedom for signal (DOFs) for inversions (May-October 2006) 

using different error characterizations and at different model horizontal resolutions.  

 
Error 

specification 

DOFs 

May Jun. Jul. Aug. Sept. Oct. 

2° × 2.5° 

∑S =50% 

aS BB = 300% 
2.36 2.68 3.60 3.85 3.81 2.99 

∑S = 30% 

aS BB = 300% 
2.87 2.80 3.80 3.93 3.91 3.41 

∑S = 30% 

aS BB = 200% 
2.30 2.56 3.61 3.85 3.82 2.95 

∑S = 30% 

aS BB = 500% 
3.44 3.03 3.92 3.97 3.96 3.74 

0.5° × 0.667° 
∑S = 30% 

aS BB = 500% 
3.57 3.14 3.93 3.98 3.97 3.82 

 

 

 

 

 

Table 3.2. Monthly biomass burning BC emissions from three regions in the western U.S. (see 

Fig. 3.1) and anthropogenic BC emissions from the western U.S. for May-October 2006 (unit: 

Gg). A priori GFEDv2, the a posteriori biomass burning emissions from inversions at 2° × 2.5° 

and at 0.5° × 0.667° horizontal resolutions are shown. Also shown are GFEDv3 and the Fire 

Locating and Monitoring of Burning Emissions (FLAMBE) for comparison. 
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Source 
region Emissions BC Emissions (Gg), 2006 

May Jun. Jul. Aug. Sept. Oct. Jul.-Sept. total 
BBRM A Priori GFEDv2 0.13 

 
0.19 

 
0.93 

 
1.26 

 
0.82 

 
0.17 

 
3.01 

 
A Posteriori 
(2° × 2.5°) 

1.72 
(0.22*) 

 

1.62 
(0.26) 

 

7.83 
(0.69) 

 

7.60 
(0.68) 

 

5.77 
(0.46) 

 

1.55 
(0.24) 

 

21.20 
(1.82) 

 
A Posteriori 
(0.5° × 0.667°) 

2.23 
(0.23) 

 

2.20 
(0.30) 

 

5.99 
(0.56) 

 

4.08 
(0.42) 

 

4.23 
(0.38) 

 

1.55 
(0.21) 

 

14.30 
(1.36) 

 
GFEDv3 0.00 0.12 0.61 1.47 0.73 0.05 2.81 
FLAMBE 0.47 0.82 4.73 5.96 3.86 0.21 14.55 

BBCSW A Priori GFEDv2 0.14 
 

0.49 
 

0.60 
 

0.48 
 

0.99 
 

0.26 
 

2.07 
 

A Posteriori  
(2° × 2.5°) 

2.11 
(0.33) 

 

1.38 
(0.35) 

 

2.63 
(0.42) 

 

1.41 
(0.25) 

 

4.84 
(0.55) 

 

3.44 
(0.40) 

 

8.88 
(1.23) 

 
A Posteriori 
(0.5° × 0.667°) 

1.95 
(0.27) 

 

2.14 
(0.33) 

 

0.26 
(0.12) 

 

0.08 
(0.06) 

 

1.17 
(0.23) 

 

1.50 
(0.21) 

 

1.51 
(0.41) 

 
GFEDv3 0.02 0.30 0.49 0.48 1.31 0.11 2.28 

 FLAMBE 0.61 3.25 5.78 1.96 9.05 0.62 16.79 
BBPNW A Priori GFEDv2 0.09 

 
0.02 

 
0.23 

 
0.98 

 
0.46 

 
0.19 

 
1.67 

 
A Posteriori 
(2° × 2.5°) 

1.16 
(0.20) 

 

0.19 
(0.07) 

 

0.55 
(0.19) 

 

0.89 
(0.23) 

 

0.21 
(0.14) 

 

0.70 
(0.24) 

 

1.65 
(0.56) 

 
A Posteriori  
(0.5° × 0.667°) 

0.87 
(0.16) 

 

0.19 
(0.07) 

 

0.95 
(0.24) 

 

1.90 
(0.30) 

 

0.52 
(0.17) 

 

0.57 
(0.26) 

 

3.37 
(0.71) 

 
GFEDv3 0.00 0.01 0.27 1.31 0.56 0.02 2.14 

 FLAMBE 0.26 0.28 2.35 3.97 2.40 0.29 8.72 
BBWUS A Priori GFEDv2 0.36 

 
0.70 

 
1.76 

 
2.72 

 
2.27 

 
0.62 

 
6.75 

 
A Posteriori 
(2° × 2.5°) 

4.99 
(0.75) 

 

3.19 
(0.68) 

 

11.01 
(1.30) 

 

9.90 
(1.16) 

 

10.82 
(1.16) 

 

5.69 
(0.88) 

 

31.73 
(3.61) 

 
A Posteriori 
(0.5° × 0.667°) 

5.05 
(0.66) 

 

4.53 
(0.69) 

 

7.20 
(0.92) 

 

6.06 
(0.79) 

 

5.92 
(0.77) 

 

3.62 
(0.69) 

 

19.18 
(2.48) 

 
GFEDv3 0.02 0.43 1.37 3.26 2.60 0.18 7.23 
FLAMBE 1.34 4.35 12.86 11.89 15.31 1.12 40.06 

ANTHWUS A Priori  6.13 
 

5.98 
 

5.85 
 

5.82 
 

5.92 
 

6.15 
 

17.59 
 

A Posteriori 
(2° × 2.5°) 

3.39 
(0.36) 

 

3.26 
(0.27) 

 

2.79 
(0.33) 

 

2.81 
(0.24) 

 

3.47 
(0.36) 

 

3.11 
(0.38) 

 

9.07 
(0.94) 

 
A Posteriori 
(0.5° × 0.667°) 

3.30 
(0.36) 

2.96 
(0.26) 

3.61 
(0.31) 

3.07 
(0.24) 

4.56 
(0.34) 

3.95 
(0.35) 

11.24 
(0.89) 

*Uncertainties in parentheses. 
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Table 3.S1. IMPROVE sites (data available at http://vista.cira.colostate.edu/improve ) in the 

western U.S.  

/

Site Name State Latitude (°N) Longitude (°W) Altitude (km) 
Badlands NP SD 43.7 101.9 0.74 
Mount Baldy AZ 34.1 109.4 2.51 
Bandelier NM NM 35.8 106.3 1.99 
Bliss SP  CA 39.0 120.1 2.13 
Bryce Canyon NP UT 37.6 112.2 2.48 
Bridger Wilderness WY 43.0 109.8 2.63 
Cabinet Mountains MT 48.0 115.7 1.44 
Canyonlands NP UT 38.5 109.8 1.80 
Capitol Reef NP UT 38.3 111.3 1.90 
Chiricahua NM AZ 32.0 109.4 1.55 
Cloud Peak WY 44.3 107.0 2.47 
Columbia Gorge WA 45.6 122.2 0.23 
Craters of the Moon NM ID 43.5 113.6 1.82 
Flathead MT 47.8 114.3 1.58 
FortPeck MT 48.3 105.1 0.64 
Gates of the Mountains MT 46.8 111.7 2.39 
Gila Wilderness NM 33.2 108.2 1.78 
Great Basin NP NV 39.0 114.2 2.07 
Hance Camp at Grand 
Canyon NP AZ 36.0 112.0 2.27 

Great Sand Dunes NM CO 37.7 105.5 2.50 
Hells Canyon OR 45.0 116.8 0.66 
Hoover CA 38.1 119.2 2.56 
Ike’s Backbone AZ 34.3 111.7 1.30 
Indian Gardens AZ 36.1 112.1 1.17 
Jarbidge Wilderness NV 41.9 115.4 1.87 
Kaiser CA 37.2 119.2 2.60 
Kalmiopsis OR 42.6 124.1 0.08 
Lava Beds NM CA 41.7 121.5 1.46 
Lassen Volcanic NP CA 40.5 121.6 1.73 
Lostwood ND 48.6 102.4 0.70 
Meadview AZ 36.0 114.1 0.90 
Medicine Lake MT 48.5 104.5 0.61 
Mesa Verde NP CO 37.2 108.5 2.17 
Mount Hood OR 45.3 121.8 1.53 
Monture MT 47.1 113.2 1.28 
Mount Rainier NP WA 46.8 122.1 0.44 

http://vista.cira.colostate.edu/improve/�
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Mount Zirkel Wilderness CO 40.5 106.7 3.24 
North Absaroka WY 44.7 109.4 2.48 
North Cascades WA 48.7 121.1 0.57 
Northern Cheyenne MT 45.7 106.6 1.28 
Organ Pipe AZ 32.0 112.8 0.50 
Pasayten WA 48.4 119.9 1.63 
Queen Valley AZ 33.3 111.3 0.66 
Redwood NP CA 41.6 124.1 0.24 
Rocky Mountain NP CO 40.3 105.6 2.76 
Salt Creek NM 33.5 104.4 1.07 
San Gabriel CA 34.3 118.0 1.79 
San Gorgon Wilderness CA 34.2 116.9 1.73 
Saguaro NM AZ 32.2 110.7 0.94 
San Pedro Parks NM 36.0 106.8 2.94 
Saguaro West AZ 32.3 111.2 0.71 
Sawtooth NF ID 44.2 114.9 1.99 
Sierra Ancha AZ 34.1 110.9 1.60 
Snoqualmie Pass WA 47.4 121.4 1.05 
Starkey OR 45.2 118.5 1.26 
Sula Peak MT 45.9 114.0 1.90 
Thunder Basin WY 44.7 105.3 1.20 
Three Sisters Wilderness OR 44.3 122.0 0.89 
Tonto NM AZ 33.7 111.1 0.78 
Trinity CA 40.8 122.8 1.01 
UL Bend MT 47.6 108.7 0.89 
Weminuche Wilderness CO 37.7 107.8 2.75 
White Mountain NM 33.5 105.5 2.06 
White Pass WA 46.6 121.4 1.83 
Wheeler Peak NM 36.6 105.5 3.37 
White River NF CO 39.2 106.8 3.41 
Wind Cave SD 43.6 103.5 1.30 
Yellowstone NP WY 44.6 110.4 2.43 
Yosemite NP CA 37.7 119.7 1.60 
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Figure 3.1. The 69 IMPROVE sites (black dots) used in this study (data available at 

http://vista.cira.colostate.edu/improve/). Also shown are the three biomass burning regions used 

to define the state vector of the inversion analyses: the Rocky Mountains (RM), California and 

the Southwest (CSW), and the Pacific Northwest (PNW). Terrain heights are indicated by color 

contours. 
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Figure 3.2. MODIS active fire counts (top panel) and the GFEDv2 biomass burning emissions of 

BC (middle and bottom panels) summed over the western U.S. from 2005 to 2007. The 

emissions before (middle panel) and after (bottom panel) applying spatiotemporal adjustments 

based on the active fire counts (see text for details on the adjustments) are both shown. Data 

shown here has an 8-day temporal resolution. MODIS active fire counts data are available at 

ftp://fuoco.geog.umd.edu. GFED data are available at 

http://daac.ornl.gov/VEGETATION/guides/global_fire_emissions_v2.1.html. 
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                              July                                                     August                                      September 2006

 (a) MODIS Active Fire Counts

(b) Standard GFEDv2 BC

Figure 3.3. Monthly MODIS active fire counts and biomass burning emissions of BC (unit: g m-

2) in the western U.S. for July, August, and September 2006, respectively: (a) MODIS active fire 

counts, (b) standard GFEDv2 BC emissions, (c) GFEDv2 BC emissions adjusted 

spatiotemporally based on the active fire counts (see text for details on the adjustments), and (d) 

the difference between (c) and (b).  
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(c) Adjusted GFEDv2 BC  

(d) (Adjusted - Standard) GFEDv2 BC

Figure 3.3. continued.
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Figure 3.4. Observed (red line) and simulated 24-hour average surface BC concentrations (µg m-

3) at six IMPROVE sites for May-October 2006. Values shown are 24-hour averages for every 

three days. Model results are from simulations at 2° × 2.5° (solid line) and 0.5° × 0.667° (dotted 

line) horizontal resolutions and with the standard (black line) and the adjusted (green line; see 

Figs. 3.2 & 3.3) GFEDv2 emissions. Model results are sampled at the time and location of 

IMPROVE observations.  
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Figure 3.5. Observed (red line) and simulated 24-hour average surface BC concentrations (µg m-

3) at IMPROVE sites for May-October 2006, averaged for four altitude ranges: below 1 km 

(averages at 18 sites), 1-2 km (averages at 30 sites), 2-3 km (averages at 18 sites), and above 3 

km (averages at 3 sites). Model results are from simulations at 2° × 2.5° (solid line) and 0.5° × 

0.667° (dotted line) horizontal resolutions and with the standard (black line) and the adjusted 

(green line; see Figs. 3.2 & 3.3) GFEDv2 emissions. 
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Figure 3.6. Number frequency of model bias for May-October 2006. Model bias is defined as 

the difference between simulated and observed 24-hour average surface BC concentrations (µg 

m-3) at IMPROVE sites. Model results are from simulations at 2° × 2.5° and 0.5° × 0.667° 

horizontal resolutions and with the standard, the adjusted (see Figs. 3.2 & 3.3), and a posteriori 

emissions. Also shown are the mean, median, standard deviation, and fitted Gaussian distribution 

curve of the biases. 
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Figure 3.7. The averaging kernels for inversions (May-October 2006) of BC emissions in the 

western U.S., with each line corresponding to an emission source or source region: biomass 

burning emissions in the Rockies (BBRM, black line), biomass burning emissions in California 

and the Southwest (BBCSW, red line), biomass burning emissions in the Pacific Northwest 

(BBPNW, green line), and anthropogenic emissions in the western U.S. (ANTHWUS, blue line). 

Results here are from simulations at 2° × 2.5° (solid line) and 0.5° × 0.667° (dotted line) 

horizontal resolutions and with best set of error characterizations (30% for observations and 500% 

for biomass burning emissions; bottom two rows in Table 3.1). 
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Figure 3.8. Monthly BC emissions in the western U.S. for May-October 2006: a priori BC 

emissions (pink); a posteriori emissions of biomass burning BC from the Rockies (BBRM), from 

California and the Southwest (BBCSW), and from the Pacific Northwest (BBPNW), and a 

posteriori emissions of anthropogenic BC from the western U.S. (ANTHWUS). A posteriori 

emissions are from inversions at 2° × 2.5° (blue, green, orange) and 0.5° × 0.667° (red) 

horizontal resolutions, color-coded by error characterizations (see text for details). For the 

purpose of clarity, anthropogenic emissions are divided by three in the figures. Error bars 

represent estimated uncertainties of the emissions.  
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Figure 3.9. Observed (red line) and simulated 24-hour average surface BC concentrations (µg m-

3) at 10 IMPROVE sites in the Rocky Mountains (a-d), in the Pacific Northwest (e-g), and in 

California and the Southwest (h-j) for May-October 2006. Model results are from simulations at 

2° × 2.5° (solid line) and 0.5° × 0.667° (dotted line) horizontal resolutions and with the a priori 

(black line; see Figs. 3.2 & 3.3) and a posteriori (green line) emissions. 
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Figure 3.9. continued. 
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Figure 3.10. Observed (red line) and simulated 24-hour average surface BC concentrations (µg 

m-3) averaged at IMPROVE sites in the Rockies (top left panel, 31 sites), in California and the 

Southwest (top right panel, 28 sites), and in the Pacific Northwest (bottom panel, 10 sites) for 

May-October 2006. Model results are from simulations at 2° × 2.5° (solid line) and 0.5° × 0.667° 

(dotted line) horizontal resolutions and with the a priori (black line; see Figs. 3.2 & 3.3) and a 

posteriori (green line) emissions. 
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Figure 3.11. Same as Figure 3.5, but for simulations at 2° × 2.5° (solid line) and 0.5° × 0.667° 

(dotted line) horizontal resolutions and with the a priori (black line; see Figs. 3.2 & 3.3) and a 

posteriori (green line) emissions. 
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Figure 3.12 Taylor diagram and Taylor scores for simulations at 2° × 2.5° (solid circle) and 0.5° 

× 0.667° (open circle) horizontal resolutions and with the standard (blue circle) , the adjusted 

(red circle; see Figs. 3.2 & 3.3) and a posteriori (green circle) emissions for May-October 2006. 

Values are averages for the 69 IMPROVE sites in the western U.S. (Fig. 3.1). 
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Figure 3.S1. Observed (red line) and simulated 24-hour average surface BC concentrations (µg 

m-3) at the 10 IMPROVE sites for May-October 2006. Model results are from simulations at 2° × 

2.5° (solid line) and 0.5° × 0.667° (dotted line) horizontal resolutions and with the a priori (black 

line; see Figs. 3.2 & 3.3) and a posteriori emissions from inversions constrained by the 69 (green 

line) and 59 (pink line) IMPROVE sites. These 10 sites are randomly chosen as a set of the 

independent measurements. 
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 Abstract 

We estimate black carbon (BC) emissions in the Western United States (WUS) for July-

September 2006 by inverting surface BC concentrations from the Interagency Monitoring of 

PROtected Visual Environment (IMPROVE) network using the GEOS-Chem chemical transport 

model and its adjoint. The a posteriori BC emissions in the WUS for July-September are 17.7 

Gg at 2° × 2.5° (an increase by a factor of 2.1 relative to the a priori) and 13.9 Gg at 0.5° × 

0.667° (an increase by a factor of 1.6). We examine the sensitivity of the inversions to the 

different model configurations (model horizontal resolutions, a priori and observation errors, and 

observations) for August 2006. The resulting a posteriori biomass burning emissions are 4.8-6.5 

Gg (increased by a factor of 1.7-2.3 relative to the a priori) and anthropogenic emissions are 8.7-

12.8 Gg (increased by a factor of 1.5-2.2). Simulated surface BC concentrations with the a 

posteriori emissions capture the observed major fire episodes at many sites and substantial 

enhancements at the 1-2 and 2-3 km altitude ranges, especially at 0.5° × 0.667°. The a posteriori 

emissions lead to substantial bias reductions (~35% at 2° × 2.5° and ~15% at 0.5° × 0.667°) in 

the simulated surface BC concentrations. There are large differences in the a posteriori 

emissions between the adjoint and analytical inversions (Mao et al., 2014), especially in different 

BC emission sectors. The a posteriori emissions in the WUS are ~20-50% larger from the 

adjoint inversions than from the analytical inversions. The anthropogenic BC emissions in the 

WUS increase by about a factor of 2 from the adjoint inversions but decrease by ~50% from the 

analytical inversions; biomass burning emissions increase by about factors of 2 from the adjoint 

inversions and 3 from the analytical inversions. These differences in the a posteriori emissions 

are partially because of the inability of the inversion system to effectively distinguish the 

collocated anthropogenic and biomass burning emissions at a grid-based resolution. The adjoint 
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system thus falsely imposes larger anthropogenic emissions in the regions where biomass 

burning emissions are largely underestimated, in order to minimize the large discrepancies 

between modeled surface BC concentrations and observations. Sensitivity inversions with 

pseudo observations imply that surface BC observations with a 50% coverage of the grid boxes 

in the WUS generally have enough information to constrain the total BC emissions at the grid-

based resolution.  

 

4.1 Introduction 

Black carbon (BC) is directly emitted from the incomplete combustion of carbonaceous fuels 

(Bond et al., 2004). BC has substantial impacts on global climate because of its strong absorption 

of solar radiation (e.g., Horvath, 1993; Ramanathan and Carmichael 2008), important influences 

in cloud processes (Jacobson, 2006), and significant impacts on snow and ice albedos (Flanner et 

al., 2007, 2009). Bond et al. (2013) estimated that the radiative forcing due to BC was 1.1 W m−2 

globally (two times larger than the forcing estimated in the IPCC (2007)), the second-biggest 

human cause of global warming after carbon dioxide. BC is also known as one of the only two 

agents to both degrade air quality (McMurry et al., 2004; Anenberg et al., 2011, 2012) and cause 

global warming (IPCC, 2007; Bond et al., 2013). Because of its shorter lifetime relative to long-

lived greenhouse gases, BC reduction may provide an efficient near-term solution to mitigate 

global warming and to improve air quality and public health simultaneously (Ramanathan and 

Carmichael, 2008; Bond et al., 2013).  

The deposition of BC on glaciers is known to be an important driver to the observed rapid 

glacier retreat (Xu et al., 2009; Painter et al., 2013) and further impacts the regional hydrological 
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cycle over mountain ranges (Qian et al., 2009). In the western U.S., mountain snowmelt accounts 

for at least 70% of the annual stream flow (Qian et al., 2009). Recently, California experiencing 

the severest drought in the last five decades (e.g., Mirchi et al., 2013) and the water level of the 

Colorado River has been decreasing (e.g., Vano et al., 2013). It is thus urgent to better 

understand the sources, transport, and deposition of BC in the western U.S. mountain ranges. 

Recent studies have shown that the biomass burning BC emissions were underestimated by a 

factor of two in the western U.S. in both the absolute magnitudes of fire emissions and the timing 

and location of fires (Mao et al., 2011). The large uncertainty caused in part partially because the 

burned area algorithms lack the ability to detect small fires (Giglio et al., 2010; Randerson et al., 

2012). Long-term records have shown an increase in fires in the western U.S. over the past 30 

years because of the rising spring and summer temperatures (Westerling et al., 2006; Peterson 

and Marcinkowski, 2014; Jin et al., 2014), and this increase is expected to continue as a result of 

the warming climate (Spracklen et al. 2009; Yue et al., 2013). Biomass burning emissions will 

therefore become an even larger contributor to BC in the western U.S. in the 21st century, 

especially considering that the North American anthropogenic emissions will decrease gradually 

as a result of emission controls (Novakov et al., 2003; Bond et al., 2007; Ramanathan and 

Carmichael, 2008). 

Knowledge of the emissions of a chemical species is urgently required to better understand 

its distribution. The traditional bottom-up emission estimates generally depend on emission 

factors using socioeconomic, energy, land use, or environmental data (Bond et al., 2007, 2013; 

Lu et al., 2011). The top-down or inverse method is able to improve the bottom-up emission 

estimates by minimizing an error-weighted least squares cost function (Rodgers, 2000). There 

are two methods to achieve the minimum of the cost function, the so called analytical inversion 
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and adjoint inversion. The analytical method obtains the absolute solution directly by explicitly 

constructing a Jacobian matrix. However, the analytical method limits the number of the 

observations and the number of the sources and source regions that could be optimized, because 

this method is computationally expensive. Alternatively, the adjoint method seeks a numerical 

solution gradually by using an iterative optimization algorithm (e.g., the steepest-descent 

numerical method) (Kopacz et al., 2009) and is able to handle a very large number of 

observations and the state vector on a grid-based scale. 

The inverse method is suitable to estimate emissions of unreactive or weakly reactive 

chemical species when the atmospheric concentrations are linearly or weakly non-linearly 

dependent on the emissions (Müller and Stavrakou et al., 2005). These species are, for example, 

carbon dioxide (e.g., Gloor et al., 1999; Chevallier et al., 2007; Pickett-Heaps et al., 2011), 

methane (e.g., Hein et al., 1997; Meirink et al., 2008; Wecht et al., 2012), and carbon monoxide 

(Stavrakou and Müller, 2006; Arellano et al., 2004, 2006, 2007; Chevallier et al., 2009; Jone et 

al., 2009). A few studies have been focused on short-lived tracer species due to the non-linear 

complexities of the inversing system, e.g., nitrogen oxides (e.g., Martin et al., 2003, 2006; Chai 

et al. 2009; Lin et al., 2010; Zyrichidou et al., 2013), sulfur dioxide, and ammonia (Clarisse et 

al., 2010; Lee et al., 2011; Pinder et al., 2011; Tuner et al., 2012). The inverse method has also 

been used to constrain aerosols, for instance, inorganic particulate matter (Henze et al., 2009) and 

dust (Yumimoto et al., 2008).  

Several inverse modeling studies have focused on BC emissions on regional scales, but are 

only limited to optimizing a few scaling factors for emissions spanning large domains or 

analyzing the sensitivity of BC concentrations at a given time and location to the global 

distributions of BC sources. Studies have used multiple regressions to estimate annual mean 
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sources of primary carbonaceous aerosols over the U.S. (Park et al., 2003) and in China (Fu et 

al., 2012; Wang et al., 2013). Kopacz et al. (2011) used the GEOS-Chem adjoint model to 

identify the source locations of BC in the Himalayas and Tibetan Plateau. Hakami et al. (2005) 

employed the adjoint approach to estimate anthropogenic and biomass burning BC emissions 

during the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia). Mao et al. 

(2014) applied a linear analytical solution to the inversion problem considering four elements of 

BC sources and source regions in the western U.S.  

Here we conduct adjoint inversions to improve estimates of monthly BC emissions in the 

Western U.S. (WUS, defined hereinafter as 30°N-50°N, 100°W-125°W for clarity) on the grid-

based scales by inverting surface BC concentrations from the Interagency Monitoring of 

PROtected Visual Environment (IMPROVE) network using a global 3-dimensional chemical 

transport model (CTM) and its adjoint. We particularly focus on biomass burning emissions 

during large fire season (July-September 2006) in the region. We briefly describe the 

observations in Sect. 4.2 and the forward and inverse models in Sect. 4.3. We present the 

inversion results and discussions in Sect. 4.4. Conclusions are given in Sect. 4.5. 

 

4.2 IMPROVE Observations  

The IMPROVE network in the U.S. was established in 1987 for the protection of visibility in 

Class I remote areas (Malm et al., 1994, data available at http://vista.cira.colostate.edu/improve/). 

We use the IMPROVE surface BC concentration data for 2006 from 69 sites across the WUS 

mostly from remote regions (Fig. 4.1). BC mass concentrations are measured every three days 
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and 24-hour averages are reported. Detailed discussions of BC measurements are given in 

Chapter 2.2.1 (Mao et al., 2011) and in Chapter 3.2.1 (Mao et al., 2014).  

 

4.3 Forward and inverse models 

4.3.1 GEOS-Chem forward model   

We apply the GEOS-Chem global 3-D CTM (Bey et al., 2001) to analyze IMPROVE surface 

BC observations. Here we use GEOS-Chem version 8-02-01 (available at http://geos-chem.org) 

driven by GEOS-5 meteorological data. The detailed GEOS-Chem model configurations for BC 

simulations were discussed in Chapter 2.2.2 (Mao et al., 2011) and in Chapter 3.3 (Mao et al., 

2014). Global anthropogenic emissions (including fossil fuel and biofuel) of BC are from Bond 

et al. (2007) with imposed seasonality from Park et al. (2003). Biomass burning BC emissions 

are from the Global Fire Emissions Database version 2 (GFEDv2) emissions (Randerson et al., 

2007; van der Werf et al., 2006) with improved spatiotemporal distributions using the active fire 

counts from the Moderate Resolution Imaging Spectroradiometer (MODIS) (Mao et al., 2014). 

For computational expediency, we conduct ‘offline’ simulations of carbonaceous aerosols for 

2006 at both 2° × 2.5° (globally) and 0.5° × 0.667° (over North America, 40°W-140°W 

longitudes, 10°N-70°N latitudes, cf. Fig. 1 in Wang et al., 2004) horizontal resolutions following 

Mao et al. (2014). The first three months are used for initialization and we focus our analysis on 

July through September. Model results are sampled at the corresponding location and time of 

IMPROVE observations.  
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4.3.2 Inverse model  

4.3.2.1 Adjoint solution to inversion problem 

Inverse modeling is a powerful tool for estimating top-down emissions by optimally 

combining observations of atmospheric composition and bottom-up constraints using a suitable 

forward model. Consider the problem of inferring emissions (state vector x) from a set of given 

observations (observation vector y) with error ε. Theses three elements two are related via a 

forward model F as follows (Rodgers, 2000): 

F( , b) ε= +y x                                                                                                                       (4.1) 

where x consists of the monthly BC emissions from the different sources in the present study, 

y the 24-hour averaged BC surface concentrations (Fig. 4.1), b the model variables not directly 

retrieved from the inversion, and F the GEOS-Chem model. Based on Bayes’ theorem and the 

assumption of Gaussian error distributions (Rodgers, 2000), the optimal or Maximum A 

Posteriori (MAP) solution for x given y is equivalent to finding the minimum of the cost 

function ( )J x . In the 4-D variational assimilation, we look for the state vector that minimizes the 

cost function as follows: 

1 T 1

0

1 1( ) ( ) ( ) [ ( )] [ ( )] ( ) ( )
2 2

N

r i i i i r b o
i

J H H J Jεγ γ− −

=

= − − + − − = +∑a a ax x x S x x y x S y x x x          (4.2) 

where xa and Sa are the a priori emissions and associated error covariance, Sɛ the 

observational error covariance, and H the observational operator. γr is the regularization 

parameter which controls the relative constraints applied by the observation term (a.k.a, 

prediction term, Jo) and background term (a.k.a, penalty term, Jb) of the cost function (Hakami et 

al., 2005; Müller and Stavrakou, 2005; Henze et al., 2007; Kopacz et al., 2009). An observation 
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term is added to the cost function for each additional data source, assuming that the errors 

associated with individual data sources are uncorrelated. From the interval [t0, tN], observations 

are collected at each time step [ti-1, ti]. yi is the ensemble of observations at the time step [ti-1, ti], 

and xi is the corresponding emissions. 

The observational operator H relates the model state vector x to the observation vector y: 

( )i iH ε= +y x                                                                                                                        (4.3) 

The state vector evolves according to the forward forecast model M: 

1 ( )i i iM+ =x x                                                                                                                          (4.4) 

To minimize the cost function, we evaluate its gradient 

T
-1 -1
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i
r i i
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∂ ∇ = − − − ∂ 
∑x a a
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                                                        (4.5) 

Assuming ( )i
i

i

H∂
=

∂
xH

x
 is the linearization of the observation operator, 1i

i
i

+∂
=

∂
xM
x

 the 

tangent linear model, and 1[ ( )]i i iHε
−= −d S y x  the normalized departure calculated in the present 

study as the error-weighted differences between modeled surface BC concentrations and 

observations.  

The cost function gradient is therefore, 
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                          (4.6) 

which can be evaluated by integrating the adjoint model T
iM  backward in time with an external 

forcing T
i iH d . If we assume aσ=x x  (σ , the scaling factor of emissions), then Eq. (4.6) can be 

written as, 
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1 T T T T T T T
a a 0 0 1 1 1 2 2 2( ) ( ) [ [ ... ]]r N N NJσ σ γ σ σ−∇ = − + + + + +S H d M H d M H d M H d                         (4.7) 

where aσ  is the scaling factor of the a priori emissions. The adjoint approach seeks to 

minimize the cost function numerically rather than analytically. Starting from the initial guess of 

emissions (a priori emissions), the adjoint model computes the cost function gradient iteratively 

in combination with a steepest-descent numerical algorithm (the quasi-Newton LBFGS-B 

optimization routine). Improved estimates of the emissions are then implemented in each 

subsequent iteration, and successive guesses of emissions are recalculated to approach the 

minimum of the cost function.  

 

4.3.2.2 GEOS-Chem adjoint model 

The GEOS-Chem model has been developed with its adjoint components from a 4-D 

variational data assimilation system based on the ensemble of observations (Henze et al., 2007, 

2009; Zhang et al., 2009; Kopacz et al., 2009, 2010, 2011). Adjoint modeling is often used to 

determine the sensitivity of model predictions to emissions and to optimize emissions to improve 

agreement between the model predictions and observations (Henze et al., 2007). The GEOS-

Chem adjoint has been developed and previously used to estimate the sources of aerosols (Henze 

et al., 2009; Wang et al., 2012; Xu et al., 2013), carbon monoxide (Henze et al., 2007; Kopacz et 

al., 2009, 2010; Jiang et al., 2011, 2013), methane (Wecht et al., 2012), nitrogen oxides (Tuner et 

al., 2012; Xu et al., 2013), sulfur dioxide (Tuner et al., 2012), and ammonia (Zhu et al., 2013). 

The GEOS-Chem adjoint model also provides sources of chemical species at a particular site or 

over a region (Henze et al., 2009; Zhang et al., 2009; Kopacz et al., 2011; Parrington et al., 2012; 

Walker et al., 2012). Here we use GEOS-Chem adjoint version v33 for BC “offline” simulation 
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to constrain BC emissions in the WUS for July-September 2006. The computational cost of the 

backward part of GEOS-Chem is about 50% greater than that of the forward model. 

 

4.3.2.3 Validation of GEOS-Chem adjoint model for BC  

We constructed a version of the GEOS-Chem adjoint for “offline” inversions for BC 

emissions constrained by IMPROVE observations. The adjoint model is validated by comparing 

adjoint gradients to forward model sensitivities, ∧ , calculated using the finite difference 

approximation (Henze et al., 2007; Zhu et al., 2013): 

( ) ( )J Jσ δσ σ
δσ

+ −
∧ =                                                                                                           (4.8) 

where σ  is the scaling factor of emissions. We use δσ  = 0.1 for the validation. 

Fig. 4.2 shows the validation of the GEOS-Chem adjoint model for BC from the tests of 

week-long simulations. The adjoint sensitivities of BC mass at the surface with respect to the 

scaling factors of biomass burning and anthropogenic BC emissions are compared with the 

corresponding finite difference gradients. The adjoint sensitivities of surface BC aerosol mass to 

the scaling factors of different emission sectors generally show good agreement with the 

corresponding finite differences sensitivities (correlation coefficients close to 1). The agreement 

therefore proves the accuracy of the adjoint code for BC “offline” inversions and builds our 

confidence in using the adjoint code to estimate BC emissions. 

 



 

135 
 

4.3.2.4 Error Specification 

    A key aspect of inverse modeling is the specification of the error covariance matrix of variable 

parameters and observations. We set the a priori and the total observation errors following Mao 

et al. (2014). We assume for separate inversions presented here an uncertainty of 30%, 50%, or 

200% for anthropogenic BC emissions. We use an uncertainty of 300% or 500% for biomass 

burning BC emissions. We assume that the a priori errors are spatially uncorrelated. The total 

observation error includes the contributions from model error, representation error, and 

measurement error. The total observation error is set at 30%, 50%, or 100% for separate 

inversions. The relative error is not enough for the inversion, especially when the observed BC 

concentrations are extremely small. These small observation values would cause the inversion to 

exclusively focus on matching these minimal errors. We thus include an absolute error as a 

minimal threshold to avoid the aforementioned issue. We consider 0.1 µg m-3 as the minimum of 

the observed surface BC concentrations. The uncertainties of 50%, 500%, and 30%, respectively, 

for anthropogenic emissions, biomass burning emissions, and the total observation error 

provided the best retrieval results in the analytical inversion study (Mao et al., 2014). To 

compare with the analytical inversion results, we thus assume for the standard adjoint inversion 

(Case 1 in Table 4.1) the aforementioned set of the error specifications.  

 

4.3.2.5 Optimization method 

The choice of the optimization method used to minimize the cost function is crucial to 

obtaining an efficient solution. Linear and LOG emission optimization methods are the two 

default options in the GEOS-Chem adjoint model. Both optimization methods have their own 
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limitations. The linear optimization method is completely driven by strong a priori emission 

regions. This linear method thus could induce largely unreasonable changes of emissions over 

strong emission regions, but limit the variations of weak a priori emissions. The LOG 

optimization method is able to reduce positive gradients quickly, but has difficulty reducing 

negative gradients. This LOG method could potentially induce the unbalanced convergence 

speeds for positive and negative gradients. Here we use the LOGX2 optimization method 

following Jiang (2013). This method has the same quick convergence speeds for both positive 

and negative gradients. The gradients of the LOGX2 optimization method are as follows: 

2

x x1 x
x ln(x / x ) x x
x x>1 x /1x x x(x / x ) 1

2

a
a a a

a
a a

a

J J

g J J

∂ ∂ ≤ = × × ∂ ∂
=  ∂ ∂

= × ∂  ∂ − 

                                                                  (4.9) 

 

4.3.2.6 Regularization parameter and cost function 

The assumption of the spatial uncorrelation of the a priori error (Sect. 4.3.2.4) is based on the 

consideration that the spatial resolution of the model is much larger than the correlation length 

scale of the individual emission sources (Henze et al., 2009). However, the uncertainties of 

emissions within a region are actually correlated (Stavrakou and Müller, 2006; Kopacz et al., 

2009). The inconsistency between our assumption and the actual emissions could be partly 

justified through the use of a regularization parameter to enforce a smooth solution other than a 

rigorous estimate. Here we use the regularization parameter γr to balance the two terms of the 

cost function in Eq. (4.2) as follows, 

                         r b oJ J Jγ= +                                                                                              (4.10) 
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A high value of the regularization parameter means that the influence of the a priori 

constraint limits the optimization of the solution and therefore results in an over-smoothing of 

the solution and little improvement to the observation term, while a low value of the 

regularization parameter largely eliminates the influence of the a priori constraint. We use in the 

present study 0.001 as the optimal value of the regularization parameter. We choose this optimal 

value to balance the two terms of the cost function, by testing values of 10, 1, 0.1, 0.01, 0.001, 

and 0.0001 as the regularization parameter for separate inversions. The corresponding values of 

the a posteriori cost functions are shown in Fig. 4.3, normalized by the initial value of the cost 

function. We find that the regularization parameter of 0.001 provides a minimum of the 

normalized a posteriori cost functions and is thus used as the optimal value of the regularization 

parameter in this study. 

The cost functions in the present study usually converge in about 10-20 iterations. Fig. 4.4 

shows the evolution of the cost functions as a function of the iteration numbers for the inversions 

at both 2° × 2.5° and 0.5° × 0.667° for August 2006. With the regularization parameter of 0.001, 

the a posteriori cost functions are reduced by 35% at 2° × 2.5° and by 50% at 0.5° × 0.667°. The 

penalty errors are 3% of the total a posteriori cost function at 2° × 2.5° and 8% at 0.5° × 0.667°, 

which largely eliminate the influences of the a priori constraints.  
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4.4 Inversion results and discussion 

4.4.1 A posteriori estimates of BC emissions 

4.4.1.1 Comparisons with a priori emissions 

Fig. 4.5 shows the a priori and the a posteriori monthly anthropogenic and biomass burning 

BC emissions at 2° × 2.5° in the WUS for August 2006. Also shown are the scaling factors of 

emissions and the differences between the a posteriori and the corresponding a priori emissions. 

The adjoint inversion provides detailed spatial distributions of emissions on the grid-based scale. 

In each grid box, the a posteriori anthropogenic emissions usually increase or decrease with the 

biomass burning emissions compared with the corresponding a priori. The a posteriori 

emissions are generally higher than the corresponding a priori emissions. This increase is 

expected because that the modeled surface BC concentrations are largely biased low compared 

with the observations at most IMPROVE sites in the WUS (Mao et al., 2011) and the inversion is 

by nature a method to minimize the discrepancies between model predictions and observations 

by adjusting the emissions. We sum up the a priori and the a posteriori monthly anthropogenic 

and biomass burning BC emissions over three regions (the Rockies, California and the 

Southwest, and the Pacific Northwest) in the WUS in Table 4.1 (Case 1). The geographical 

definitions of these three regions use the same definitions as the analytical inversion study by 

Mao et al. (2014). The a posteriori biomass burning and anthropogenic emissions in the WUS 

increase by factors of 2.1 and 2, relative to their corresponding a priori. The a posteriori biomass 

burning emissions increase by factors of 2.3 in the Rockies, 2.8 in California and the Southwest, 

and 1.5 in the Pacific Northwest, respectively. 
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4.4.1.2 Sensitivity of the retrieval to a priori and observation errors 

We conduct inversions with different sets of error specifications for August 2006 to 

examine the sensitivities of the inversions to the a priori and the observation errors. We find that 

adjoint inversions are not very sensitive to the a priori and the observation errors and the 

inversions with different sets of error specifications generally show consistent results, partially 

reflecting the robustness of the adjoint inversion results. The a posteriori biomass burning 

emissions are 4.8-6.5 Gg (increased by a factor of 1.7-2.3 relative to the a priori) and 

anthropogenic emissions are 8.7-12.8 Gg (increased by a factor of 1.5-2.2). The a posteriori 

emissions decrease by 3% with a tighter constraint on the uncertainty of the biomass burning 

emissions from 500% to 300%. The a posteriori emissions are essentially unchanged as the 

uncertainty of the anthropogenic emissions decreases from 50% to 30%, while the a posteriori 

emissions increase by ~10% as the uncertainty of the anthropogenic emissions increases from 

50% to 200%. Inversions are much more sensitive to the observation error than to the a priori 

error. The a posteriori emissions decrease by 12% or by 16% (Case 2 in Table 4.1), respectively, 

as the observation error increases from 30% to 50% or to 100%.  

 

4.4.1.3 Sensitivity of the retrieval to observations 

A reliable and robust inversion largely relies on the quality of the observational data 

(including the accuracy, distribution, and number). Inversion studies always seek to obtain more 

information by collecting as much observation data as possible. The numbers and the conditions 

of the observations are usually quite different depending on the case. Gloor et al. (1999) tested 

the minimum number of observation sites needed for 10-20 regions by conducting analytical 
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inversions for carbon dioxide. They found that about 10 observing stations were needed per 

region to be estimated. For short-lived species, such as BC, the number of observations per 

region is usually below the criterion of Gloor et al. (1999). Hakami et al. (2005) employed the 

adjoint approach to optimize ~20000 variables constrained by only ~1000 BC observations 

during ACE-Asia. In our case, ~690 observations are used to constrain ~600 optimization 

variables at 2° × 2.5° and ~10000 at 0.5° × 0.667°. Here we conduct several inversions to 

examine the sensitivity of the retrieval to the observations, including the accuracy, spatial 

distribution, and number of the observations. 

In the first group of sensitivity inversions, we set aside about five percent or one-fifth of the 

69 observation sites with high chi-squared (χ2) values. We use the remaining 65 or 56 sites for 

our inversions to investigate the robustness of the inversion results. The measurements from the 

4 or 13 high chi-squared sites are used as the independent observations for evaluating the 

inversion results. We first filter out four sites with a mean chi-squared values greater than 2. The 

chi-squared value is calculated as the square of the ratio of the difference between model surface 

BC concentrations and observations to the observation accuracy. We further filter out 13 sites in 

the Case 3 (Table 4.1), with high chi-squared values (> 1.5 on average) and large departures (> 

0.5 µg m-3 on average). We find that the resulting a posteriori emissions from the 

aforementioned two sensitivity inversions for August 2006 are similar to those with 69 sites 

(Case 1) and the differences between these three a posteriori emissions are within 6%. Fig. 4.6 

shows the a posteriori biomass burning and anthropogenic BC emissions with 56 sites (Case 3) 

for August 2006. The a posteriori emissions with 56 sites show considerably differences in only 

~10% of all the grid boxes in the WUS, mainly in the Pacific Northwest and the Rockies, 

compared with those with 69 sites (Fig. 4.5). The differences in the simulated surface BC 
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concentrations averaged at 13 sites (not used in the inversion) are also rather small (within 15%) 

between the two a posteriori emissions with 59 and 69 sites. The a posteriori emissions with 56 

sites lead to a ~15% reduction in the mean bias of surface BC concentrations averaged for the 13 

sites, compared with those using the a priori emissions. 

In the second group of sensitivity inversions, we use pseudo observations of BC 

concentrations to further investigate the sensitivity of the adjoint system to the observations. We 

increase the a priori biomass burning emissions of BC in each grid box in the WUS by a factor 

of three to generate the pseudo observations. The pseudo observations of BC concentrations are 

24-hour averages and generated from the forward model in the WUS once every three days to 

drive the inversions. The pseudo observations thus have the same frequency as the IMPROVE 

measurements of BC. We conduct three sets of adjoint inversions (Pseudo 1-8) by inverting the 

aforementioned pseudo observations for August 2006 at 2° × 2.5° and with the same a priori 

emissions as those used in the standard inversion (Case 1). By comparing the a posteriori 

anthropogenic and biomass burning emissions from the inversions (Pseudo 1-8) in Table 4.2, we 

examine the ability of the inversion system to fully recover the emissions used to generate the 

pseudo observations. We expect that the a posteriori biomass burning emissions would increase 

by a factor of three (i.e., 5.6 Gg, the amount of the emissions added to generate the pseudo 

observations) relative to the a priori, and anthropogenic emissions would remain the same.  

We first conduct two inversions (Pseudo 1-2) with the pseudo observations to investigate the 

ability of the adjoint inversion system to distinguish collocated anthropogenic and biomass 

burning emissions. We consider two extreme scenarios with the pseudo observations everywhere: 

in the inversion Pseudo 1, the pseudo observations are only in every surface grid box; while in 

Pseudo 2, the pseudo observations are in every grid box in the bottom 15 vertical layers above 
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the surface. The model configurations (e.g., a priori emissions, error specification, and model 

resolution) of the aforementioned two inversions are the same as that of the standard inversion 

(Case 1). We find that the two inversion results (Pseudo 1 and 2) are essentially the same. The a 

posteriori cost functions are reduced by 95% in Pseudo 1 and by 97% in Pseudo 2. The two total 

a posteriori emissions increase by exactly 5.6 Gg. However, the a posteriori anthropogenic and 

biomass burning BC emissions are increased by factors of 1.3 and 2.3, respectively, relative to 

their a priori. The inversions system thus falsely imposes larger anthropogenic emissions to 

minimize the large discrepancies between the model predictions and the pseudo observations. 

The two similar inversion results thus imply that, even if there are observations everywhere, the 

adjoint system still lacks the ability to effectively distinguish collocated biomass burning and 

anthropogenic emissions. We further examine the collocation of different BC emission sectors in 

Fig. 4.7, by comparing the monthly anthropogenic emissions with biomass burning emissions in 

each grid box in the WUS for August 2006. Anthropogenic and biomass burning emissions are in 

the ranges of 104-106 kg and 102-106 kg, respectively, and indistinguishable in most of the grid 

boxes in the WUS. Anthropogenic emissions are stronger than biomass burning emissions in 80% 

of the grid boxes and not negligible in the remaining 20% of the grid boxes (weaker than 

biomass burning emissions within one order of magnitude).  

We then design three inversions (Pseudo 3-5) using the pseudo observations to examine the 

sensitivity of the inversion system to the constraints on different emission sectors. The 

configurations for the inversions Pseudo 3-5 are the same as in Pseudo 1, but with a few 

differences. The uncertainty of the anthropogenic emissions is reduced to 10% in Pseudo 3. We 

assume that the anthropogenic emissions are perfect and not adjusted in Pseudo 4. In Pseudo 5, 

the biomass burning emissions are not changed in the inversion. In Pseudo 5, the total a 
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posteriori emissions increase by 4.2 Gg (only 75% of the added biomass burning emissions used 

to generate pseudo observations) and the corresponding a posteriori cost function decreases by 

55%. The total amount of the a posteriori emissions in Pseudo 3 and 4 are almost the same as 

those used to generate the pseudo observations. The a posteriori biomass burning emissions in 

Pseudo 3 increase by a factor of 2.5 (versus 2.3 in Pseudo 1) with a tight constraint on the 

uncertainty of the anthropogenic emissions of 10% (versus 50% in Pseudo1), compared with the 

a priori. The a posteriori biomass burning emissions further increase by a factor of 2.9 relative 

to the a priori, as the anthropogenic emissions are turned off in the inversion Pseudo 4. These 

three inversions (Pseudo 3-5) suggest that the inversion system adjusts the partitions of 

anthropogenic and biomass burning emissions in the total a posteriori emissions according to the 

low or high constraints on the different emission sectors. Again, these adjustments partially 

imply that our adjoint inversion system has trouble uniquely distinguishing biomass burning 

emissions and anthropogenic emissions independently due to the collocation of these emission 

sectors. 

We further conduct three inversions (Pseudo 6-8) to estimate the minimum number of the 

observation sites needed for the present inversion study. The configurations of the inversions 

Pseudo 6, 7, and 8 are following Pseudo 1, except that the pseudo observations are randomly 

distributed with only a 75%, 50%, or 25% coverage of the surface grid boxes in the WUS, 

respectively. The corresponding total a posteriori emissions increase by 94%, 93%, and 80% of 

the added biomass burning emissions (used to generate the pseudo observations), respectively. 

We believe that IMPROVE observations with at least a 50% coverage of the surface grid boxes 

in the WUS are needed to estimate total BC emissions on the grid-based scale. In our case, 69 

IMPROVE observation sites are used to constrain BC emissions in ~100 surface grid boxes at 2° 
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× 2.5° and ~1500 at 0.5° × 0.667°. Therefore, the 69 observation sites are likely enough to 

constrain the total emissions at 2° × 2.5° in the WUS, but not at 0.5° × 0.667°. 

 

4.4.1.4 Sensitivity of the retrieval to collocated emissions  

Mao et al. (2011) pointed out that the biomass burning BC emissions were underestimated by 

a factor of two in the WUS. Studies have already shown that, large uncertainties remained in the 

temporal variations and spatial distributions of fire emissions (Langmann et al., 2009), and small 

fires were likely a major source of uncertainties in the estimates of biomass burning emissions 

(Randerson et al., 2012). For instance, small fires can lead to high relative errors of 50-100% in 

the burned area estimates (Korontzi et al., 2006; Giglio et al., 2006, 2010; McCarty et al., 2009; 

Roy and Boschetti, 2009). Our inversion results with the pseudo observations in Sect. 4.4.1.3 

indicate that adjoint system lacks the ability to effectively distinguish collocated emission 

sectors. To further examine the ability of the inversion system to distinguish different emission 

sectors, we conduct sensitivity inversion (Case 4 in Table 4.1) by adding a uniformly small 

amount of a priori biomass burning emissions in each grid box in the WUS. We add biomass 

burning BC emissions of 500 kg (~10% of the maximum value) for each 1° × 1° grid box in 

August 2006. Fig. 4.8 presents the differences in the two a posteriori emissions from the 

aforementioned sensitivity inversion and the standard inversion (Case 1). We find an almost 

linear increase in biomass burning emissions and a linear decrease in anthropogenic emissions in 

the WUS between the two a posteriori emissions (Case 4 and 1). The a posteriori biomass 

burning emissions in Case 4 increase by greater than 5 Mg in almost every grid box, compared to 

those from the standard inversion, while the corresponding anthropogenic emissions decrease by 

~3 Mg, except in California. However, the total a posteriori emissions in Case 4 remain about 
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the same as those from the standard inversion (differences within 1%). Small enhancements of 

the a priori biomass burning emissions thus influence the inversion to increase biomass burning 

emissions and simultaneously reduce anthropogenic emission to minimize the large 

discrepancies between model results and observations. This sensitivity inversion further suggests 

that inversion system tends to falsely impose larger anthropogenic emissions in the regions 

where the biomass burning emissions are largely underestimated.  

 

4.4.1.5 Sensitivity of the retrieval to model resolution 

Previous studies have already shown that GEOS-Chem simulations generally provided better 

agreement with observations at 0.5° × 0.667° than at 2° × 2.5°, in both the absolute magnitudes 

and the spatiotemporal distributions of the chemical species (Wang et al. 2004; Chen et al. 2009). 

Mao et al. (2014) also pointed out that modeled surface BC concentrations at 0.5° × 0.667° with 

both the a priori and the a posteriori emissions showed better comparisons with observations 

compared with those at 2° × 2.5°. Here we conduct the adjoint inversion at 0.5° × 0.667° (Case 5) 

with the same error specifications as those of the standard inversion at 2° × 2.5° (Case 1). Fig. 

4.9 compares the a priori and a posteriori anthropogenic and biomass burning BC emissions 

from both analytical (Mao et al., 2014) and adjoint inversions at 0.5° × 0.667 for August 2006. 

Also shown are the scaling factors and the differences between the a posteriori and a priori 

emissions. The a posteriori biomass burning emissions in the Pacific Northwest are 53% larger 

at 0.5° × 0.667° than at 2° × 2.5°, while the corresponding values are 27% smaller in the Rockies 

and 43% smaller in California and the Southwest. In general, the total a posteriori anthropogenic 

and biomass burning emissions at 0.5° × 0.667° are lower by 50% and by 20%, respectively, 

compared with those at 2° × 2.5°. The a posteriori emissions from the analytical inversions are 
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also lower at 0.5° × 0.667° than at 2° × 2.5°. However, the finer resolution model with both the a 

priori and the a posteriori emissions generally provides better agreement with observations than 

the coarser resolution model does (Sect. 4.4.2).  

As we discussed in the analytical inversion study (Mao et al., 2014), because of the larger 

smearing out of emissions at the coarser resolution (Chen et al. 2009), the inversion system 

likely imposes larger emissions at the coarser resolution than at the finer resolution to minimize 

the larger differences between the coarser-resolution model results and the observations. We find 

that the differences in the two a posteriori emissions between analytical and adjoint inversions 

are slight larger at 0.5° × 0.667° (53%) than at 2° × 2.5° (39%). These larger differences at finer 

resolution are likely because that the adjoint inversion system lacks enough information to 

constrain the BC emissions at 0.5° × 0.667°, as we discussed in Sect. 4.4.1.3 and Sect. 4.4.1.4. 

 

4.4.1.6 Comparisons with analytical inversions 

In this section, we compare and contrast the results from the analytical and adjoint inversion 

methods. In general, the inversion results from the analytical method could be more accurate than 

the adjoint inversion results by obtaining the absolute solution directly. However, the analytical 

method is only able to constrain emissions over coarse regions because of computational 

limitations (Kopacz et al., 2009). The adjoint solution reveals variability on a finer scale than that 

is capable from the analytical inversion. Figs. 4.5 and 4.9 compare the monthly a posteriori 

biomass burning and anthropogenic BC emissions from the analytical and adjoint inversions at 

both 2° × 2.5° and 0.5° × 0.667°. The model configurations (a priori emissions, a priori error, 

and total observation error) are the same among these four inversions. There are large differences 

in the a posteriori emissions between the analytical and adjoint inversions, not only in the spatial 
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distributions but also in the magnitudes. In California, for example, the a posteriori biomass 

burning emissions at 0.5° × 0.667° increase after the adjoint inversion but decrease after the 

analytical inversion, relative to the a priori. Mao et al. (2014) pointed out that the retrieved BC 

emissions in the WUS from the analytical inversions were reliable, especially for July-September 

2006, by examining the averaging kernels, the number of degrees of freedom for signal (DOFs), 

and the uncertainties of the emissions. The biomass burning emissions increase by a factor of 3-5 

after the analytical inversions, while the anthropogenic emissions uniformly decrease by ~50%. 

However, both the a posteriori biomass burning and anthropogenic emissions after the adjoint 

inversions increase by about a factor of 2 (Table 4.1), relative to the corresponding a priori. The 

a posteriori emissions between the analytical and adjoint inversions are relatively more similar 

in the total magnitude than in the different emission sectors and the differences are within 20-

50% at both resolutions. 

The robustness of the analytical inversion results and the relative consistency in the total a 

posteriori emissions from the two inversion methods therefore imply that the adjoint inversion 

results on the model grid-based scale are reliable. The robustness of the adjoint inversion results 

are further examined in Sect. 4.4.2. The large differences in the a posteriori anthropogenic and 

biomass burning emissions between the two inversion methods are partially because of the large 

aggregation errors in the analytical solution. The differences are also because that the adjoint 

inversion system has trouble effectively distinguishing collocated emission sectors and tends to 

falsely impose larger anthropogenic emissions in the regions where the collocated biomass 

burning emissions are severely underestimated (Sect. 4.4.1.3 and 4.4.1.4). In addition, as we 

pointed out in Sect. 4.4.1.3, IMPROVE observations likely provide information to constrain total 

BC emissions on the model grid-based scale, but not for the different emission sectors. 
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Therefore, the a posteriori emissions from the adjoint inversions are likely more reliable in the 

total magnitude than in the emission sectors, considering the ability of the adjoint model and the 

limitation of the observations.   

We further separate out the anthropogenic-dominated regions in the WUS to examine the 

ability of the inversion system to constrain collocated emissions. In the regions where 

anthropogenic emissions are dominant, model simulated surface BC concentrations are in good 

agreement with IMPROVE observations (Mao et al., 2011) and both the a posteriori 

anthropogenic and biomass burning emissions show considerably small increases, relative to the 

corresponding a priori. For example, the a posteriori anthropogenic and biomass burning 

emissions increase by 39% and by 29% in Washington and Oregon, respectively, compared with 

the corresponding a priori. However, in the regions where biomass burning emissions become 

important and are significantly underestimated, model surface BC concentrations are biased 

considerably lower compared with observations and both the a posteriori anthropogenic and 

biomass burning emissions increase dramatically, relative to the corresponding a priori. For 

example, in Montana, Idaho, and Wyoming, the a posteriori anthropogenic and biomass burning 

emissions increase by factors of 2.2 and 2.7, respectively, relative to the corresponding a priori; 

in California and Nevada, the a posteriori anthropogenic and biomass burning emissions 

increase by a factor of 1.8; In Utah, Colorado, Arizona, and New Mexico, the corresponding 

values increase by factors of 1.8 and 1.3, respectively. The differences in the a posteriori 

emissions between the two sets of the regions again partially verify that inversion system falsely 

imposes larger anthropogenic emissions in the regions where fires are missing.  

 

4.4.2 Evaluation of the a posteriori estimates  



 

149 
 

  The sensitivity of the cost function to the emissions and the model-observation bias of surface 

BC concentrations are useful metrics for evaluating the inversion results. Fig. 4.10 shows 

normalized sensitivities of the cost function with respect to the biomass burning and 

anthropogenic BC emissions, before and after inversions, at 2° × 2.5° and 0.5° × 0.667° for 

August 2006. The sensitivity is fully normalized value, ,
,

,

m i
m i

m i

xJg
x J
∂

=
∂

, shown as the percentage 

of the response of the cost function J to the fractional change in the emission source m at location 

i (Henze, et al., 2009). Positive sensitivity indicates the region where a decrease in emissions 

would improve the overall agreement between model predictions and observations, and 

conversely for negative sensitivity. The positive sensitivities to the total emissions after the 

inversions are reduced by 88% at 2° × 2.5° and by 91% at 0.5° × 0.667° on average in the WUS; 

the negative sensitivities are reduced by 92% and by 85%, respectively. Largest negative 

sensitivities to biomass burning emissions are located in the regions where sensitivities decrease 

significantly after inversions, such as Washington, Ohio, Idaho, and California. The a posteriori 

emissions lead to mean bias reductions of 34% at 2° × 2.5° and 20% at 0.5° × 0.667° for August 

2006 (Fig. 4.11).  

  Fig. 4.12 shows the number frequency of the bias of 24-hour surface BC concentrations, 

before and after the adjoint inversions, at 2° × 2.5° and 0.5° × 0.667° for July-September 2006. 

The distribution of the bias is another way to examine the quality of the inversions, which 

follows the Gaussian error distribution as expected. Both the mean and the standard deviation of 

the biases decrease after the inversions. The inversions substantially reduce the bias of surface 

BC concentrations by ~35% on average at 2° × 2.5° and ~15% at 0.5° × 0.667°.  
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Fig. 4.13 compares the observed and simulated surface BC concentrations at six IMPROVE 

sites in the WUS for July-September 2006. Values shown are 24-hour averages for every three 

days. Here we compare the model surface BC concentrations from simulations with the a priori 

and the a posteriori emissions from the analytical and adjoint (Case 1 and 5) inversions at 2° × 

2.5° and 0.5° × 0.667°. We sample model results at the time and location of IMPROVE 

observations. Model simulated surface BC concentrations with the a posteriori emissions show 

significant enhancements at many IMPROVES sites and largely reproduce both synoptic 

variability and magnitudes of observed surface BC concentrations. Model surface BC 

concentrations after adjoint inversions better capture the major fire episodes at sites such as 

Starkey, OR (45.2°N, 118.5°W, 1.26 km) and Lassen Volcanic, CA (40.5°N, 121.6°W, 1.73 km). 

The adjoint inversions results at 0.5° × 0.667° generally provide better agreement with 

observations than the analytical inversion results do, which capture some extremely large fire 

episodes. Fig. 4.13 includes two such sites, Three Sisters, OR (44.3°N, 122.0°W, 0.89 km) and 

Pasayten, WA (48.4°N, 119.9°W, 1.63 km). Model results from the analytical inversions provide 

better comparisons with the observations at some other IMPROVE sites, e.g., Jarbidge Wild, NV 

(41.9°N, 115.4°W, 1.87 km). These differences in model surface BC between two inversion 

methods are most evident at the 1-2 km altitude range, and to a less degree at 2-3 and 3-4 km 

altitudes, for example, Bridger Wild, WY (43.0°N, 109.8°W, 2.63 km).  

Fig. 4.14 compares the observed and model simulated 24-hour surface BC concentrations for 

July-September 2006, averaged for sites at the altitude ranges 0-1, 1-2, 2-3, and 3-4 km, 

respectively. Model surface BC concentrations with the a posteriori emissions show better 

agreement with IMPROVE observations. The a posteriori emissions lead to an average bias 

reduction of ~50% in the simulated surface BC concentrations at the 1-2 km altitude range. 
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Model simulated surface BC concentrations with the a posteriori emissions from the adjoint 

inversions show substantial enhancements during the major fire episodes especially at 0.5° × 

0.667°. The enhancements are evident at all altitude ranges, especially at the 1-2 (up to ~ 0.2 µg 

m-3 increase) and 2-3 km (up to ~ 0.1 µg m-3 increase) altitude ranges.  

Taylor diagram and skill score are also the useful measures of model accuracy in comparison 

with observations. Fig. 4.15 presents the Taylor diagram and skill scores of our model results and 

the observations. It relates the centered root mean square error (RMSE), the pattern correlation 

and the standard deviation of observations and model results (Taylor, 2001). The Taylor skill 

score (ranges from 0 to 1) is a quantitative measure of model accuracy. It increases as the 

correlation becomes larger or as the modeled variance approaches the observed variance. Three 

indexes (correlation coefficient, standard deviation, and centered RMS error) consistently show 

that model simulated surface BC concentrations with the a posteriori emissions from both 

analytical and adjoint inversions are in better agreement with observations, especially using the 

nested model. Fig. 4.15 shows that the a posteriori emissions increase both the average 

correlation coefficients (by 11-48%) and the average model standard deviations (by 27-122%), 

decrease the centered RMSE, and therefore increase the Taylor skill scores (by 43-221%) on 

average at both model resolutions. The a posteriori emissions from the adjoint inversion at 0.5° 

× 0.667° provide the smallest centered RMS error and largest correlation coefficient, while the a 

posteriori emissions from the analytical inversion at 0.5° × 0.667° show the largest standard 

deviation and Taylor skill score.  

We would like to point out that there are large uncertainties in the a posteriori emissions, as 

modeled surface BC concentrations are still biased low by 20-30% for July-September, 

compared with observations. The uncertainties are partially because of the limitation of the 
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inversion system, in both the nature of the inverse model and the quality of IMPROVE 

observations, as we discussed in Sect. 4.4.1.3 and 4.4.1.4. 

 

4.5 Summary and conclusions 

We have applied adjoint inversions to derive top-down estimates of biomass burning and 

anthropogenic BC emissions in the WUS for July-September 2006 by inverting surface BC 

concentrations from the IMPROVE network. We conducted inversions using the GEOS-Chem 

chemical transport model and its adjoint at 2° × 2.5° (globally) and 0.5° × 0.667° (nested over 

North America) horizontal resolutions. We designed sensitivity inversions for August 2006 to 

examine the sensitivity of the adjoint inversion system to different model configurations. The 

simulated surface BC concentrations with both the a priori and the a posteriori emissions were 

compared with the observations. Retrieved results from the adjoint inversions were also 

compared with those from the analytical method (Mao et al., 2014).  

The a posteriori emissions led to large reductions in the cost functions (~35% at 2° × 2.5° 

and 50% at 0.5° × 0.667°) and the normalized sensitivities of the cost function to the emissions 

(~90% on average). The total a posteriori BC emissions in the WUS for July-September are 17.7 

Gg 2° × 2.5° (an increase by a factor of 2.1 relative to the a priori) and 13.9 Gg at 0.5° × 0.667° 

(an increase by a factor of 1.6). Sensitivity inversions generally showed consistent results with 

different model configurations (model resolution, error specification, and observations) and the 

differences in the a posteriori emissions among these sensitivity inversions were within ~15%. 

The a posteriori biomass burning emissions were 4.8-6.5 Gg (increased by a factor of 1.7-2.3 

relative to the a priori) and anthropogenic emissions were 8.7-12.8 Gg (increased by a factor of 
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1.5-2.2). Inversions were relatively more sensitive to the total observation error than to the a 

priori error. 

There were large differences in the a posteriori emissions between the adjoint and analytical 

inversions, in both the spatial distributions and the magnitudes. The total a posteriori emissions 

were ~20-50% larger from the adjoint inversions than from the analytical inversions at both 

model resolutions. Mao et al. (2014) showed that the biomass burning emissions increased by a 

factor of 3-5 after the analytical inversions relative to the a priori, while anthropogenic 

emissions were uniformly reduced by ~50%. However, both biomass burning and anthropogenic 

emissions after the adjoint inversions increased by about a factor of 2. Part of the difference can 

be attributed to the aggregation errors in the analytical solution and the collocation of the 

anthropogenic and biomass burning emissions. The adjoint inversion system had trouble 

effectively distinguishing collocated emission sectors at the grid-based resolution and tended to 

falsely impose larger anthropogenic emissions in the regions where biomass burning emissions 

were largely underestimated.  

Model surface BC with the a posteriori emissions captured the major fire episodes at many 

IMPROVE sites, especially at the 1-2 and 2-3 km altitude ranges. Model surface BC 

concentrations with the a posteriori estimates provided better agreement with the observations 

for July-September 2006, especially at 0.5° × 0.667°. The a posteriori emissions led to 

substantial bias reductions (~50% on average) in the simulated surface BC concentrations at both 

resolutions and significant increases in Taylor skill scores (43% at 2° × 2.5° and 164% at 0.5° × 

0.667°).  

The inversions with the pseudo observations indicated surface BC observations with a 50% 

coverage of the surface grid boxes in the WUS had enough information to constrain the total 
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emissions at the grid-based resolution. IMPROVE observations in the WUS thus likely lacked 

sufficient information to distinguish different BC emission sectors, especially at 0.5° × 0.667°. 

The a posteriori emissions were likely more reliable in the total magnitude than in the different 

emission sectors.  
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Table 4.1. Monthly biomass burning and anthropogenic emissions of BC in the western U.S. for 

August 2006 (unit: Gg). The a priori and a posteriori emissions are from analytical and adjoint 

inversions with different model configurations (see footnote and text for details). 

Emissionsa A Priori 
 

Analytical 
 

Adjoint 
 

2x2.5c 

 
Nestedd 2 x2.5 

 
Nested 

 
 Se 30% 
BB 500% 
Anth50% 

 Case 1e 
Se30% 

BB500% 
Anth50% 

Case 2f 
Se100% 

Case 3g 
Filter 

13 sites 

Case 4h 
Increase 

BB 

Case 5i 

Rockies 
 

1.3 7.6 4.1 3.0 2.4 2.8 3.1 2.2 

California 
Southwest 
 

0.5 1.4 0.1 1.4 1.2 1.3 1.4 0.8 

Pacific 
Northwest 
 

1.0 0.9 1.9 1.5 1.0 1.4 1.4 2.3 

Total Biomass 
Burning 
Emissions 
 

2.8 9.9 
(3.5b) 

6.1 
(2.7) 

5.9 
(2.1) 

4.6 
(1.7) 

5.5 
(2.0) 

5.9 
(2.1) 

5.3 
(1.9) 

Anthropogenic 
Emissions 
 

5.8 2.8 
(0.5) 

3.1 
(0.5) 

11.8 
(2.0) 

10.3 
(1.8) 

11.1 
(1.9) 

11.6 
(2.0) 

8.6 
(1.5) 

Total Emissions 8.6 12.7 
(1.5) 

9.1 
(1.1) 

17.7 
(2.1) 

14.9 
(1.7) 

16.6 
(1.9) 

17.5 
(2.0) 

13.9 
(1.6) 

 

a See Figure 3.1 (Mao et al. 2014) for the geographical definitions of the source regions. 

 b Scaling factors are in parentheses. 

c Results are from the standard analytical inversion at 2° × 2.5° (Mao et al. 2014). The 

uncertainties of anthropogenic and biomass burning emissions are assumed to be 50% and 

500%, respectively; the total observation error is 30%. 

d Results are from the analytical inversion at 0.5° × 0.667° (Mao et al. 2014). The a priori and 

total observation errors are set following the analytical inversion at 2° × 2.5° (c). 
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e Results are from the standard adjoint inversion (Case 1) at 2° × 2.5°. The a priori and total 

observation errors are set following the analytical inversion at 2° × 2.5° (c). 

f Results are from the adjoint inversion with the same configurations as used in Case 1 (e), except 

with the total observation error to be 100%. 

g Results are from the adjoint inversion with the same configurations as used in Case 1 (e), 

except constrained by 56 observation sites (filtering out 13 sites with the chi-square values 

greater than 1.5 and the departures (differences between the model predictions and 

observations) greater than 0.5 μg m-3 on average). 

h Results are from the adjoint inversion with the same configurations as used in Case 1 (e), 

except with a priori biomass burning emissions of BC uniformly increased by 500 kg in each 

1° x1° grid box in the western U.S. for August 2006. 

i Results are from the adjoint inversion with the same configurations as used in Case 1 (e), except 

at 0.5° × 0.667°.  
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Table 4.2. Monthly anthropogenic and biomass burning emissions of BC in the western U.S. 

from adjoint inversions for August 2006 (unit: Gg). Adjoint inversions were constrained using 

pseudo observations (see footnote and text for details). Also shown are the percentage reductions 

of cost functions after inversions. 

 Anthropogenic 
Emissions 

Biomass burning 
Emissions 

Increased Total 
Emissions  

Cost Function 
Reduction (%) 

A Priori 5.8 2.8   
Artificial Emissionsa 5.8 (1.0j) 8.4 (3.0) 5.6 (2.0k)  
Pseudo 1b 7.7 (1.3) 6.5 (2.3) 5.6 (2.0) 95 
Pseudo 2c 7.8 (1.3) 6.4 (2.3) 5.6 (2.0) 97 
Pseudo 3d 7.1 (1.2) 6.9 (2.5) 5.4 (1.9) 95 
Pseudo 4e 5.8 (1.0) 8.2 (2.9) 5.4 (1.9) 99 
Pseudo 5f 10.0 (1.7) 2.8 (1.0) 4.2 (1.5) 55 
Pseudo 6g 7.8 (1.3) 6.2 (2.2) 5.4 (1.9) 94 
Pseudo 7h 8.0 (1.4) 5.9 (2.1) 5.3 (1.9) 93 
Pseudo 8i 7.8 (1.3) 5.3 (1.9) 4.5 (1.6) 96 
 

a Emissions were used to generate pseudo observations, including artificially increased biomass 

burning emissions by a factor of 3. 

b Results are from the sensitivity inversion (Pseudo 1) using pseudo observations in every surface 

grid box over the western U.S. The pseudo observations were 24-hour averages and generated 

once every three days with the artificial emissions (a). 

c Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that pseudo observations are in every grid box in the bottom 15 vertical layers above the 

surface.  

d Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that the error of the anthropogenic emissions is set at 10%. 

e Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that the anthropogenic emissions are turned off  in the inversion. 
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f Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that the biomass burning emissions are turned off in the inversion. 

g Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that pseudo observations are randomly distributed with a 75% coverage of the surface 

grid boxes in the western U.S. 

h Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that pseudo observations are randomly distributed with a 50% coverage of the surface 

grid boxes in the western U.S. 

i Results are from the adjoint inversion with the same configurations as used in Pseudo 1 (b), 

except that pseudo observations are randomly distributed with a 25% coverage of the surface 

grid boxes in the western U.S. 

j Scaling factors (ratios of a posteriori emissions to the corresponding a priori) are in 

parentheses. 

k The ratios of increased total emissions to the a priori biomass burning emissions are in 

parentheses, which are expected to be the value of 2 after inversions with pseudo observations. 
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Figure 4.1. IMPROVE sites (solid circles, larger ones are filtered out for sensitivity inversion; 

data available at http://vista.cira.colostate.edu/improve/) in the western U.S. Also shown are 

terrain heights (color contours). 
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Figure 4.2. Validation of offline BC adjoint. Adjoint sensitivities of BC aerosol mass at the 

surface with respect to biomass burning (top) and anthropogenic emissions (bottom) of BC 

scaling factors are compared to finite difference gradients. The cost functions are evaluated once 

at the end of week-long simulations. Dashed lines are 1:1, and solid lines are regression lines 

with given correlation coefficients r  and slopes m. 
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Figure 4.3. Normalized a posteriori cost function J(xn)/J(x0) as a function of the regularization 

parameter γr  (Eq. 4.2) for August 2006.  

Figure 4.4. Normalized cost function J(xi) /J(x0) for the adjoint solution as a function of iteration 

number for August 2006 at 2° × 2.5° and 0.5° × 0.667°. 
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Figure 4.5. A priori and a posteriori emissions of BC from different emission sectors in the 

western U.S. for August 2006. Top two rows: biomass burning emissions; middle two rows: 

anthropogenic emissions; bottom two rows: total emissions. First column: a priori inventory; 

second column: the optimized inventory; third column: differences between a posteriori and a 

priori; fourth column: scaling factors. Retrieval results are from standard adjoint (Case 1) and 

analytical (Mao et al., 2013) inversions at 2° × 2.5°. 
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Figure 4.5. continued.
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Fig. 4.6. BC emissions from different emission sectors (top: biomass burning emissions; middle: 

anthropogenic emissions; bottom: total emissions) in the western U.S. after adjoint inversion 

including the chi-square filtering (Case 3) for August 2006. Left: the optimized inventory; 

middle: differences between a posteriori and a priori; right: scaling factors. Retrieval results are 

from adjoint inversion at 2° × 2.5°. 
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Figure 4.7. Monthly anthropogenic and biomass burning emissions of BC in the western U.S. for 

August 2006 (unit: kg). Solid line is 1:1 and dashed lines are 1:10 or 10:1.  

Figure 4.8. Differences in two a posteriori emissions between sensitivity inversion (Case 4) and 

standard inversion (Case 1) at 2° × 2.5° for August 2006. The a priori biomass burning emissions 

of BC are increased by 500 kg for each 1° × 1° grid box in the western U.S. for August 2006. 

Left: biomass burning emissions; middle: anthropogenic emissions; right: total emissions.  
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Figure 4.9. Same as Fig. 4.5, but results are from adjoint inversions at 0.5° × 0.667°. 
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Figure 4.9. continued.
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Figure 4.10. Normalized sensitivities of cost function with respect to different emission sectors 

(left: biomass burning BC; middle: anthropogenic BC; right: total emissions of BC) before and 

after inversions in the western U.S. for August 2006. Positive sensitivity indicates region where a 

decrease in emissions would improve the overall agreement between the model and the 

observations, and conversely for negative sensitivity. Adjoint inversions are conducted at 2° × 

2.5° (Case 1) and 0.5° × 0.667° (Case 5). 
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Figure.4.10. continued.
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Figure 4.11. Differences between model surface BC concentrations and observations in each 

grid box in the western U.S. for August 2006. Model results are from adjoint inversions at 2° × 

2.5° (Case 1) and 0.5° × 0.667° (Case 5) and with both a priori and a posteriori emissions for 

August 2006. Observed BC concentrations are from 69 IMPROVE sites and monthly averages in 

each model grid box. 
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Figure 4.12. Number frequency of the model-observation bias of surface BC concentrations for 

July-September 2006. Surface BC concentrations are 24-hour averages for every three days. 

Model results are from simulations at both 2° × 2.5° and 0.5° × 0.667°and with a priori 

emissions and a posteriori emissions from both analytical and adjoint inversions. Also shown are 

the mean, median, standard deviation, and fitted Gaussian distribution curve of the biases. 
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Figure 4.13. Observed (red line) and simulated 24-hour surface BC concentrations (µg m-3) at 

six IMPROVE sites for July-September 2006. Values shown are 24-hour averages for every 

three days. Results shown are from simulations at both 2° × 2.5° (solid) and 0.5° × 0.667° 

(dotted line) and with a priori emissions (black line) and a posteriori emissions from analytical 

(blue line) and adjoint inversions (green line). Model results are sampled at the time and location 

of IMPROVE observations.  
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Figure 4.14. Observed (red line) and simulated 24-hour surface BC concentrations (µg m-3) at 

IMPROVE sites for July-September 2006, averaged for four altitude ranges: below 1 km 

(averages at 18 sites), 1-2 km (averages at 30 sites), 2-3 km (averages at 18 sites), and above 3 

km (averages at 3 sites). Results shown are from simulations at both 2° × 2.5°(solid line) and 0.5° 

× 0.667° (dotted line) and with a priori emissions (black line) and a posteriori emissions from 

analytical (blue line) and adjoint inversions (green line). Model results are sampled at the time 

and location of IMPROVE observations.  
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Figure 4.15. Taylor diagram and Taylor scores for simulations at both 2° × 2.5° (solid circle) and 

0.5° × 0.667° (open circle) and with the a priori (red circle) and a posteriori emissions from 

analytical (blue circle) and adjoint inversions (green circle) for July-September 2006. Values are 

averages for the 69 IMPROVE sites in the western U.S. (Fig. 4.1)  
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CHAPTER 5 

 

Final Conclusions and Future Work  
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5.1 Final conclusions 

I used the GEOS-Chem chemical transport model (CTM) to examine the sources of the 

surface black carbon (BC) in the Western United States (WUS) mountain ranges. I conducted 

BC simulations for 2006 with 2° × 2.5° horizontal resolution and compared model results with 

surface BC observations from the Interagency Monitoring of PROtected Visual Environment 

(IMPROVE) network. Major discrepancies between modeled and observed surface BC 

concentrations were at elevated mountainous sites during the July-October fire season when 

simulated BC concentrations were negatively biased by a factor of two. I attributed these low 

biases largely to the underestimated (by more than a factor of two) biomass burning BC 

emissions in the model, not only in the absolute magnitudes of fire emissions but also in the 

timing and location of fires. Surface BC concentrations in the WUS were dominated by North 

American anthropogenic emissions year-around. Transpacific transport of Asian anthropogenic 

emissions became more important with increasing altitude and accounted for 28% of surface BC 

concentrations in winter and 24% in spring at the 3-4 km altitude range. Biomass burning 

emissions contributed about 14-20% at the 1-2 km altitude range to surface BC concentrations 

during summer and fall, but these estimates were likely biased low by a factor of two.  

I then applied analytical and adjoint inversions to derive top-down estimates of biomass 

burning and anthropogenic BC emissions in the WUS by inverting surface BC observations from 

the IMPROVE network. I first used active fire counts from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) to improve the spatiotemporal distributions of the biomass burning 

BC emissions from the Global Fire Emissions Database (GFEDv2). The adjustment primarily 

shifted emissions from late to middle and early summer (a 33% decrease for September-October 
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and a 56% increase for June-August) and led to significant enhancements in modeled surface BC 

concentrations in early and middle summer, particularly evident at the 1-2 and 2-3 km altitude 

ranges and at 0.5° × 0.667°. The resulting emissions were then used as the a priori for the 

inversions. 

I then conducted analytical inversions using the GEOS-Chem model at both 2° × 2.5° and 0.5° 

× 0.667° (nested over North America) horizontal resolutions for May-October 2006. I also 

conducted adjoint inversions using the GEOS-Chem forward model and its adjoint at both 2° × 

2.5° and 0.5° × 0.667° for July-September 2006. The a posteriori biomass burning BC emissions 

from the analytical inversions for July-September were 31.7 Gg at 2° × 2.5° (an increase by a 

factor of 4.7 relative to the corresponding a priori) and 19.18 Gg at 0.5° × 0.667° (an increase by 

a factor of 2.8); the corresponding values from the adjoint inversions were 16.4 Gg (an increase 

by a factor of 2.4) and 18.9 Gg (an increase by a factor of 2.8), respectively. The corresponding a 

posteriori anthropogenic BC emissions were 9.1 Gg at 2° × 2.5° (a decrease of 48%) and 11.0 

Gg at 0.5° × 0.667° (a decrease of 36%) from the analytical inversions, and 33.5 Gg (an increase 

by a factor of 1.9) and 28.4 Gg (an increase by a factor of 1.6) from the adjoint inversions, 

respectively.  

The differences in the a posteriori emissions between the analytical and adjoint inversions 

were mostly evident in different BC emission sectors. The differences were partially because of 

the large aggregation errors in the analytical inversions and inability of the adjoint inversion 

system to uniquely distinguish collocated anthropogenic and biomass burning emissions at the 

grid-based resolution. The differences were also due to the large uncertainties in the bottom-up 

biomass burning emissions, which may force adjoint system to falsely impose larger 

anthropogenic emissions in the regions where biomass burning emissions were largely 
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underestimated.  

Simulated surface BC concentrations with the a posteriori emissions captured the observed 

major fire episodes at most sites and the substantial enhancements at the 1-2 and 2-3 km altitude 

ranges, especially at 0.5° × 0.667°. The a posteriori emissions also led to large bias reductions in 

modeled surface BC concentrations (~30% on average) and provided significantly better 

agreement with observations (increases in Taylor skill scores of ~40-200%). 

The inversion results were rather sensitive to the model horizontal resolution. The a 

posteriori biomass burning emissions showed large regional and month-to-month differences 

between the two model resolutions. The a posteriori biomass burning emissions were generally 

lower at 0.5° × 0.667° than at 2° × 2.5°. The large differences in the a posteriori emissions 

between two model resolutions suggested that the inversion system likely imposed larger 

emissions at the coarser resolution than at the finer resolution to minimize the larger 

discrepancies between coarser-resolution model results with observations, because of the larger 

smearing out of emissions at the coarser resolution. 

The adjoint inversions with pseudo observations indicated that surface BC observations with 

a 50% coverage of the grid boxes in the WUS had enough information to constrain the total BC 

emissions at the grid-based resolution. IMPROVE observations in the WUS likely did not have 

sufficient information to distinguish collocated BC emission sectors, especially at 0.5° × 0.667°. 

The a posteriori emissions were likely more accurate in the total magnitude than in the different 

emission sectors.  

 



 

194 
 

5.2 Future work 

BC and dust are two of the most important light absorbing aerosols (Clarke et al., 2004; 

IPCC 2007) in the atmosphere. The most comprehensive estimate of total radiative forcing of BC 

is 1.1 W m-2 globally (Bond et al., 2013), which is two times larger than the forcing estimated in 

IPCC (2007). BC is therefore the second most important chemical species for climate in terms of 

its radiative forcing in the present-day atmosphere after carbon dioxide. The best estimate of the 

direct radiative forcing of BC in the atmosphere is 0.71 W m-2 and the forcing effect from BC 

deposition on snow and sea ice is 0.13 W m-2 (Bond et al., 2013). There are significant 

differences in the estimates of direct radiative forcing of BC and dust, which range from 0.2 to 

0.9 W m-2 for BC (Bond et al., 2013) and 0.07 to 0.31 W m-2 in the long waves for dust (IPCC, 

2007). The radiative forcing effects of BC and dust could be considerably larger on regional 

scales. Studies have shown that atmospheric BC and dust in California produced the direct 

radiative forcing effects of up to 1.8 W m−2 and 0.3 W m−2, respectively (Zhao et al., 2013); BC 

and dust deposited on snow induced a combined radiative forcing up to 20-40 W m−2 in eastern 

Sierra Nevada for April-May (Sterle et al., 2013).  

BC and dust deposited on snow and ice can significantly reduce the surface albedos (Warren 

and Wiscombe, 1980). Studies have shown that aerosols were an important factor to the snow 

retreat and reduction in the Western U.S (WUS) over the past 50 years (Pierce et al., 2008). The 

deposition of BC and dust on snow and ice is therefore known to affect this region’s hydrological 

cycle. Mountain snowmelt accounts for over 70% of the annual fresh water supply in the WUS 

(Qian et al., 2009). Qian et al. (2009) using the WRF-Chem model showed that the deposition of 

BC on snow over the WUS mountain ranges led to increased rain but decreased snow 

accumulation in winter, reduced and earlier snowmelt in spring, and decreased runoff between 
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April and June. Skiles et al. (2012) pointed out that mean (2005–2010) springtime dust shortened 

snow cover duration by 21- 51 days in southwestern Colorado. Painter et al. (2010) estimated 

that heavy dust loading led to an earlier peak runoff by 3 weeks on average in Arizona and 

reduced annual (1916–2003) runoff by ∼5%.  

The fresh water supply in the WUS is facing severe challenges. Observations have 

documented decreasing snow water equivalent and earlier snowmelt in the WUS mountain 

ranges (Mote et al., 2005; Harpold et al., 2012). Climate models have also shown further 

reductions in snowpack storage in the WUS mountain ranges because of the warming 

temperatures (Leung et al., 2004; Feng and Hu, 2007). The ongoing and most severe drought on 

record during the last five decades in California (e.g., Mirchi et al., 2013) and the dwindling 

water level of the Colorado River (e.g., Vano et al., 2013) also result in a greater urgency to 

better understand snow and ice albedo effects of BC and dust in the WUS mountain ranges. 

Transpacific transport of Asian emissions is known to be an important source of fine 

particulate matter in the WUS in spring. Hadley et al. (2007) estimated that larger than 75% of 

the BC fluxes above 3 km across 130°W longitude came from Asia in spring. Park et al. (2003) 

using the GEOS-Chem model showed that transpacific transport of Asian BC contributed to less 

than 10% of the annual surface BC in the U.S. in 1998. Mao et al. (2011) pointed out that 

transpacific transport of Asian anthropogenic emissions became more important with increasing 

altitude and accounted for 28% of surface BC concentrations in winter and 24% in spring at the 

3-4 km altitude range. Yu et al. (2012) showed that transpacific transport of Asian dust over 

North America shores was comparable in magnitude to the total domestic aerosol mass. 

Transpacific transport of Asian dust contributes 49-77% of surface dust concentrations in the 

WUS in spring (Yu et al., 2012). It is likely that the transpacific transport of Asian emissions will 
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become an even larger contributor to surface BC and dust in the WUS in the coming decades, as 

the Asian emissions are increasing under the rapid economic development in this region (IPCC, 

2007).  

GEOS-Chem simulations of surface dust concentration and dust aerosol optical depth are 

often too high when compared to observations (Fairlie et al., 2010; Ku and Park, 2011; Wang et 

al., 2012). Large discrepancies exist in the uncertainties of dust emissions (Generoso et al., 2008; 

Johnson et al., 2012; Ridley et al., 2012) and the particle size distributions of emitted dust from 

different soil types (Cakmur et al., 2006; Kok, 2011). Zhang et al. (2013a) have adjusted dust 

emissions in GEOS-Chem based on satellite measurements of Multi-Angle Imaging 

SpectroRadiometer (MISR) aerosol optical depth. Zhang et al. (2013b) also have improved new 

dust particle size distributions based upon scale-invariant fragmentation theory (Kok, 2011) with 

constraints from measurements. Both adjustments have shown significant improvements in 

GEOS-Chem simulations of surface dust concentrations in the WUS, compared with 

observations. 

I thus intend to better understand the radiative forcing effects of BC and dust in the WUS 

with improved GEOS-Chem estimates of BC and dust. I will focus on quantifying the direct 

radiative forcing effects of BC and dust and their snow and ice albedo effects in the WUS using 

the GEOS-Chem CTM offline coupled with the Fu-Liou-Gu (FLG) radiative transfer model 

(RTM) (Fu and Liou, 1992, 1993; Gu et al., 2003, 2006, 2010, 2011). I also would like to 

quantity the relative contributions from different sources and source regions to the radiative 

forcing of BC and dust in the WUS.  
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