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ABSTRACT 

Anhydrosugars as tracers of fire air quality effects, carbon 

cycling and paleoclimate  

by 

Loredana G. Suciu 

Wild and prescribed fires are important sources of a broad suite of organic 

compounds collectively termed pyrogenic carbon (PyC). Most PyC compounds have 

additional sources beyond fire, adding uncertainty to their use as tracers. However, 

members of the anhydrosugar family of isomeric compounds - levoglucosan, galactosan 

and mannosan – are generated exclusively by the pyrolysis and combustion of cellulose 

and hemicellulose. Although anhydrosugars are some of the only unique organic markers 

for fire, their use as tracers in atmospheric, marine, and terrestrial systems is challenging 

because there is no clear theoretical framework to deal with their reactivity and phase 

partitioning. The atmospheric science community has made the first approximation that 

they are unreactive on timescales of interest. This assumption is problematic, because 

there is ample evidence of anhydrosugar reactivity on short timescales. On the other 

hand, the terrestrial and marine science communities have not yet seen wide use of 

anhydrosugars as tracers because our understanding of their biogeochemistry and 

transport through the Earth system is poorly constrained.   
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Chapter 2 of this thesis reviews evidence for anhydrosugar production, 

degradation and detection in various environments and use this information to develop a 

framework for uses of anhydrosugars in research on PyC and organic matter in the Earth 

system. Anhydrosugars are chemically reactive in all phases (gaseous, aqueous and 

particulate), molecularly diffusive in semisolid matter, semivolatile, water-soluble, and 

biodegradable. Their chemical composition also suggests that they sorb to soil mineral 

surfaces. Together, these characteristics mean that anhydrosugars are not conservative 

tracers. While these traits have historically been perceived as drawbacks, here I argue that 

they present opportunities for new research avenues, including tracking organic matter 

transport and degradation in multiple environments.   

Chapter 3 of this thesis provides insights on the model development and 

simulations of the atmospheric degradation of the most abundant anhydrosugar emitted 

from biomass burning - levoglucosan (LEV) - and its effects on the formation of 

secondary organic aerosols (SOA) and other gases, using a zero-dimensional (0-D) 

modeling framework. Existing chemical mechanisms (homogeneous gas-phase chemistry 

and heterogeneous chemistry) were updated to include the chemical degradation of LEV 

and its intermediary degradation products in both phases (gas and aerosol). In addition, 

the gas-particle partitioning mechanism was added to the model to account for the effect 

of evaporation and condensation on the concentrations of LEV and its degradation 

products. Comparison of simulation results with measurements from various chamber 

experiments show that the degradation time scale of LEV varied by phase, 1.5-3.5 days 

(gas-phase) and 8-21 hours (aerosol-phase); these relatively short time scales suggest that 

most of the initial LEV concentration can be lost chemically or deposited locally before 



 

 

iv 

 

being transported regionally. Estimated secondary organic aerosol SOA yields (5-32%) 

reveal that conversion of LEV to secondary products is significant and occurs rapidly in 

the studied scenarios. The chemical degradation of LEV has effects on other gases, such 

as increasing the concentrations of radicals and total reactive nitrogen. Decreases of 

nitrogen oxides (NOx) appear to drive a more rapid increase in ozone (O3) compared to 

volatile organic compounds (VOC) levels. Future model evaluations and subsequent 

implementation of the 0-D multiphase LEV chemistry (extended to include its isomers) in 

CTMs will allow to model both regional transport and deposition of anhydrosugars and 

thus better assess their atmospheric implications and use as tracers. 

Another application of anhydrosugars would be to trace regional air transported to 

highly polluted urban areas, such as the Houston area. Vegetation fires occurring outside 

this region contribute emissions of O3 precursors, such as VOC and NOx. However, in the 

Houston area, there are multiple sources of such emissions (industrial activity, vehicle 

exhaust, etc.), and mixing with those sources challenges the quantification of regional 

contributions to locally measured concentrations. This is important because air pollution 

control measures impact the industrial activity in the area. While anhydrosugars have not 

been used in this study to help constrain regional background O3 and NOx, they open an 

unexplored pathway for future studies that can build on the additional work presented in 

Chapter 4 of this thesis, such as the estimation of regional background O3 and NOx using 

statistical analysis of O3, NOx and meteorology measured in the Houston-Galveston-

Brazoria (HGB) region. This study used four different approaches based on principal 

component analysis (PCA). Three of these approaches consist of independent PCA on 

both O3 and NOx for both 1-h and 8-h levels to compare the results with previous studies 
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and to highlight the effect of both temporal and spatial scales. In the fourth approach, O3, 

NOx and meteorology were co-varied.  

Results show that the estimation of regional background O3 has less inherent 

uncertainty when it was constrained by NOx and meteorology, yielding a statistically 

significant temporal trend of -0.68 ± 0.27 ppb y-1. Likewise, the estimation of regional 

background NOx trend constrained by O3 and meteorology was -0.04 ± 0.02 ppb y-1 

(upper bound) and -0.03 ± 0.01 ppb y-1 (lower bound). The best estimates of 17-y average 

of season-scale background O3 and NOx were 46.72 ± 2.08 ppb and 6.80 ± 0.13 ppb 

(upper bound) or 4.45 ± 0.08 ppb (lower bound), respectively. Average background O3 is 

consistent with previous studies and between the approaches used in this study, although 

the approaches based on 8-h averages likely overestimate background O3 compared to the 

hourly median approach by 7-9 ppb. Similarly, the upper bound of average background 

NOx is consistent between approaches in this study but overestimated compared to the 

hourly approach by 1 ppb, on average. The study likely overestimates the upper bound 

background NOx due to instrument overdetection of NOx and the 8-h averaging of NOx 

and meteorology coinciding with maximum daily eight hours average O3. 

Regional background O3 and NOx in the HGB region both have declined over the 

past two decades. This decline became steadier after 2007, overlapping with the effects of 

controlling precursor emissions and a prevailing southeasterly-southerly flow. 
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Chapter 1 

Introduction 

Fire is ubiquitous in the Earth system, but tracing its effects can be challenging. 

Many tracers of fire, such as polycyclic aromatic compounds and methoxyphenols, are 

not unique and/or are hard to measure, such as benzene polycyclic hydrocarbons. 

Anhydrosugars are unique tracers for fire; however, their reactivity is a challenge for 

their use as tracers. The atmospheric science community has dealt with the problem of 

anhydrosugar reactivity by assuming that it does not impact tracer performance on 

atmospheric timescales. The organic geochemical community has rarely used 

anhydrosugars as tracers for fire or organic matter because of a lack of framework for 

dealing with this issue. This thesis addresses the problem of anhydrosugar reactivity from 

both organic geochemical and atmospheric perspectives. 

Anhydrosugars are important for carbon cycling because they are organic carbon 

molecular compounds of pyrogenic nature that can be found not only in the atmosphere 

but also in other reservoirs of the carbon cycle (biosphere, hydrosphere, cryosphere and 
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sediments). Historically, anhydrosugars were used in paleofire and paleoclimate studies 

because they can trace both fire and vegetation source due to their high emission factors 

and their distinct ratios that vary with the type of vegetation burned. While anhydrosugars 

are partitioned between the atmosphere and soil at the source, the remote cryosphere, 

particularly that at higher altitude, receives anhydrosugars only from long-range 

atmospheric transport and deposition. Thus, atmospheric degradation can significantly 

affect the pre-depositional concentrations in snow and ice and so their paleoclimate 

tracing potential. Therefore, understanding the full biogeochemistry of anhydrosugars is 

highly relevant not only to understanding fire effects on air quality but also to addressing 

aspects of the carbon cycle and to studying the fire-climate-vegetation relationship in 

both past and present. Chapter 2 of this thesis provides a thorough review of 

anhydrosugars in the Earth system from a full biogeochemical perspective and highlights 

future research pathways for anhydrosugars as multiphase tracers (see Suciu et al. 2019). 

From an atmospheric science perspective, vegetation fires and industrial activity 

are major drivers of air quality issues in urban settings. In this environment distinguishing 

between sources is crucial because costly emission control strategies to reduce urban 

pollution can severely impact industrial and other anthropogenic activity. Source 

contribution is in general assessed via tracers. Anhydrosugars are unique tracers of 

biomass burning and are widely used in atmospheric source apportionment studies. 

Though anhydrosugars generally have not been considered as ozone (O3) precursors, they 

can generate peroxy radicals (RO2), a key step in O3 formation, through their reactions 

with various atmospheric oxidants. They also can influence the concentration of the O3 

precursors nitrogen oxides (NOx) via their chemical competition for the hydroxyl radical 
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(OH).  However, their reactivity and other properties (i.e., volatility) have not been 

considered yet in models capable of representing complex atmospheric settings, thus 

leading to the underestimation of air quality effects of fire and probably to an incorrect 

attribution of biomass burning source in ambient air samples. Chapter 3 of this thesis 

addresses the anhydrosugar reactivity problem by using a zero-dimensional (0-D) 

modeling approach and focusing on one of the most abundant anhydrosugars, 

levoglucosan (LEV). The mechanistic model development includes addition of the full 

LEV chemistry to existing mechanisms and combining those mechanisms to represent its 

multiphase chemistry. In addition, a gas/particle (G/P) partitioning mechanism is newly 

added to the 0-D model to account for the effect of both evaporation and condensation on 

LEV concentration. Modeled degradation time scales, contributions of LEV to secondary 

organic aerosols (SOA) formation, and the effects of LEV chemistry on other gases are 

also estimated using the developed model. The ability of LEV to trace fire and its air 

quality effects are also discussed in this chapter. 

An additional goal of this thesis was to study O3 and its precursors NOx (NOx = 

NO + NO2) in complex urban settings, where multiple sources of precursors and O3 

(including from regional transport) may coexist and together impact air quality. However, 

the distinction between individual contributions and particularly the quantification of the 

regional contributions to local O3 and NOx remain challenging and problematic for 

designing air quality controls in urban areas. This overall problem is addressed in Chapter 

4 of this thesis by using various principal component analyses (PCA) of decadal-scale 

surface chemistry and meteorology measurements taken form the greater Houston area in 

Texas (Suciu et al. 2017). 
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Chapter 5 concludes this thesis by summarizing the main findings and 

highlighting future directions for anhydrosugars as tracers in the Earth system from 

various perspectives presented in Chapter 2 and Chapter 3 and for improving the 

estimates of regional background O3 and NOx in large urban areas based on the study 

described in Chapter 4. 
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Chapter 2 

Anhydrosugars as tracers in the Earth 

System 

Wild and prescribed fires produce pyrogenic carbon (PyC) that enters the 

atmosphere, pedosphere, hydrosphere, sediments and cryosphere. The PyC spectrum 

covers a wide range of pyrolysis-combustion products that are classified into aerosol and 

residual forms, with residual PyC further divided into particulate and dissolved phases 

(Bird et al. 2015). Anhydrosugars are one component of PyC and historically have been 

associated with particulate matter (PM) or smoke aerosols in the atmosphere (Simoneit 

2002; Schkolnik and Rudich 2006). However, field and laboratory studies (Otto et al. 

2006; Kuo et al. 2011a) have shown that anhydrosugars are also present in residual 

char/charcoal. Despite this, anhydrosugars have not been explicitly considered in the 

quantification of any PyC fluxes, making them a source of uncertainty in the global PyC 

cycle. Moreover, the inconsistent use of terminology for PyC among disciplines, such as 

black carbon (BC), organic carbon (OC) and brown carbon (BrC) (Table 2.1), also 
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hinders the advancements in understanding of the PyC cycle. These limitations may be 

addressed in future interdisciplinary studies of PyC by explicitly considering 

anhydrosugars in all recognized forms of PyC (aerosol, residual, particulate and 

dissolved, Bird et al. 2015) and in the gas phase.  

Anhydrosugars are unique fire tracers because they are exclusively produced by 

pyrolyzing cellulose and hemicellulose (Simoneit 2002; Scholnick and Rudich 2006). In 

addition, they are tracers of plant ecosystem structure, providing information about the 

type of vegetation burned (see section 2.1). Like other molecular tracers of terrestrial 

origin (methoxyphenols and their degradation products), they can be used for tracing 

vegetation sources and terrestrial organic matter (TOM) in the ocean (see Hedges et al. 

1997 for a review of the use of TOM tracing in the ocean). In addition, anhydrosugars 

degrade thermally (Shafizadeh 1982), chemically (Hennigan et al. 2010; Kessler et al. 

2010) and biologically (Knicker et al. 2013; Norwood et al. 2013), potentially recording 

information about each of these processes in the sedimentary archive.  

The most abundant anhydrosugar emitted upon pyrolysis-combustion of biomass 

is levoglucosan. Levoglucosan has been used extensively as a molecular tracer for 

biomass burning in the atmosphere but only rarely used to trace fire in sediments (Lopes 

dos Santos et al. 2013; Hunsinger et al. 2008; Elias et al. 2001). Recent experimental 

studies highlight the reactivity of levoglucosan in both dry and wet atmospheric 

conditions, with rapid degradation occurring on a scale from minutes to days. Therefore, 

its reactivity should limit its unique ability to trace fire in the atmosphere and, 

subsequently, in depositional environments. However, levoglucosan is found in 

sediments and ice cores thousands of years old, suggesting its resistance to 
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decomposition in such contexts (Elias et al. 2001; You and Xu 2018). The present study 

argues here that the degradation products of anhydrosugars, and their degradation process 

signatures, can be used as proxies for PyC and organic matter reactivity in any 

environment, thus providing new tracing opportunities for carbon cycling. 

This review summarizes the state of knowledge about anhydrosugars 

(levoglucosan and its isomers) within the Earth’s surface carbon cycle and proposes new 

research paths to study PyC cycling, terrestrial organic matter delivery to the ocean, soil 

carbon cycling, atmospheric chemistry, and paleo fire-vegetation-climate interactions. 

While anhydrosugars have been recently reviewed from atmospheric and cryospheric 

perspectives (You and Xu 2018; Bhattarai et al. 2019) this study offers a holistic 

biogeochemical perspective on the behavior of anhydrosugars in the Earth system. The 

study outlines the potential uses of anhydrosugars tracers in all major carbon cycle 

reservoirs (atmosphere, soils, hydrosphere, cryosphere and sediments) and identifies 

major uncertainties that need addressing for this family of tracers to be most effectively 

deployed. 
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Table 2.1 Conceptualization of PyC in various scientific communities 

Scientific 

Community 

Black carbon 

BC 

Organic carbon 

OC 

Brown carbon 

BrC or Cbrown 

Soot/carbon soot 

Csoot 

Elemental carbon 

EC 

 

Reference 

Atmospheric 

science  

Particulate 

matter 

Particulate matter 

and 

(semi)volatiles 

Particulate matter Particulate matter Particulate matter  

Strongly light 

absorbing 

carbon (visible – 

black); derived 

from all 

combustion 

sources 

Carbonaceous 

material that 

combusts at or 

below a certain 

temperature; 

includes 

refractory and 

non-refractory 

organics 

Moderate/weak 

light absorbing 

organic matter 

(visible – 

yellow/brown); 

subcategory of OC, 

from smoldering 

combustion 

Thermally 

refractory pure 

carbon; used 

interchangeably 

with BC; 

submicron spherule 

aggregates made of 

graphene layers 

Carbonaceous 

residue from 

combustion other 

than OC; also 

optically defined as 

apparent EC (ECa) 

Andreae and Gelenczér 

(2006); Sumlin et al. 

(2018); Lorenzo et al. 

(2018) 

Soil science Solid Solid/liquid Suspension/liquid Solid/condensed  

Product of 

incomplete 

combustion of 

biomass and 

fossil fuels, 

from slightly 

charred biomass 

to soot; char; 

charcoal 

Organic matter or 

organic carbon 

from sources 

other than fire 

(plants, roots, 

microbes, etc.) 

Not specifically 

studied, although 

dissolved OC may 

contain weakly 

light absorbing 

organic compounds  

The higher 

endmember of BC, 

(condensed 

aromatic ring 

structures, 

graphitic BC or 

microcrystalline 

graphite); derived 

from condensation 

of gases; small 

initial particle size 

- Hedges et al. (2000); 

Masiello (2004); 

Hammes et al. (2007); 

Bird et al. (2015)  

 

Marine science Similar to soil 

science 

Similar to soil 

science 

- Similar to soil 

science 

- Masiello (2004); 

Coppola et al. (2014) 

Cryospheric 

science 

Similar to 

atmospheric 

science 

Similar to 

atmospheric 

science 

- Similar to 

atmospheric 

science 

- McConnell et al. (2007) 

(Paleo)climatology Similar to 

atmospheric and 

soil science 

Similar to 

atmospheric and 

soil science 

Similar to 

atmospheric and 

soil science 

Similar to 

atmospheric and 

soil science 

- Elias et al. (2001); Kuo 

et al. (2011a); 

Schupbach et al. (2015) 
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2.1. Anhydrosugars: Structure, sources, pyrolytic formation, thermal 

degradation and properties 

2.1.1. Structure and sources 

Anhydrosugars are small organic monomers resulting from the pyrolysis of 

cellulose and hemicellulose (Shafizadeh 1982; Simoneit 2002).  The thermal degradation 

of crystalline cellulose, which consists of linearly linked β-(1→4)-D-glucopyranose units, 

forms levoglucosan (1,6-anhydro-β-D-glucopyranose), while the thermal degradation of 

amorphous hemicellulose produces mannosan (1,6-anhydro-β-D-mannopyranose) and 

galactosan (1,6-anhydro-β-D-galactopyranose) (Figure 2.1). Anhydrosugars can also be 

produced industrially from carbohydrates and starches (Cěrni 2003), where they are 

produced in controlled environments and captured for further use as biofuels. 

Anhydrosugar ratios are geochemical tracers that have not been applied to the 

extent of other tracers of vegetation type (i.e., lignin oxidation products and their ratios). 

The temperature-specifc yield of anhydrosugars per mass of pyrolized biomass varies 

with polymer and vegetation type, and this variation influences their emission ratios and 

relative abundance in the environment. Because cellulose is more abundant than 

hemicellulose in plants (Shafizadeh 1982), the pyrolytic yields of levoglucosan are in 

general higher than those of its isomers (mannosan and galactosan). This also can be 

inferred from marker ratios observed in smoke from various fuel beds (Munchak et al. 

2010) and urban dust aerosols used as standard reference materials (Louchouarn et al. 

2009). In addition, because hemicellulose has much more structural variation among 
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botanical sources compared to cellulose (Shafizadeh 1982; Scheller and Ulvskov 2010; 

Mai-Gisondi et al. 2017), the pyrolytic yields of the two minor isomers mannosan and 

galactosan also vary with vegetation type. For example, in softwoods, hemicellulose is 

primarily made of mannan and galactan (galactomannan, galactoglucomannan), while in 

hardwoods it is mainly made of xylan (glucuronoxylan) (Shafizadeh 1982; Mai-Gisondi 

et al. 2017; Wang and Luo 2017) (see the backbone sugars of these three hemicellulosic 

polymers in Figure 2.1). Therefore, burning softwood could yield more mannan 

derivatives, such as galactosan and mannosan, compared to burning hardwood. 

Consequently, the galactosan/levoglucosan and mannosan/levoglucosan ratios in smoke 

emissions vary according to the type of vegetation burned (Munchak et al. 2010). The 

anhydrosugar ratios also vary by the part (needles, leaves) or the state of vegetation 

burned (dead or live) (Sullivan et al. 2014).  
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Figure 2.1 Thermal degradation of hemicellulose and cellulose and formation of mono- and oligomeric anhydrosugars. The vertical scale represents a simplified 

description of temperature evolution and succession of processes after ignition of a fuel bed in typical open fires. Distribution of anhydrosugars is also marked on 

this temperature scale showing  the peak just above 300 °C at which anhydrosugars are first emitted as volatiles and  a second peak of anhydrosugars, potentially 

produced at a higher temperature (600 °C) from the combustion of the partially charred biomass residue; anhydrosugars emitted at this later stage may recombine 

to form oligomeric or polymeric products. (Note that for the purpose of illustration hemicellulose is shown as entirely containing a cellulose fiber while, in 

reality, it is irregularly spiraling around cellulose fibers) 
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2.1.2. Pyrolytic formation pathways and thermal degradation as drivers of 

anhydrosugar properties at emission 

To apply anhydrosugars as tracers we need to understand their production and 

transformation during the full pyrolysis-combustion process because variations in 

production conditions may drive variations in the tracer properties. Anhydrosugars are 

released in the highest amounts around 300 ºC (Shafizadeh 1984; Simoneit 2002; Liu et 

al. 2013), where a transition from low to high temperature pyrolysis has been observed 

(Figure 2.1). The reaction mechanisms below and above 300 °C are different, as are the 

products of those reaction pathways (Shafizadeh and Fu 1973; Shafizadeh 1982, 1984; 

Liu et al. 2013; Wang and Luo 2017). Above this threshold temperature, anhydrosugars 

may combine and form larger compounds (Figure 2.1). Depolymerization reaction above 

300 °C also can generate low amounts of anhydrosugars.  

Anhydrosugars can form directly or indirectly (Shafizadeh and Fu 1973; 

Shafizadeh 1984), with levoglucosan more likely to be formed indirectly and mannosan 

and galactosan more likely to be formed directly. While levoglucosan also can be 

generated directly, it is most likely to be generated indirectly from 1,2- or 1,4-anhydro-α-

D-glucopyranose (Elias et al. 2001; Simoneit 2002; Schkolnik and Rudich 2006; Zhang 

et al. 2011; Wang and Luo 2017). Both direct and indirect production of levoglucosan 

involves the cleavage of the glycosidic group (or D-glucopyranose), but the indirect 

pathway also involves the arrangement of intramolecular bonds that requires more heat 

(Wang and Luo 2017). The direct mechanism involves the formation of anhydrosugars 

from free radicals, produced during depolymerization, fragmentation or degradation of 

the sugar units (represented by a dotted line in Figure 2.1). The indirect mechanism is the 
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inter- and intramolecular transglycosylation (symbolized by a full line in Figure 2.1), 

which forms 1,2 or 1,4-α-D-glucopyranose intermediates (or 1,2 and 1,4-anhydride) and, 

subsequently, 1,6-β-D-glucopyranose (levoglucosan). At temperatures above 300 ºC, the 

conversion of glycosyl units by this mechanism is faster than decomposition (Shafizadeh 

and Sekiguchi 1984). This results in a peak of anhydrosugar yields around 300 ºC (Figure 

2.1).  On the other hand, mannosan and galactosan generation are consistent with direct 

production (Shafizadeh and Fu 1973; Shafizadeh 1984), from the decomposition of other 

products of cellulose and hemicellulose pyrolysis (Peters 2005; Schkolnik and Rudich 

2006) (the dotted line in Figure 2.1). This suggests that the peak around 300 °C is mostly 

dominated by levoglucosan. 

While the main source of anhydrosugars is pyrolysis around 300 °C, a secondary 

higher temperature source is the depolymerization of the polymeric products formed from 

the thermal conversion of the water-soluble products, such as oligo- and polysaccharides 

(cello-biosan, -triosan, -tetrasan and –pentasan; Figure 2.1) (Kawamoto et al. 2003; Liu et 

al. 2013). This secondary source (the small peak around 600 ºC as suggested in Figure 

2.1) may interact with aromatic substances (Hosoya et al. 2006), stabilizing 

anhydrosugars in the char (i.e., a sink of volatile anhydrosugars).   

The potential exists to use compounds related to levoglucosan as tracers as well. 

Hydrolysis and/or oxidation reactions during pyrolysis can also yield levoglucosenone, 

indirectly, from levoglucosan, as well as other low molecular weight compounds, such as 

furfural, 2,3-butanedione and 5-methyl furfural (Figure 2.1) (Kawamoto et al. 2003; 

Sarotti 2014). Indirect fragmentation of the gas-phase levoglucosan into other 

compounds, such as C1 and C2 aldehydes/ketones along with non-condensable gases, also 
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have been reported at temperatures higher than 500 ºC (Fukutome et al. 2017), although 

these compounds are not suitable for tracer use on their own because they are common 

products of many atmospheric chemical reactions. Levoglucosenone, however, may 

prove to be a tracer with high potential for tracing both particulate PyC (aerosol, 

charcoal) and dissolved PyC, and future studies should study it from these perspectives. 

Although in open fires anhydrosugars are primarily emitted during smoldering 

combustion, they also can be emitted in other stages of the combined pyrolysis-

combustion processes. One implication of this is that anhydrosugars can be expected to 

occur in all phases of material released by fire (gas phase, particle phase, and charcoal). 

In open fires, smoldering combustion can overlap or immediately follow flaming 

combustion (Andreae and Merlet 2001), and overlapping of the two combustion phases 

(i.e., rapid changes in fire behavior), could lead to the adsorption/condensation of 

levoglucosan from smoldering of the char onto co-emitted submicron PM or soot 

particles from flaming combustion. Atmospheric PM may also form at temperature below 

flaming, during earlier pyrolysis, when the emitted gas phase levoglucosan contribute to 

newly formed PM. However, it is still not understood how levoglucosan becomes part of 

the PM. To address this uncertainty, future studies should test the formation of soot-

containing levoglucosan by measuring anhydrosugars from each combustion phase 

separately (smoldering versus flaming) and from a combination of the two phases 

(overlapping flaming and smoldering phases). The formation of PM from the gas-phase 

anhydrosugars below flaming temperature also could be tested by observing the 

transformation of the gas-phase anhydrosugars around their temperature of formation 
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(300 °C) and, probably, in association with the formation of other fire-related aerosol 

forms (i.e., tar balls). 

The total amount of anhydrosugars produced and their partition between the gas 

phase (escaped to the atmosphere) and the solid phase (remaining in soil) from open fires 

are unknown, and this uncertainty impairs our ability to close the PyC budget. However, 

data from controlled pyrolysis experiments can be used to constrain at least some aspects 

of anhydrosugar production. These data suggest that a very wide range of production 

yields are possible. The amount of levoglucosan produced during controlled pyrolysis 

depends on various factors, such as the structure of cellulose (crystalline or amorphous), 

temperature, heating rate, presence of catalysts, etc. For example, in a temperature range 

of 250-300 ºC, the yields of levoglucosan on a weight basis were very small (1%) and 

decreased with the degree of cellulose conversion (Liu et al. 2013). Pyrolysis at 

atmospheric pressure, 300-400 ºC and under nitrogen (N2) conditions can give variable 

yields of levoglucosan, from 3.57% (Shafizadeh 1984) to up to 69.3% (Fukutome et al. 

2016). Industrial yields of levoglucosan, however, are at the higher end observed 

experimentally, ranging from 20% to 44.5% and depend on pyrolysis conditions, 

involving hot gas steam, powder cellulose, temperatures range of 300-500 ºC, the 

presence of acids that can catalyze pyrolysis, reactor type, pressure, etc. (Lakshmanan 

and Hoelscher 1970; Cěrni 2003). While these examples from the controlled pyrolysis of 

cellulose give us a hint about the partition of anhydrosugars to the gas phase, we are 

lacking any information about the fraction remaining in chars from open biomass 

burning.  
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The observed pyrolytic yields (1-70%) of gas phase levoglucosan from controlled 

pyrolysis can be used as a starting assumption for fractions of gaseous anhydrosugar 

emitted to the atmosphere from open biomass burning around 300 ºC. However, pyrolytic 

yields have not yet been measured in open fires and in the presence of oxygen, where the 

partially degraded cellulose would further undergo combustion (both flaming and 

smoldering). During smoldering combustion, additional anhydrosugars could be released 

from the oxidation of char together with other volatiles, although in much lower amounts; 

they could undergo oligo- and/or polymerization in the gas phase (which may 

adsorb/condense on char) or in the solid phase (char). One way to test this hypothesis is 

to measure and compare the products of anhydrosugar polymerization in both the gas 

phase and the residual char during the last combustion stages.   

2.1.3. Phases and properties 

To better understand the lifetime and degradation of anhydrosugars, we need 

more information about the phase in which they are emitted into the environment 

(gas/liquid/solid). Although there is no clear consensus about the phase in which 

levoglucosan initially forms during biomass burning, we can use information on the 

physical properties of the compounds to make predictions. Thermodynamic and physico-

chemical evidence suggests that levoglucosan is not primarily formed as a solid (or PM) 

during the pyrolysis of biomass, but it is formed as a gas or/and a liquid. Thermodynamic 

properties of reactions involving synthesis of levoglucosan from the thermal alteration of 

cellulose suggest that it is formed as a gas within a range of temperature of 25-327 °C 

(Kabo et al. 2015).  Within the lower end of this temperature range, crystalline 

levoglucosan has a very low saturation vapor pressure (Kabo et al. 2015), implying that 
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once in the PM phase, unreacted levoglucosan cannot easily evaporate at ambient 

temperature. However, some studies point out that volatilization of levoglucosan from 

ambient atmospheric PM is possible (Xie et al. 2014). Formation of levoglucosan in the 

liquid phase also has been reported, but contrary to the crystalline phase, liquid 

levoglucosan can evaporate and also polymerize at higher temperatures (Bai and Brown 

2014). The evaporative yields of liquid levoglucosan are quite significant (40-80%) and 

decrease with increasing heating rate, where polymerization takes over evaporation (Bai 

and Brown 2014). Polymerization of levoglucosan in the liquid phase can form char 

(Fukutome et al. 2016). 

While anhydrosugars likely first form in the gas phase, they are dominantly 

present in fire plumes in PM. This fact highlights uncertainties in our knowledge of the 

mechanisms by which levoglucosan and its isomers become part of atmospheric PM 

(which can be part of residual PyC via atmospheric deposition). One mechanism could be 

the condensation of gaseous anhydrosugars on co-emitted PM (i.e., soot). Such a 

mechanism has been observed for low-volatility polar organic compounds that 

preferentially condensed on hygroscopic particles (Pósfai et al. 2004). Another pathway 

could be the condensation of gaseous anhydrosugars on tar balls (hydrophilic PM that is 

different from soot), which may result from the cooling of the smoke.  Ejection of liquid 

droplets (from molten cellulose) during smoldering was also identified as a possible 

source of tar balls or particulate tars (Tóth et al. 2014). The molten phase of cellulose also 

contains levoglucosan (Fukutome et al. 2016). Solidification of this molten phase can 

provide a third pathway through which levoglucosan and potentially its isomers are 

encapsulated by PM.  
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A connection between anhydrosugars and tar balls has not been established yet 

but if demonstrated it would advance our understanding of the mechanism by which 

anhydrosugars become part of PM. One way to study the anhydrosugar-tar balls 

relationship is to simultaneously measure the chemical composition of tar balls and 

anhydrosugars in the gas phase using pyrolysis experiments within a narrow temperature 

range (250-350 ºC). In addition, the chemical composition of tar balls has not been 

resolved at the molecular level; we only know that it is a combination of both organic and 

inorganic components (Sedlacek III et al. 2018). We propose that tar balls and 

anhydrosugars are linked. First, their source is the same (molten/liquid cellulose or 

condensation of the gas phase). Second, they are both emitted/formed during smoldering 

combustion (Tóth et al. 2014; Wang et al. 2017). Third, they are both linked to BrC, from 

the light absorption point of view (Pósfai et al. 2004; Feng et al. 2013; Tóth et al. 2014; 

Sedlacek III et al. 2018; Lorenzo et al. 2018). Considering these common features, future 

research should seek to establish and explain a relationship between tar balls and 

anhydrosugars. 

Once incorporated into the ambient PM matrix, anhydrosugars may evaporate and 

diffuse through the PM multilayers, facilitating their loss through atmospheric oxidation. 

However, the fraction of levoglucosan evaporated from ambient PM as determined from 

a single study (Xie et al. 2014) represented only 6-27% of the concentration in the 

particle phase. In conditions near the fire, where temperature of the plume is higher, this 

fraction may be higher. Understanding the evaporation of particulate anhydrosugars with 

respect to distance from the fire source is relevant to their applications as tracers. The 

near-surface bulk diffusivity of levoglucosan (2 x 10-16 cm2 s-1) is about 6-9 orders of 



 

19 

 

magnitude lower than that of its primary oxidants (OH and NO3), reflecting the semisolid 

nature of PM (Arangio et al. 2015). However, a high relative humidity of the atmosphere 

can influence the near-surface bulk diffusivity of levoglucosan towards higher values. For 

example, in cloud processing conditions (liquid), its bulk diffusivity is much higher (10-7 

cm2 s-1) than in the semisolid phase (Arangio et al. 2015). As levoglucosan transitions 

from an amorphous semisolid to a liquid, its availability for homogeneous aqueous phase 

oxidation also increases, contributing to its loss from the PM. The near-surface bulk 

diffusivity of levoglucosan is also influenced by temperature. Below 0 ºC, the ambient 

semisolid levoglucosan undergoes transition to a glassy phase and its bulk diffusivity 

decreases to 10-20 cm2 s-1 (Arangio et al. 2015). While diffusivity of levoglucosan in the 

PM may encourage additional evaporative and chemical losses to the gas and aqueous 

phases, the initial chemical bonding with the aromatics is likely to prevent such losses 

from the PM on the short term. On the long term, however, atmospheric processing could 

weaken the stability of the aromatic-levoglucosan complex formed during pyrolysis. The 

relative importance of evaporation, diffusivity and stabilization by aromatic molecules of 

levoglucosan and its isomers is uncertain and warrants attention in future studies to 

understand these controls on anhydrosugar lifetime.  

Although most of the anhydrosugars are emitted/formed in the early pyrolysis 

stage as a gas, some fraction ends up in residual char. Understanding the mechanisms by 

which anhydrosugars associate with residual char and the variability of their fraction in 

various chars are relevant to the PyC cycle. Polymerization in the liquid phase that 

subsequently dehydrates to char at higher temperatures is one pathway through which 

anhydrosugars may contribute to char’s composition (Fukutome et al. 2016). Reaction of 
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anhydrosugars resulting from depolymerization reactions (the small peak around 600 ºC 

as suggested in Figure 2.1) with aromatic substances (Hosoya et al. 2006) could be 

another mechanism that may explain their presence in the char. 

2.2. Anhydrosugars in the atmosphere  

2.2.1. Overview of anhydrosugar observations in the atmosphere 

Levoglucosan is the most abundant anhydrosugar in biomass burning aerosols, 

contributing significantly to the water-soluble organic carbon content of PM in smoke 

plumes (Simoneit et al. 1999; Hoffman et al. 2010). Its source specificity and high 

emission rates make it a unique marker for biomass burning in ambient air (Simoneit 

2002; Schkolnik and Rudich 2006; Hoffman et al. 2010). 

The concentration of anhydrosugars in atmospheric particles is typically measured 

by smoke sampling onto quartz filters and then filter extraction, extract silylation and 

measurement via GC/MS (methods reviewed by Simoneit 2002; see Table 2.2 for 

methods details).  

Anhydrosugars in atmospheric PM have been measured by many studies 

(Simoneit and Elias 2000; Shakya et al. 2011; Jordan et al. 2016; Pomata et al. 2016; 

Fraser and Lakshmanan 2000; Vassura et al. 2014; Lee et al. 2010; Sullivan et al. 2014; 

Radzi et al. 2004; Holden et al. 2011; Zagrando et al. 2013; Pietrogrande et al. 2013; 

Hoffer et al. 2006; Chen et al. 2013; Saarnio et al. 2013; Kessler et al. 2010; Schreuder et 

al. 2018; Barbaro et al. 2015). The concentrations of levoglucosan reported varies widely, 

from 0.00005 ng m-3 to 48000 ng m-3, depending on the type of sample, location, season, 

analytical technique, PM size, etc. (Table 2.3). The concentrations of mannosan and 
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galactosan also show large variations but within narrower ranges, 0.002-5690 ng m-3 

(mannosan) and 0.001-10010 ng m-3 (galactosan) (Table 2.3). On average, the 

atmospheric concentration of levoglucosan is 5-8 times greater than that of its isomers 

(Figure 2.2).  
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Table 2.2 Analytical methods used to quantify levoglucosan and its isomers 

Sample 

method/phase 

Analytical technique Limitations Reference 

Filtered 

(aerosols or 

PM) and char 

GC-MS(/MS) a Long preparation, dry conditions, expensive, 

requires derivatization, larger samples and high 

concentration of OC for analysis; limited to low 

spatial and temporal scales; simultaneous 

extraction and derivatizaton may reduce 

preparation time 

Oros and Simoneit (2001a,b); Simoneit (2002); 

Schkolnik and Rudich (2006); Hoffer et al. (2006); 

Kuo et al. (2008); Sullivan et al. (2008); Louchouarn et 

al. (2009); Hopmans et al. (2013); Vassura et al. 

(2014); Pomata et al. (2016); Janoszka et al. (2018) ; 

Sullivan et al. (2019)  

TD-GC-MS b High temperature can alter reactive species; good 

for levoglucosan and low OC mass samples 

Shessley et al. (2015); Bhattarai et al. (2019) 

Non-filtered 

(aerosols, PM) 

HR-ToF-AMS c Indirect (based on organic equivalent C2H4O2
+ in 

POA) 

Lee et al. (2010) 

Water extracts 

or wet samples 

(water-soluble 

aerosols, 

rainwater, soil, 

ice, snow and 

sediment) 

ESI-MS-MS(d) Cannot separate levoglucosan from its isomers Schkolnik and Rudich (2006) 

HPLC-ESI-MS(/MS) e Co-elution of levoglucosan with mannosan; mostly 

used for levoglucosan detection; good for small 

concentrations 

Schkolnik and Rudich (2006); Gambaro et al. (2008); 

Hopmans et al. (2013); Zangrando et al. (2013); 

Zennaro et al. (2014) 

HPLC-MS f Not good for high concentrations You and Xu (2018) 

UPLC-MS(/MS) g Cannot separate levoglucosan from its isomers; 

requires many preparation steps; mostly used for 

levoglucosan detection in small sample volumes 

You et al. 2016; You and Xu (2018) ; Bhattarai et al. 

(2019) 

Microchip-CE-PAD h Cannot separate galactosan from mannosan; not 

good for ambient rural samples 

Schkolnik and Rudich (2006) 

H NMR i Underestimates levoglucosan compared to GC-

MS; used only for levoglucosan 

Schkolnik and Rudich (2006) 

HPAEC-PAD j Cannot separate sugar alcohols from 

anhydrosugars; needs to be coupled to Dionex 

CarboPac to solve this separation; gives slightly 

higher results than GC-MS 

Sullivan et al. (2008) ; Munchak et al. (2011); 

Kirchgeorg et al. (2014); Sullivan et al. (2019); 

Janoszka and Czaplicka (2019) 

PILS-HPAEC-MS k Possible overlap of analytes; dehydration of 

anhydrosugars  

Saarnio et al. (2013) 

IEC-HPLC-PDA l Could separate levoglucosan from mannosan after 

multi-Gaussian peak fitting; no separation of 

isomers; good for ambient smoky but not clean 

conditions  

Schkolnik and Rudich (2006); Janoszka and Czaplicka 

(2019) 

IC-HPLC-PAD(m) Not validated Schkolnik and Rudich (2006) 
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aGas Chromatography Mass Spectrometry 
bThermal Desorption Gas Chromatography Mass Spectrometry 
cHigh-Resolution Time-of-Flight Aerosol Mass Spectrometry 
dElectrospray Ionization Mass Spectrometry 
eHigh-Performance Liquid Chromatography Electrospray Ionization Mass Spectrometry 
fHigh-Performance Liquid Chromatography Mass Spectrometry 
gUltra-Performance Liquid Chromatography Mass Spectrometry 
hMicrochip Capillary Electrophoresis with Pulsed Amperometric Detection 
iProton Nuclear Magnetic Resonance 
jHigh-Performance Anion Exchange with Pulsed Amperometric Detection 
kParticle-Into-Liquid-Sampler High-Performance Anion Exchange Mass Spectrometry 
lIon-Exclusion Chromatography with Photodiode Array 
mIon Chromatography High-Performance Liquid Chromatography with Pulsed Amperometric Detection 
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Table 2.3 Measured emission rates (ERs), emission factors (EFs) and concentrations of three anhydrosugars 

Sample type Fuel /Source ERs  

(µg µgOC-1) 

EFs 

(mg kg-1) 

Concentration 

(ng m-3) 

Reference 

LEVOGLUCOSAN 

Smoke  

aerosols 

Wood  40-1200  Simoneit et al. (1999) 

Conifers  298 ± 18  Oros and Simoneit (2001a) 

Deciduous  75 ± 11  Oros and Simoneit (2001b) 

Grasses  407.9  Oros et al. (2006) 

Broadleaf forest 0.06   Munchak et al. (2011) 

Conifer fore 0.65   Munchak et al. (2011) 

Mixed forest 0.63   Munchak et al. (2011) 

Grasses 0.08-0.15   Munchak et al. (2011); Sullivan et al. 

(2014) 

Leaves 0.09   Sulliva et al. (2014) 

Needless 0.06   Sullivan et al. (2014) 

Marsh grasses 0.02   Sullivan et al. (2014) 

Savannah 0.07   Munchak et al. (2011) 

Shrubland 0.06   Munchak et al. (2011) 

PM10 (< 10 μm) Regional air   477-2460 Simoneit et al. (2004) 

Urban air   2-8 Shakya et al. (2011) 

Urban air   150-16000 Jordan et al. (2016) 

Urban air   200-1200 Frazer and Lakshamanan (2000) 

Urban air   3 Vassura et al. (2014) 

Marine air   (9-149) x 10-3 Barbaro et al. (2015) 

Marine air   (0.05-1.21) x 10-3a Schreuder et al. (2018) 

Rural air   68-180 Urban et al. (2014) 

SRMg (urban dust)   7.92 x 1011d Louchouarn et al. (2009) 

PM2.5 (< 2.5 μm) Urban air   200-5800 Vassura et al. (2014) 

Urban/Regional air   522-8700b Holden et al. (2011) 

Urban air    144-2660 Pietrogrande et al. (2013) 

Urban air   179-434 Xie et al. (2014) 

Background/Remote air   0.07-1290 Zagrando et al. (2013) 

Tropical air   8708c Hoffer et al. (2006) 

Rural air   220-332 Urban et al. (2014) 

PM1 (< 1 μm) Biomass burning (lab)   1000-48000 Lee et al. (2010) 

Biomass burning (plume)   500-28570 Sullivan et al. (2014) 
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Sample type Fuel /Source ERs  

(µg µgOC-1) 

EFs 

(mg kg-1) 

Concentration 

(ng m-3) 

Reference 

Urban   200-1400 Saarnio et al. (2013) 

PM (no size) Marine   0.0008-0.15 Simoneit and Eias (2000) 

Continental air   0.04-4860 Simoneit and Eias (2000) 

SRMg (urban dust)   (2.6-2.8) x 1011d Pomata et al. (2016) 

TSPh (urban air)   10-34000 Radzi et al. (2004) 

TSPh (marine air)   2 Chen et al. (2013) 

Gas phase Urban air   26.6-49.1 Xie et al. (2014) 

Char Mesquite, cordgrass, pine 0-0.002e   Kuo et al. (2011a) 

Pine wood and cone 41-429f   Otto et al. (2006) 

Soil Sub- & surface 7-49f   Otto et al. (2006) 

Surface   4.19 x 109d Hopmans et al. (2013) 

Surface   (0.16 - 1.92) x 108 d Simoneit et al. (2004) 

River water Arctic (field)   0.73 x 106a Myers-Pigg et al. (2015) 

Trinity River (TX) (lab)   (313-1008) x 109d Norwood et al. (2013) 

Sediment Lake   (0.01-4.14) x 1010d Elias et al. (2001) 

Lake   (3.84 – 7.44) x 1012d Sikes et al. (2013) 

POC (marine)   (1.84-5.29) x 107d Schreuder et al. (2018) 

Surf. sediment (marine)   2.74 x 106d Schreuder et al. (2018) 

Marine   3.89 x 105d Hopmans et al. (2013) 

Coastal   (0.1-1.1) x 1010d Hunsinger et al. (2008) 

Ice and snow Glacier    1.08 x 106a You et al. (2016) 

Ice core    6.88 x 105d Kawamura et al. (2012) 

Ice core    (4-30) x 102a Gambaro et al. (2008) 

Snow pit   (11-597) x 103a Kehrwald et al. (2012) 

 Surface snow   (1.4 – 11.5) x 10-3a Shi et al. (2019) 

MANNOSAN 

Smoke aerosols Conifers  84 ± 6  Oros and Simoneit (2001a) 

Deciduous  14 ± 2  Oros and Simoneit (2001b) 

Grasses  17.1  Oros et al. (2006) 

Broadleaf forest 0.005   Munchak et al. (2011) 

Conifer forest 0.020   Munchak et al. (2011) 

Mixed forest 0.014   Munchak et al. (2011) 

Grasses 0.006   Munchak et al. (2011) 
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Sample type Fuel /Source ERs  

(µg µgOC-1) 

EFs 

(mg kg-1) 

Concentration 

(ng m-3) 

Reference 

Savannah 0.008   Munchak et al. (2011) 

Shrubland 0.007   Munchak et al. (2011) 

PM10 (< 10 μm) Regional   6-322 Simoneit et al. (2004) 

Urban   0.7-1.7 Shakya et al. (2011)  

Marine   21.2 x 10-3 Barbaro et al. (2015) 

Rural   9-24 Urban et al. (2014) 

SRMg (urban dust)   1.61 x 1011d Louchouarn et al. (2009) 

PM2.5 (< 2.5 μm) TSPh (marine)   6773c Hoffer et al. (2006) 

Rural   16-56 Urban et al. (2014) 

PM1 (< 1 μm) Biomass burning (plume)   40-5690 Sullivan et al. (2014) 

PM (no size) Marine   0.5 Chen et al. (2013) 

Char Mesquite, cordgrass, pine 0-0.003e   Kuo et al. (2011a) 

Pine wood and cone 137-175f   Otto et al. (2006) 

Soil  Sub- & surface  4-31f   Otto et al. (2006) 

GALACTOSAN 

Smoke aerosols Conifers  89 ± 7  Oros and Simoneit (2001a) 

Deciduous  27 ± 4  Oros and Simoneit (2001b) 

Grasses  74.6  Oros et al. (2006) 

Broadleaf forest 0.008   Munchak et al. (2011) 

Conifer forest 0.011   Munchak et al. (2011) 

Mixed forest 0.010   Munchak et al. (2011) 

Grasses 0.006   Munchak et al. (2011) 

Savannah 0.007   Munchak et al. (2011) 

Shrubland 0.006   Munchak et al. (2011) 

PM10 (< 10 μm) Regional   4-148 Simoneit et al. (2004) 

Urban   0.2-0.4 Shakya et al. (2011) 

Marine   21.2 x 10-3 Barbaro et al. (2015) 

Rural   6-48 Urban et al. (2014) 

SRMg (urban dust)   5.65 x 1010d Louchouarn et al. (2009) 

PM2.5 (< 2.5 μm) Tropical   3785c Hoffer et al. (2006) 

Rural   12-56 Urban et al. (2014) 
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Sample type Fuel /Source ERs  

(µg µgOC-1) 

EFs 

(mg kg-1) 

Concentration 

(ng m-3) 

Reference 

PM1 (<1 μm) Biomass burning (plume)   70-2680 Sullivan et al. (2014) 

PM (no size) TSPh (marine)   0.2 Chen et al. (2013) 

Char Mesquite, cordgrass, pine 0-0.001e   Kuo et al. (2011a) 

Pine wood and cone 43-47f   Otto et al. (2006) 

Soil Sub- & surface (pine forest) 2-8f   Otto et al. (2006) 

 
a Original concentrations (pg m-3, mg m-3 or ng L-1) were converted to a common unit (ng m-3) for comparison 
b Concentrations were back calculated from primary biomass combustion carbon (C) and ERs of levoglucosan from the source regions 

c Concentrations were back calculated from average anhydrosugar carbon (C) to total carbon (TC) ratio (%) and average TC concentration (µg m-3)  
d Original concentrations (μg, ng or pg per gram of sediment, ice or water) were converted to a common unit (ng m -3), assuming respective densities (1600 kg 

m-3 for sediment, 1000 kg m-3 for water and 917 kg m-3 for ice) 
e ERs were converted to μg μgOC-1 when not provided as such 
f Mass concentrations (μg or ng) refer to total C (g) 
g Standard Reference Material 
h Total Suspended Particles 
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Figure 2.2 Relative abundance of anhydrosugars (levoglucosan-L, mannosan-M and galactosan-G) in the environment in terms of average concentration, 

emission ratio (ER) and emission factor (EF). Data from Table 2.3
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In addition to concentrations, emission ratios ERs (anhydrosugar to total organic 

carbon ratio on a mass concentration basis) and emissions factors EFs (anhydrosugar to 

total fuel burned ratio by mass) also have been measured or inferred from laboratory, 

field or remote sensing studies, by varying fuel types and burning conditions; these two 

parameters are used to estimate fire emissions. EFs are generally measured (Simoneit et 

al. 1999; Oros and Simoneit 2001a, b; Oros et al. 2006; Munchak et al. 2010) but can also 

be calculated (Akagi et al. 2013). ERs are, in general, measured parameters (Munchak et 

al. 2010; Sullivan et al. 2014). On average, levoglucosan has higher EFs (by a factor of 

11-13) and ERs (by a factor of 2-9) compared to its isomers (Figure 2.2), similarly to 

what has been inferred from their observed concentrations (Figure 2.2). EFs of 

levoglucosan are higher in herbaceous fuels, while the EFs of galactosan and mannosan 

are higher in coniferous fuels (Table 2.3). The ERs of levoglucosan are higher in plumes 

of burns of coniferous forest compared to burns of deciduous forest and grasses (Table 

2.3). In terms of the parts of the fuel burned, the ERs are higher in leaves and grasses 

than in needles (Table 2.3). The variations in EFs and ERs by vegetation type and part 

can be used in fire emissions models to estimate fire emissions (Wiedinmyer et al. 2011) 

and trace vegetation sources of fire tracers in the environment. Better quantification of 

fire emissions (mass of emitted species, Wiedinmyer et al. 2011) can help to improve 

chemical transport models (CTM) predictions of fire effects on air quality, atmospheric 

chemistry and climate. 
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2.2.2. Atmospheric controls on anhydrosugars lifetimes and degradation 

signatures 

Although it is often considered that levoglucosan is a conservative fire tracer in 

the atmosphere (Fraser and Lakashmanan 2000; Simoneit 2002), the very small 

concentrations detected in remote areas (i.e., cryosphere) indicate probable atmospheric 

degradation given that anhydrosugars are emitted at high rates from fires (i.e., 

levoglucosan is emitted at a rate of 2-18 mg min-1, Simoneit 2002; also see Table 2.3 for 

ERs). While physical removal from the atmosphere can drive the low values observed in 

areas remote from fire, chemical degradation could be a more important driver as 

suggested by newer laboratory and modeling studies (Hoffman et al. 2010; Hennigan et 

al. 2010, 2011). Where, how and under what conditions these losses occur are not well 

understood. This section focuses on the potential controls on the lifetimes and 

degradation pathways of anhydrosugars in the atmosphere.  

The atmospheric lifetimes (i.e., concentration/concentration loss rate) of both 

gaseous and particulate anhydrosugars are controlled by chemical and physical processes, 

including oxidation (heterogeneous and homogeneous) and deposition (dry and wet). 

Additionally, there are indirect controls on lifetimes. Processes such as gas-particle 

partitioning (G/P), hydrophobic-to-hydrophilic conversion of particles, particle growth, 

and activation of particles as cloud condensation nuclei (CCN) affect deposition 

velocities (Petters et al. 2006; Vakkari et al. 2014).  Such controls are described in the 

following sections. 
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2.2.2.1. Heterogeneous oxidation 

Heterogeneous reactions with gas phase oxidants are an important chemical loss 

mechanism for organics in the particle phase. In general, this process involves the 

reaction between a gaseous oxidant present in the air (i.e., OH) and the organic molecule 

present in the outer PM layer (the substrate). Two mechanisms have been identified to 

explain this process: fragmentation of the molecule (bond scission) and functionalization 

(following abstraction of H-atoms), which affect the volatility of the products in different 

ways, leading to changes in the nature of the particulate matter (Kessler et al. 2010).  

The lifetime of particulate levoglucosan with respect to heterogeneous oxidation 

by OH can vary from 5 minutes to 53 days (Table 2.4). The difference in lifetimes is 

driven by changes in the particle size, the particle phase and mixing state, the OH 

concentration, the temperature, the relative humidity and the reaction rate constant used 

to calculate it (Hennigan et al. 2010; Kessler et al. 2010; Lai et al. 2014;  Slade and 

Knopf 2014; Arangio et al. 2015). This range of lifetimes is comparable to timescales of 

deposition and transport (Table 2.4) and points out that levoglucosan is definitively not a 

conservative tracer (Kessler et al. 2010; Hennigan et al. 2010). 
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Table 2.4 Lifetimes of levoglucosan against degradation processes in various media and comparison with timescales of other processes 

Oxidant Heterogeneous oxidation Homogeneous oxidation Lifetimea Reference 

Gas phase  Aqueous phase  

 Concentration 

(molec cm-3) 

Rate constant k 

(cm3 molec-1 s-1)  

Concentration 

(molec cm-3) 

Rate constant k 

(cm3 molec-1 s-1) 

Concentration 

(M) 

Rate constant k 

(M-1 s-1) 

τ  

OH 3 x 106 0.27 ± 0.03e     10.6 d Kessler et al. (2010) 

1 x 106 1.1 x 10-11     0.7-2.2 d Hennigan et al. (2010) 

2 x 106 (1 – 4) x 10-13     13-27 db Slade and Knopf (2014) 

2 x 107 (1 – 4) x 10-13     1-3 db Slade and Knopf (2014) 

(8 – 53) x 106 (4 – 10) x 10-12      1.5-3.9 dc Lai et al. (2014) 

3 x 106      10-53 dd Arangio et al. (2015) 

> 107      4-13 dd Arangio et al. (2015) 

3.4 x 10-6 2.67 x 10-12     11-12 h Gensch et al. (2018) 

  2 x 106 2.21 x 10-13   26 d Bai et al. (2013) 

    3 x 10-13 2.4 x 109 6-23 min Hoffman et al. (2010) 

O3 100 (ppb) 0.013 ± 0.012e     5.8 min Knopf et al. (2011) 

NO3 50 (ppt) 1.29 ± 0.24e     112 min Knopf et al. (2011) 

NO2 100 (ppb) BDL e, f     > 73.2 min Knopf et al. (2011) 

N2O5 10 (ppb) 0.037 ± 0.027e     30.3 min Knopf et al. (2011) 

Multiple       4.5 dg Hoffman et al. (2010) 

H2O        10 di Fraser and Lakshmanan (2000) 

Bacteria       4-6 dj Norwood et al. (2013) 

Light       1054 yk Stubbins et al. (2012) 

Timescales of physical loss processes of atmospheric PM that can affect the overall lifetimes of anhydrosugars 

Total deposition      5-12 d Kessler et al. (2010) 

Total deposition      4-12 d Kanakidou et al. (2005) 

Wet deposition      1-5.2 d Chung and Seinfield (2002) 

Dry deposition       ≤ 3.3 dl Estimated this study 

Regional transport      10 d Fraser and Lakshmanan (2000) 

Timescales of processes that can transform PM and influence the overall lifetimes of anhydrosugars 

Hydrophobic to hydrophilic conversion      d – w Kanakidou et al. (2005) 

Coagulation     < 1 d Kanakidou et al. (2005) 

Condensation     2 h Kanakidou et al. (2005) 

Gas/Particle (G/P) partitioning     min-h Kanakidou et al. (2005) 
a Lifetime (τ) is based either on the reaction rate constant k or the uptake coefficient (γ); units of τ are minutes (min), hour (h), day (d), week (w) and year (y) 
b Effect of varying relative humidity (i.e., RH = 0 - 40%) was considered 
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c Effect of mixing state of PM (pure levoglucosan, levoglucosan-soot and levoglucosan-inorganic) was considered 
d Lifetime is estimated from simulated chemical half-lifes (t1/2)  
e Oxidant uptake coefficient (γ) by particulate levoglucosan that was used to calculate τ 
f Below detection limit (BDL) 
g Modeled summertime aqueous phase lifetime of levoglucosan including oxidation by OH, NO3 and SO4

- under various atmospheric conditions 
i Simulated lifetime of aqueous phase levoglucosan against acid catalyzed hydrolysis 
j Lifetime is based on biological degradation in incubation experiments with untreated river water 
k Lifetime is based on photodegradation of DBC in the ocean  
l Deposition time is estimated from the calculated deposition velocity (Eq. 19.18, Seinfeld and Pandis 2006) for three PM sizes and assuming a deposition height 

of 10 m above the flat surface; the effect of atmospheric conditions on deposition is not considered.               
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 Heterogeneous reactivity of particulate levoglucosan towards other atmospheric 

oxidants, such as ozone (O3), nitrogen dioxide (NO2), dinitrogen pentoxide (N2O5) and 

nitrate radical (NO3) also has been studied and from the perspective of the oxidant uptake 

by the organic PM substrate (Knopf et al. 2011). In general, the chemical lifetimes of 

levoglucosan against these oxidants are much shorter than those determined from the 

experimental reaction rate constants from the reaction with OH, implying that the top 

layer of PM made of such organic molecules can be oxidized on much shorter time scales 

than transport and deposition (Table 2.4) and even during the nighttime when NO3 is 

more abundant.  The uptake of NO3 also increases the hydrophobicity of the PM (Knopf 

et al. 2011), suggesting a longer resilience of anhydrosugars against the aqueous phase 

oxidation during nighttime.  

Heterogeneous oxidation is traceable in the atmosphere using stable carbon 

isotope signatures (δ13C) of individual anhydrosugars and their degradation products. 

Such an approach requires that a kinetic isotope effect (KIE) exists and that the δ13C 

signatures resulting from the thermal alteration of biomass are known. These have been 

quantified for all three anhydrosugars from burning various forms of C3 vegetation (Sang 

et al. 2012). Levoglucosan had a δ13C ranging from -25.6‰ to -22.2‰, while mannosan 

and galactosan data were generated for fewer samples and had narrower ranges of δ13C 

values, with mannosan and galactosan having respective values centered around -23.5‰ 

and -25.7‰ (Sang et al. 2012). The heterogeneous oxidation of levoglucosan associated 

with atmospheric PM increased the initial δ13C value by 3‰ (Sang et al. 2016). This 

laboratory-derived isotopic signature was used as a “chemical clock” to trace the 

degradation of particulate levoglucosan along a transport pathway (Gensch et al. 2018). It 
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was found that the initial levoglucosan δ13C was enriched by 1-4‰, with more stable and 

higher values observed after a longer atmospheric processing time, confirming that 

levoglucosan, and anhydrosugars generally, are not conservative tracers. The average age 

(which is different from lifetime as it only accounts for changes due to chemical 

reactions) of levoglucosan determined from measured δ13C was about 11-12 hours and 

corresponded to 30-50% loss of its initial concentration (Gensch et al. 2018). The 

variation of levoglucosan δ13C by source type (hardwood versus softwood) also 

diminished as the chemical aging exceeded 30 days (Gensch et al. 2018).  

2.2.2.2. Homogeneous gas phase oxidation 

Homogeneous gas phase oxidation directly affects the lifetimes of the gas phase 

portion of species; however, it can also indirectly affect the lifetimes of semivolatile 

organics associated with PM that partition to the gas phase. That is, if gas phase oxidation 

decreases the gas phase concentration of a reactive species, any mass of that species in 

the condensed phase may volatilize in an attempt to maintain equilibrium.  For the 

following discussion, reactants are considered to reside in the gas phase. 

The most energetically favorable pathway to degrade levoglucosan is the OH-

initiated abstraction of the H atom bonded to the third C atom (Bai et al. 2013; see 

levoglucosan’s molecular structure in Figure 2.1), though the relative importance of this 

pathway varies with temperature. This pathway decomposes levoglucosan via a 

succession of transitions states and intermediary reactions involving oxidations of 

intermediary products by O2 and NO to an organic product and the HO2 radical (Bai et al. 

2013). This product further reacts with another levoglucosan molecule to form a larger 

compound; multiple repetitions of this secondary reaction may lead to nucleation and 



 

36 

 

formation of new PM (Bai et al. 2013). In addition, decomposition reactions of 

intermediary products, self-reactions and cross-reactions of peroxy radicals resulting 

from this main pathway can form additional products that all contain at least one carbonyl 

group, which, in contrast, may increase atmospheric volatility (Jenkin et al. 1997; 

Saunders et al. 2003; Bai et al. 2013). 

  Using an overall rate constant (accounting for all possible reactions of C-bonded 

H and O-bonded H with OH) at 25 °C and assuming various OH concentrations (Table 

2.4), the atmospheric lifetime of levoglucosan against homogeneous gas phase oxidation 

is 26 days (Bai et al. 2013). This lifetime is at the higher end of the range resulting from 

the heterogeneous oxidation of levoglucosan in ambient conditions (Table 2.4), 

suggesting that the two processes may compete within the same spatial scale.  

2.2.2.3. Homogeneous aqueous phase oxidation 

In the atmosphere, the chemical interactions between aqueous phase reactants 

mostly occur in clouds, where such interactions influence the fraction of anhydrosugars 

that can either evaporate with the cloud water or deposite to the surface via rain. The 

homogeneous aqueous phase oxidation also is highly relevant to the pedosphere, 

hydrosphere and cryosphere as dissolved PyC is exchanged between these reservoirs. 

Anhydrosugars may be excellent tracers of this PyC phase. 

Various laboratory experiments on the aqueous OH oxidation of atmospheric 

particulate levoglucosan show that 50 % of the initial levoglucosan concentration 

degraded after 5-15 minutes (i.e., half-lifes), depending on the type of experiment 

(cuvette, aqueous extracts of PM2.5 filters) and the presence of the water-soluble organic 

carbon (WSOC) to compete for the reaction with OH (Hoffman et al. 2010). Using 
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reaction rate constants developed from these laboratory experiments, Hoffman et al. 

(2010) modeled the aqueous phase lifetime of levoglucosan (corresponding to total loss 

of the initial concentration) to be up to 4.5 days during summer and more than 4.5 days 

during winter. These estimates accounted for in-cloud and non-cloud (deliquescent 

particles) oxidation at various RH levels and included the interaction between 

levoglucosan and multiple radicals (OH, NO3 and SO4
-). Oxidation by the NO3 and SO4

- 

radicals may be minor during daytime, but during nighttime the associated degradation 

rates of levoglucosan were higher by a factor of 3-4 compared to those resulting from the 

nighttime OH oxidation (Hoffman et al. 2010).  

The aqueous-phase homogeneous oxidation of levoglucosan by OH follows 

functionalization and bond-scission pathways based on experiments using aerosol mass 

spectrometry (Zhao et al. 2014). Functionalization leads to either the formation of 

additional OH groups or the conversion of OH to carbonyl groups. On the other hand, 

bond scission yields larger organic compounds (~3-6 carbon atoms) at the beginning of 

the photooxidation, due to ring cleavage and smaller organic compounds as the reaction 

progresses due to molecular fragmentation. The further photooxidation of polycarbonyl 

intermediates yields carboxylic acids. The study of Zhao et al. (2014) also reports a 

reaction rate constant against aqueous-phase oxidation of levoglucosan by OH that is in 

agreement with Hoffman et al. (2010) (Table 2.4). Degradation of levoglucosan by 

homogeneous aqueous-phase reactions also has been observed using stable carbon 

isotopes. As in the heterogeneous oxidation, homogeneous degradation of levoglucosan 

in the aqueous phase enhanced its δ13C value by ~3 ‰ (Sang et al., 2016). 



 

38 

 

Other processes may be relevant to degradation of anhydrosugars in the aqueous 

phase. For example, the OH-initialized acid-catalyzed oligomerization reaction has been 

observed to oxidize levoglucosan to oligomeric forms, such as humic-like substances 

(Holmes and Petrucci 2007). In addition, acid-catalyzed hydrolysis oxidized 

levoglucosan to larger molecular compounds, such as β-D-glucose (Fraser and 

Lakshmanan 2000). Simulated lifetimes with respect to this latter process were estimated 

to 10 days (Table 2.4). 

2.2.2.4. Dry and wet deposition 

While dry deposition of PM (as a matrix in which levoglucosan is present) is 

mainly driven by local meteorology (i.e., advection), wet deposition is primarily 

controlled by larger-scale processes such as cloud formation, cloud-to-rain conversion of 

droplets, sedimentation, and evaporation of rain (Kanakidou et al. 2005). In either case, 

the microphysical properties of the PM (size, density, affinity of the particle for surfaces) 

are important factors to determine these controls. The time scale of such processes is in 

the order of days (Table 2.4). 

2.2.2.5. Gas/Particle partitioning 

Because timescales associated with losses of particle-phase and gas-phase species 

differ, gas/particle (G/P) partitioning is another process that can affect indirectly the 

lifetimes of any semivolatile organic (Walgraeve et al. 2010; Hennigan et al. 2011; May 

et al. 2013; Paglione et al. 2014; Xie et al. 2014).  From a biogeochemical perspective, 

this process is relevant because it may control the fraction of anhydrosugars remaining in 
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the particle that can deposit on soil, water or ice, and, thus, influence the PyC in those 

environments. 

Both evaporation from a particle and sorption onto/into a particle of semivolatile 

species are controlled predominantly by vapor pressure, which depends on temperature 

(Xie et al. 2014, Walgraeve et al. 2010; Tuens et al. 2014). Laboratory chamber 

experiments have shown that levoglucosan is semivolatile at 20 ºC and that its 

evaporation dominated other processes, such as heterogeneous OH oxidation, in terms of 

loss from the particle phase (Hennigan et al. 2010). The G/P coefficients (𝐾𝑝,𝑂𝑀, in m3 

μg-1) predicted by absorptive partitioning theory explained about 72% of the changes in 

the G/P coefficients  measured experimentally for levoglucosan (Xie et al. 2014), 

suggesting that absorptive partitioning is the preferred G/P pathway by levoglucosan; 

these ranged from 0.6 to 4.5 m3 μg-1 (Xie et al. 2014). The time scale of the G/P process 

can range from minutes to hours (Kanakidou et al. 2005), which makes this process 

highly relevant at the local scale. At the global scale, the G/P process is assumed to be at 

equilibrium (Kanakidou et al. 2005).  

2.2.2.6. Hydrophobic-to-hydrophilic conversion 

Another path that could lead to higher anhydrosugar wet deposition rates is 

hydrophobic-to-hydrophilic conversion of the PM that contains the anhydrosugars. 

Understanding changes in the initial PM properties is relevant not only to the atmosphere 

but also to other environments because they can drive the atmospheric loss of particulate 

anhydrosugars via wet deposition. Two potential drivers of hydrophobic-to-hydrophilic 

conversion are the rapid formation of oxidized functional groups, such as hydroxyl and 

carbonyl (Kanakidou et al. 2005; Vakkari et al. 2014; Zhao et al. 2014), as well as 
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condensation of other hydrophilic low vapor pressure species and coagulation with larger 

hydrophilic particles (Petters et al. 2006; Kanakidou et al. 2005). These processes depend 

on many factors, including the spatial fields of sulfur dioxide (SO2), nitrogen oxides 

(NOx), volatile organic compounds (VOCs) and OH, RH, aerosol number concentration 

and aerosol particle size distribution (Kanakidou et al. 2005; Petters et al. 2006; Carrico 

et al. 2010; Vakkari et al. 2014). In general, hydrophobic particles are converted to more 

hydrophilic ones on a time scale of days to weeks (Table 2.4). 

2.2.2.7. Particle growth and cloud condensation nuclei (CCN) activity 

Increased hydrophilicity of the particles may stimulate CCN activation in 

favorable atmospheric conditions and ultimately enhance their wet deposition. Particle 

growth and its relation to CCN depend on the PM size and composition and can be 

assessed via the hygroscopic parameter (κ) (Carrico et al. 2010). Thus, any process that 

impacts the size and/or composition of a particle containing anhydrosugars has the 

potential to subsequently impact the particle’s κ. Some steps have been done to 

understand changes in κ from the perspective of heterogeneous oxidation of levoglucosan 

(Slade and Knopf 2015), but more work is needed to understand the effect of other 

processes on κ and related CCN activity of the PM containing anhydrosugars. 
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2.3. Anhydrosugars in soils 

2.3.1. Introduction 

Because anhydrosugars are a reactive component of PyC, estimates of soil PyC 

residence times that do not include anhydrosugars are likely overestimates. A better 

understanding of anhydrosugar soil behavior will help constrain the rate of degradation of 

the entire PyC pool. In addition, because they are fire tracers, anhydrosugars can help 

determine fire history, climate-fire interactions, and fire effects on ecosystems, which are 

all mediated by soil, the largest terrestrial carbon reservoir (Amundson 2001). 

Degradation is a major uncertainty of the PyC cycle. Estimates of production rates 

of PyC exceed those of its degradation (Zimmerman et al. 2012; Bird et al. 2015; Santín 

et al. 2016), an imbalance that would result in unrealistically high levels of atmospheric 

O2 over geological time scales (Masiello and Druffel 2003). Field-based measurements of 

PyC turnover time is often much faster than expected (e.g. Major et al. 2010; Lutfalla et 

al. 2017), and a number of reasons for this discrepancy has been proposed, including soil 

erosion (Foereid et al. 2011). Anhydrosugars are typically not measured in most PyC 

studies, and the imbalance between measured PyC production and loss rates is likely in 

part influenced by the focus of soil studies on the recalcitrant fraction of PyC, based on 

the assumption that it is the dominant component of the global PyC flux (Bird et al. 

2015). However, budgets largely lack information about the labile components of PyC 

like anhydrosugars, and inclusion of this information has been recently suggested as one 

avenue to improve the understanding of the global PyC flux (Santín et al. 2016).  
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A full understanding of anhydrosugar degradation in soils will require better 

constraints on production and transport rates. As seen in section 2.1.2, the fraction of 

anhydrosugars in char from open fires is uncertain. However, the anhydrosugar content in 

laboratory-generated fresh char is larger by a factor of 7 to 15 than that found in the top 

30 cm of the charred soil from the same ecosystem (Otto et al. 2006). The anhydrosugar 

content in both laboratory char and soil is lower compared to other PyC and soil organic 

matter (SOM) components (Oros et al. 2002; Simoneit et al. 2004; Otto et al. 2006; Faria 

et al. 2015; Fabiánska et al. 2016) and it varies with the temperature of formation, 

ecosystem type and the reference used to report their mass concentration (Table 2.3). One 

explanation for the low anhydrosugars content in soil is that due to their chemical 

structure, anhydrosugars degrade faster than does the condensed aromatic fraction of 

PyC. Another explanation could be their loss from the soil surface by transport. For 

example, the anhydrosugar content has been observed to be higher (by a factor of 4 to 8) 

in subsurface soil compared to surface soil (Otto et al. 2006), suggesting that char 

containing anhydrosugars may be transported vertically, or that the anhydrosugars 

themselves can move in the dissolved phase. It is also possible that the surficial layer is 

depleted of char due to various controls (see section 2.3.2), which also may affect the 

anhydrosugar content at the soil surface. These possibilities remain unconstrained. 

As in the atmosphere, ratios of anhydrosugar isomers may contain useful 

information about production and decomposition of PyC. In one study, the 

mannosan/levoglucosan ratios were consistently higher (0.57-0.63) than 

galactosan/levoglucosan ratios (0.16-0.27), in both surface and sub-surface soils (Otto et 

al. 2006). These different ratios may result from the structure of the parent material of the 
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two isomers (hemicellulose), which varies with vegetation type (section 2.1.1). Overall, 

these ratios also indicate that the two isomers are less abundant in soil compared to 

levoglucosan, an observation consistent with their observed ERs in atmospheric PM 

(Table 2.3). For a better use of isomer to levoglucosan ratios, these must be well 

constrained in the initial char to understand degradation of anhydrosugars and sources of 

burned vegetation in soil. 

Despite its environmental lability, levoglucosan is found in both modern 

(Hunsinger et al. 2008) and ancient marine sediments (Lopes dos Santos et al. 2013) and 

in fossil wood (Marynowski et al. 2018), suggesting that some fraction can survive 

degradation in soil and aqueous environments. However, the value of this fraction is 

uncertain because the processes that drive degradation, transformation or loss of 

anhydrosugars in soil are also unclear. Moreover, the spatial and temporal variation of 

such controls is yet to be studied. In the following sections, we focus on the processes 

controlling the overall lifetime of anhydrosugars in soils and possible degradation 

signatures for tracing multiphase labile PyC. 

2.3.2. Controls on the lifetime of anhydrosugars in soil and degradation 

signatures 

Understanding the controls on anhydrosugar lifetimes or residence times (see 

Amundson 2001) is crucial to understanding the extent of preservation/degradation of 

PyC in soil, because anhydrosugars have degradation processes unlike the more 

commonly studied aromatic components of PyC. In addition, anhydrosugar degradation 

products provide information about other processes in soil and are potential tools to trace 

TOM in marine systems. Therefore, the controls on anhydrosugar lifetime are those loss 
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processes that can directly and simultaneously alter its concentration (thermal, chemical, 

physical and biological), which themselves are mediated by other factors, such as soil 

properties, soil chemistry, rain, temperature, transport, etc. These controls are briefly 

evaluated below. 

2.3.2.1. Thermal degradation during fire and post-fire recombustion 

New fires and re-burning of existing fire residue are sources and sinks of 

anhydrosugars, and both may impact their soil lifetimes. As shown in section 2.1.2, a 

significant fraction of levoglucosan is volatilized during early pyrolysis, suggesting that 

(1) a small fraction of gaseous levoglucosan may condense back onto the charring 

biomass during later combustion stages and (2) another fraction could polymerize in the 

charcoal at higher temperatures, forming oligo- and polysaccharides. Therefore, both 

pyrolytic and combustion yields of anhydrosugars primarily dictate the amounts found in 

soils immediately after the fire. Subsequent recombustion may reduce the anhydrosugar 

content in the surficial soils. For certain ecosystems, total PyC loss is minimal (ca. 8%) in 

terms of total carbon loss (Zimmerman et al. 2012). However, for labile and semivolatile 

PyC this loss could be more significant. On the other hand, recombustion of SOM may 

generate new anhydrosugars, which partition between the atmosphere and soil during a 

burning event. While some information exists to estimate the gaseous fraction lost to the 

atmosphere (see section 2.1.2), soil studies lack such information. Thus, it is uncertain 

how recombustion affects anhydrosugars in soil.  

Because anhydrosugars may be co-produced with oligo- and polysaccharides 

during higher temperature combustion, it is possible that there is information about fire 

conditions contained in the anhydrosugar/saccharide ratios. Lower ratios may indicate 



 

45 

 

significant polymerization of anhydrosugars in the char, while higher ratios could suggest 

significant condensation of anhydrosugars from smoldering combustion. In both cases 

these ratios would decrease over time but would decrease faster in the second case, 

mainly because of higher chemical reactivity and bioavailability of the monomeric 

anhydrosugars compared to polysaccharides. 

Feedbacks likely exist between soil heating, hydrophobicity, and anhydrosugar 

lifetime, driven by the tendency of fire to increase soil hydrophobicity (Doerr et al. 2000; 

Atanassova and Doerr 2011), a property that increases post-fire erosion events (Doerr et 

al. 2006; Fernandez et al. 2019). Soil water repellency occurs after fires due to soil 

heating and changes in soil chemistry (Atanassova and Doerr 2011). While post-fire soil 

water repellency is not a direct control on anhydrosugar lifetime, it can influence it, for 

example by speeding landscape removal of PyC. Another driver may be a change in 

aqueous phase losses driven by the potential for hydrophilic-hydrophobic interactions.  

2.3.2.2. Effects of sorption and dissolution on anhydrosugar lifetimes in soils 

The main chemical processes that can affect anhydrosugars in soil are sorption 

and dissolution. Because anhydrosugars participate in these processes while still retaining 

their chemical signature, they may be useful as tracers of organo-mineral interactions in 

soils. Below, we introduce these processes and suggest how anhydrosugars may be useful 

in tracing them. 

Organo-mineral interactions stabilize soil carbon (e.g., Torn et al. 1997; Masiello 

et al. 2004; Rasmussen et al. 2005; Lutzow et al. 2006 ; Kögel-Knabner et al. 2008 ; 

Heckman et al. 2013; Lawrence et al. 2015; Kramer and Chadwick 2016). In some cases 

these interactions have been identified as the single-most important parameter in soil 
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carbon stabilization (Schrumpf et al. 2013), although the specific mechanisms of 

stabilization are still under discussion (Kleber et al. 2007; Schmidt et al. 2011). In 

particular, organo-metal complexes have been repeatedly identified as one form of 

stabilized soil organic carbon, with chelation of Fe and Al by organic ligands correlating 

with bulk soil organic carbon 14C age (e.g. Torn et al. 1997; Masiello et al. 2004; 

Lawrence et al. 2015). Because the chemical structure of anhydrosugars (containing three 

OH groups) favors their bonding with metals capable of chelation, the resulting 

anhydrosugar-metal complexes may be useful as signatures for soil organic matter-

mineral interactions. Once sorbed onto soil minerals, the anhydrosugar may still be 

traceable as a bonding product (an organo-metal complex). The present review 

hypothesizes that anhydrosugars interact with soil minerals via mechanisms common to 

other organo-metal complexes, and that these reactions may increase anhydrosugar 

lifetime in soil. While this specific interaction has not been observed for anhydrosugars 

and soil minerals, it has been observed for levoglucosan and palladium (Pd), and 

levoglucosan and copper (Cu). In the case of Pd, levoglucosan exchanges two H atoms 

from the OH groups bonded at C2 and C4 (Figure 2.1) with the two OH groups attached 

to a Pd atom in an alkaline solution forming a levoglucosan-Pd complex (anion) and two 

H2O molecules (Ahlrichs et al. 1998; Steinborn and Junicke, 2000). A similar 

complexation via coordinated ligand exchange (i.e., chelation) was also reported for the 

levoglucosan-Cu complex (Gack and Klüffs 1996). In general, the ligand exchange 

mechanism is considered the most stable among organo-mineral bonding mechanisms 

(Mikutta et al. 2007). The ligand exchange mechanism has also been proposed to be the 

most stable against microbial degradation (Mikutta et al. 2007). Based on this evidence, 
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this review study posits that anhydrosugars may be a marker for specific mechanisms of 

C storage in soils. However, the extrapolation of the observed levoglucosan-Pd and -Cu 

complexation in laboratory studies to the soil environments should be carefully 

considered because there have been no studies of anhydrosugars bonding to metals 

present in common soil minerals (i.e., Al and Fe). In particular, redox-sensitive metals 

like Fe may be susceptible to either chemical or microbial oxidation, which could 

destabilize any potential anhydrosugar-Fe complex. 

Parallel to storage by organo-mineral complex formation, anhydrosugars are 

probably lost from soils via dissolution and transport out of the ecosystem in the 

dissolved phase, although this process has not been measured in soil.  Assuming 

dissolution is not limited by transport in humid ecosystems, this study hypothesizes that 

the loss of dissolved anhydrosugars from the char in these systems is significant over 

time.  However, dissolved anhydrosugars may adsorb back on the char if the rate of their 

removal from the char surface is slower than the adsorption rate (transport-limited), as 

inferred from the dissolution of soil minerals (Sumner 2000). In arid ecosystems (which 

are more prone to wildfires), this study proposes that dissolution has a negligible role in 

anhydrosugar lifetime. However, this hypothesis must be tested in such ecosystems (i.e., 

Mediterranean), where in addition to environmental conditions, geomorphology also 

plays an important role in the dynamics of SOM, including its vulnerability to dissolution 

(Berhe et al. 2012).  

2.3.2.3. Transport and physical degradation 

Anhydrosugars are reactive and soluble, meaning that their transport and 

degradation may be decoupled from that of the solid, aromatic, recalcitrant phases of 



 

48 

 

PyC. Decoupling of these elements of the PyC cycle has been identified as a significant 

issue (Santín et al. 2016) and means that it is not accurate to use aromatic tracers alone to 

understand the fate of fire-derived material in the Earth system.   

Decoupling is most likely to occur during transport of different PyC phases. 

While transport is not a direct control or loss from the perspective of lifetime of a 

chemical species, it can move anhydrosugars within the soil profile and along the 

landscape either in the liquid or solid phases. Erosional transport facilitates the physical 

degradation of PyC, such as breaking down of aggregates or particles, exposing reactive 

constituents to additional chemical and/or biological degradation. Transport of labile soil 

carbon to depth exposes it to fresh mineral surfaces and may speed organo-mineral 

stabilization (Rumpel and Kögel-Knabner 2011). Thus, many transport pathways can 

influence anhydrosugar lifetime in soil. We briefly discuss them below. 

The vertical and horizontal partitioning of PyC can impact anhydrosugar lifetime. 

Such partitioning has been observed in soil (Rumpel et al. 2009; Foereid et al. 2011; 

Hobley 2019). Possible mechanisms of this phenomenon are water infiltration and 

overland flow (e.g., Lai et al. 2015; Muñoz-Carpena et al. 2018). The present study 

hypothesizes that these transport processes have two effects: (1) to promote dissolution of 

PyC and possibly sorption of dissolved components on soil minerals within the soil 

profile, depending on soil properties and (2) to transport horizontally or redistribute PyC 

particles via overland flow, encouraging large-scale dissolution. Both cases may drive the 

mobilization and decoupling of the dissolved and particulate PyC phases, but at different 

spatial scales, also influencing differently the lifetime of anhydrosugars. Decoupling of 

PyC phases has been observed in land-ocean fluxes, but the exact mobilization 
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mechanisms are not yet understood (Wagner et al. 2015; Santín et al. 2016; Wang et al. 

2016a). This study proposes that (1) and (2) are two main mechanisms in shallow soils 

that could help explaining the decoupling of PyC phases, and that this decoupling could 

be explored using anhydrosugars as tracers. 

Other mechanisms may also contribute to the PyC decoupling. Erosional soil 

transport and splash erosion can mobilize and physically disintegrate particulate PyC on 

both shallow and steep terrain (Rumpel et al. 2006, 2009; Czimczik and Masiello, 2007; 

Foereid et al. 2011; Wang et al. 2013; Santín et al. 2016; Pyle et al. 2017; Abney and 

Berhe 2019). This mechanism translocates PyC from its source to its deposition at lower 

elevations in the soil, where degradation, dissolution, burial and complexation with soil 

mineral are possible (Rumpel et al. 2006; Berhe et al. 2018; Abney et al. 2019). Colloidal 

transport from the surface to deeper soil layers, as observed for clay and BC particles, is 

another transport pathway that could influence particulate PyC (Sumner 2000; Major et 

al. 2010; Buettner et al. 2016). In addition, groundwater transport can mobilize the 

dissolved PyC phase from soil to rivers (Dittmar et al. 2012; Bianchi et al. 2017).  

This study also hypothesizes that the decoupling of PyC phases begins on land 

and then propagates from land to ocean via fluvial transport. Infiltration, runoff, 

erosional, colloidal and groundwater transports, therefore, are the main transport 

pathways that differently mobilize the multiphase PyC and control dissolution of 

particulate PyC. Using water-soluble fire tracers such as anhydrosugars, we could assess 

the relative contributions of these transport pathways to the decoupling of dissolved and 

particulate PyC on land. Clarifying the PyC soil-to-river fluxes, will also improve our 

understanding of the analogous fluxes of carbon in the global C-cycle (Ciais et al. 2013).  
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New research on PyC phase decoupling and anhydrosugar lifetime should also 

consider the importance of scale effect on transport. At the microscale (micropores), the 

dominant form of transport is diffusion through water and air, while at the macroscale 

(macropores and soil profile), convective transport of the gas and aqueous phases is the 

prevalent form of transport (Or et al. 2007). From the PyC phase decoupling perspective, 

macroscale transport is more relevant. However, from the anhydrosugar lifetime 

perspective, both micro- and macroscale transports are relevant.  

Availability of water ensures a certain water film thickness around the soil grains 

that may favor biodegradation. Diffusion through a water film favors microbial activity, 

which is most efficient when microbes are fully immersed in water (Or et al. 2007). 

Although gas phase diffusion could be a sink of anhydrosugars, particularly from the 

uppermost soil layer in warm/arid environments, it may have a negligible effect on their 

lifetime in soil. Convective water flow transports the solute to deeper soil layers where 

chemisorption on soil minerals may dominate microbial degradation. This study suggests 

a holistic approach across soil depth and along the landscape to understand the effect of 

scale on relevant transport pathways and how transport controls the processes affecting 

the lifetime of anhydrosugars in soil. 

2.3.2.4. Biological degradation 

Anhydrosugars are easily bioavailable organic compounds and are preferentially 

degraded by microbes compared to more recalcitrant PyC compounds (Kuo et al. 2011a; 

Norwood et al. 2013; Myers-Pigg et al. 2015; Wagner et al. 2018). Laboratory incubation 

experiments have shown that levoglucosan was partially or totally decomposed, 

depending on the biological origin of the chars used in experiments (Knicker et al. 2013). 
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In addition, the presence of water extractable PyC can stimulate the biodegradation of 

SOM (Whitman et al. 2014). Therefore, anhydrosugars may be useful tracers for fire-

mediated OM-microbial interactions in soil, including the enzymatic activity of 

eukaryotic and prokaryotic organisms (Bacik and Jarboe 2016).  

A variety of microorganisms, including bacteria, yeasts and fungi, can assimilate 

anhydrosugars or their degradation products (Knicker et al. 2013; Bacik and Jarboe, 

2016; Lian et al. 2016; Sugiura et al. 2018). For instance, Lian et al. (2016) used 

phylogenetic analysis on Iowa soil samples to identify several new levoglucosan-

assimilating bacteria, such as Micrococcus, Pseudomonas, Bacteriodetes and 

Escherichia. Mechanistically, the bioconversion of anhydrosugars may vary with the type 

of organism and enzymes associated with it and the preferred carbon source. For 

example, certain enzymes associated to yeasts and fungi (i.e., levoglucosan kinase, LGK) 

prefer to use levoglucosan instead of mannosan and galactosan as a carbon source to 

generate metabolites (Bacik and Jarboe 2016). Another enzyme assimilating 

levoglucosan but using a different mechanism than LGK is levoglucosan dehydrogenase, 

which is associated with prokaryotic organisms (Bacik and Jarboe 2016). Thus, 

differential biodegradation of anhydrosugars can also provide insight into the evolution 

of life/functional diversity in fire-dominated ecosystems as well as into the efficiency of 

the production of alternative energy sources (biofuels). 

Other anhydrosugars (levoglucosenone, see section 2.1.2) may also be used as 

tracers for various processes in soil in addition to fire. Evidence from the degradation of 

SOM in the field points out that the labile organic carbon fraction (sugars, phenols) is 

degraded within 1-4 years after a fire, although some sugars (levoglucosenone) may 
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survive up to 11 years in soil (Alexis et al. 2012). Sugars are the result of microbial 

degradation of cellulose but may also be produced from fires (anhydrosugars). However, 

Alexis et al. (2012) consider that levoglucosenone is a microbial degradation product of 

un-charred material, such as “high-lignocellulose stems”. This study argues that 

levoglucosenone could also be produced from other sources because its content does not 

increase over time as a result of cellulose biodegradation. On the contrary it stays 

constant for about 11 years and decreases little after 20 years (Alexis et al. 2012). The 

present study hypothesizes that levoglucosenone is an abiotic degradation product of 

levoglucosan (aqueous phase reaction with OH, Zhao et al. 2014) or an intermediary 

pyrolysis-product derived from dehydration or isomerization of levoglucosan during fire 

(Kudo et al. 2017; Nieva Lobos et al. 2016; Meng et al. 2016; Comba et al. 2018). Thus, 

levoglucosenone could also be seen as a tracer for fire and environmental conditions 

(e.g., wet soil). Some questions remain. For instance, it is not clear if levoglucosenone is 

a product of biotic degradation in soil. Also, the relative importance of its potential 

sources (fire and biotic degradation of SOM) is not understood.  By solving these 

uncertainties, we could assess the use of levoglucosenone as a multiprocess and 

multiphase tracer in soil.  

Fire effects and ecosystem type may influence biodegradation of anhydrosugars in 

soil. For example, microbial degradation can be accelerated in warm and wet conditions, 

such as tropical soils (Mataix-Solera et al. 2011). However, certain burning conditions 

could interfere with this fast biodegradation immediately after fire. Smoldering 

combustion, usually confined near the soil, can increase the heat transfer through soil in 

such ecosystems because of the high availability of water, thus altering the optimal 
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temperature for biodegradation (Mataix-Solera et al. 2011). In volcanic soils, a higher pH 

can cause certain microorganisms to dominate degradation, such as photoautotrophic 

bacteria (Mataix-Solera et al. 2011). It is expected that fire may also alter the soil pH by 

increasing the ash content in soil. The presence of ash may cause a shift in decomposition 

agent from bacteria to fungi (Mataix-Solera et al. 2011). Thus, short term fire effects on 

microbial community may indirectly impact the lifetimes of anhydrosugars by 

accelerating or delaying their biodegradation. 

2.4. Anhydrosugars in the hydrosphere 

2.4.1. Introduction 

Anhydrosugars can add another dimension to our understanding of the 

distribution of terrestrial organic matter (TOM) in the ocean. Terrestrial sources of 

carbon in the ocean have been traditionally traced using lignin markers, plant waxes 

(Hedges et al. 1997; Bröder et al. 2018) or aromatic forms of PyC (Masiello and Druffel 

1998; Ziolkowski and Druffel 2010; Coppola et al. 2014; Bird et al. 2015; Santín et al. 

2016; Coppola and Druffel,2016), all of which are relatively refractory and have their 

own specific transport characteristics. For instance, PyC associated with low density 

charcoal may initially float, leading to a different sedimentary distribution compared to 

plant waxes, which tend to travel with clay particles (Wakeham et al. 2009; Feng et al. 

2013). Adding anhydrosugars to the suite of PyC compounds monitored in marine 

settings will give a fuller estimate of the total load of PyC in marine systems. More 

broadly, the underestimation of PyC degradation rates due to the assumption of its 

refractory nature, and the decoupling of its particulate and dissolved phases (see section 
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2.3.2.3) are two uncertainties of the PyC cycle that add to the uncertainties of the larger 

carbon cycle. Quantitative descriptions of labile PyC behavior via anhydrosugars may 

help to reduce both uncertainties because they are degradable multiphase tracers.  

Studies on anhydrosugars in the hydrosphere are scarce, and the few that exist 

have focused on different aspects: biodegradation (Norwood et al. 2013), transport and 

deposition of sediments (Hunsinger et al. 2008) and PyC phase distribution (Myers-Pigg 

et al. 2017). The lifetimes of levoglucosan in river water and coastal environments may 

vary widely (Hunsinger et al. 2008; Norwood et al. 2013). For instance, using incubation 

experiments of aqueous levoglucosan extracts from char and river water, Norwood et al. 

(2013) demonstrate that 50% of the initial levoglucosan concentration biodegrades in 

approximately 3-4 days, resulting in a mean lifetime of about a week. Using sediment 

samples from a coastal environment, Hunsinger et al. (2008) show that levoglucosan may 

survive degradation in soil, mountainous rivers, and in the coastal environment as it was 

detected in both surficial (recent) and subsurface (older) coastal sediments, deposited on 

the western US coast. These two examples suggest that anhydrosugars in the dissolved 

phase may more rapidly degrade compared to the particulate phase, pointing again to the 

decoupling of dissolved and particulate PyC in rivers. Considering that the transport of 

levoglucosan in Arctic rivers has been observed to occur predominantly in the dissolved 

phase (Myers-Pigg et al. 2017), it is expected that degradation of anhydrosugars in this 

phase may be significant. 

To understand the full PyC phase-decoupling (from source to sink) observed in 

the ocean, it is necessary that its quantification includes both the decoupling occurring on 

land, in rivers and in intermediary environments, such as wetlands. Some steps have been 
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done using levoglucosan as a proxy for low temperature PyC in Arctic rivers (Myers-

Pigg et al. 2017). Degradation of anhydrosugars in the laboratory (Norwood et al. 2013) 

may differ from that in the field (Hunsinger et al. 2008), and directly comparing the 

outcomes of the two conditions may not lead to fully accurate interpretations. Ideally, 

studying the decoupling of PyC in rivers should focus on a large river, in which 

significant dissolution of particulate PyC may occur, so that the decoupling could be 

observed (e.g., Myers-Pigg et al. 2017). To our knowledge, there is no study on 

levoglucosan and its isomers in larger rivers (e.g., Mississippi) and subsequent coastal 

deposition on well-developed coastal margins (e.g., Gulf of Mexico, GOM), where the 

input of terrestrial OC is high and, therefore, very relevant to the carbon cycle. Other 

forms of OC, such as lignin compounds, have been observed in association with mud and 

sand grain sizes in the lowermost Mississippi and Atchafalaya rivers; their sources were 

attributed to grasses and woody materials, respectively (Bianchi et al. 2007). 

Anhydrosugars may also be transported with charcoal particles and/or adsorbed onto clay 

particles in such environments. However, the association of anhydrosugars with certain 

sediment sizes and types has not been studied. If such an association was demonstrated, 

anhydrosugars could be used to (1) trace PyC (and therefore terrestrial OC) from its 

source to sink, (2) study the decoupling of the two PyC phases, (3) quantify PyC 

degradation, and (4) distinguish between various vegetation sources in coastal marine 

sediments and the open ocean.  

Anhydrosugars could better clarify aspects of the carbon cycle in certain marine 

settings that receive large amounts of TOM. One such example is the GOM. 

Traditionally, lignin markers have been used to characterize TOM or OC at the molecular 



 

56 

 

level in this region (Hedges et al. 1997; Goñi et al. 1997). The sources of OC in the GOM 

are still not clear, although one study used lignin-based isotopic signatures (δ13C) of C3 

and C4 plants to demonstrate that different fractions of TOM are distributed differentially 

in the coastal environment (Goñi et al. 1997, 1998). Sediment transport can explain the 

observed distribution of C3 and C4 terrestrial fingerprints in the GOM (Goñi et al. 1997), 

but some mixing may also occur due to many processes occurring in the lowermost 

Mississippi and Atchafalaya rivers, including erosion, transgression, and floodplain 

interactions (Bianchi et al. 2007). This mixing effect may result in the alteration of the 

terrestrial bulk OC isotopic signature. By using individual signatures of OC constituents, 

terrestrial and marine sources could be separated and better characterized in the GOM (or 

other similar settings) using lignin markers and their oxidation products (Goñi et al. 

1997). Similarly, isotopic signatures of anhydrosugars and their degradation products 

could complement those of lignin markers to clarify the sources and degradation of 

terrestrial OC and PyC.  

Wetlands are important sources and sinks of PyC material, yet they have not been 

given sufficient attention within the PyC cycle (Santín et al. 2016; Myers-Pigg et al. 

2016; Zhang and Lim 2019). A few studies include wetlands as sources of DBC (Jaffe et 

al. 2013). Important decoupling of the two PyC phases can also occur in such transitional 

environments. Despite their high fuel moisture and presence of stagnant water, wetlands 

often experience wildfires, in part due to increased fuel availability driven by a 

particularly high net primary productivity in such ecosystems (Zhang and Lim 2019). 

Prescribed fires are also a common practice in such environments for ecological reasons 

(Zhang and Lim 2019). Another source of PyC in the wetlands is river transport and 
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deposition. Substantial PyC pools of riverine origin may exist in wetlands due to 

deposition of particulate PyC and co-precipitation of dissolved PyC with minerals, such 

as iron (Santín et al. 2016). Degradation of organic matter in wetlands may trigger 

anoxia, which in turn can ensure longer preservation of PyC. Atmospheric transport from 

wetland fires and deposition near the coast is an additional source of particulate PyC in 

the ocean.  

Different degrees of degradation of PyC can help informing about the relative 

importance of sources in the ocean. Atmospheric chemical oxidation enriches 

levoglucosan 13C by ~3‰ (see section 2.2.2.1), and this isotopic marker may persist in 

the ocean. This enrichment of δ13C may be useful for tracing degraded atmospheric PyC 

in the ocean. We lack similar isotopic data on the degradation of PyC in rivers, but once 

generated, this type of data could also provide insight into riverine PyC in the ocean. 

2.4.2. Controls on the lifetimes of anhydrosugars and degradation signatures 

The extent of anhydrosugar degradation from source of production (terrestrial 

biosphere) to ultimate deposition in lakes or oceans is not understood. However, the 

processes affecting anhydrosugar lifetimes should be largely the same as those described 

previously as operating in soil (section 2.3.2). These include chemical reactions 

(dissolution/precipitation, hydrolysis, sorption/desorption, redox, complexation), 

biological degradation, physical losses (erosion, deposition) and photodegradation. Such 

processes are influenced by many factors, including transport of the aqueous phase and 

sediment, availability of light for photooxidation, sedimentation rates, oxic/anoxic 

conditions of the water column, etc. This section focuses on dissolution, 

photodegradation, sorption and sedimentation as the main controls on anhydrosugar 
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lifetimes in the hydrosphere. This section also highlights the importance of sediment 

transport and provides hypotheses about the mechanisms of anhydrosugar mobilization 

from the soil reservoir to the marine reservoir.  

Anhydrosugars as water-soluble species may be significantly affected by the 

dissolution of charcoal and ultimately become part of the larger carbon pool in the ocean 

(dissolved organic carbon, DOC). Jaffé et al. (2013) estimated that the flux of soluble 

charcoal (or dissolved black carbon, DBC) represents about 10% of the global flux of 

riverine DOC and suggested that the mobilization mechanisms of the two dissolved 

phases (DOC and DBC) out from soils are related. However, this is likely an 

underestimate because the method used to define DBC (benzene polycarboxylic acids or 

BPCAs) does not detect any labile PyC.  Also, the source of DBC in the ocean is 

uncertain, with some studies suggesting that DBC could be derived from petrogenic or 

thermogenic sources (Dittmar and Koch 2006; Dittmar 2008; Dittmar and Paeng 2009). 

Thus, the inclusion of anhydrosugars in the quantification of DBC may help to better 

constrain the DBC fraction and its sources in the ocean. 

Photodegradation in the hydrosphere is less likely to be an important loss process 

for anhydrosugars. While the aromatic fraction of DBC has been shown to be highly 

photolabile (Stubbins et al. 2010), the degree of photolability increased with the degree of 

aromatization (Stubbins et al. 2012). Therefore, this study hypothesizes that 

photodegradation may not significantly affect the riverine lifetimes of anhydrosugars. In 

marine systems, this process may be even less significant for dissolved anhydrosugars as 

the rate of photodegradation is controlled by the rate of recirculation of deep water to the 

photic zone (Stubbins et al. 2012).  



 

59 

 

Sorption processes, particularly in the marine settings, are important because 

dissolved PyC may adsorb onto sinking particulate organic carbon (POC), and thus enter 

into the marine sediment pool more rapidly, as hypothesized by Coppola et al. (2014). 

Such a process has been suggested for dissolved aromatic components (BPCAs of 

condensed aromatic origin) (Coppola et al. 2014). Aromatic compounds (essentially, 

substituted high molecular weight PAHs) of thermogenic origin (low H/C and O/C) have 

been identified in deep sea and their sources are likely terrestrial (Dittmar and Koch 

2006). Anhydrosugars, which are soluble and undoubtedly pyrogenic and terrestrial, may 

also undergo this phase change mechanism and so ensure a longer lifetime in the 

sedimentary marine deposits. Desorption also may be significant, particularly at slow 

sedimentation rates, adding uncertainty to the ultimate role of sorption in anhydrosugar 

storage.  

The mechanism of sediment transport can influence the lifetimes of 

anhydrosugars in rivers, wetlands and deltas. In seismically active continental margins 

(western US), the rapid transport from small mountainous rivers and the absence of well-

developed deltas can favor the transport and coastal deposition of even labile charcoal 

constituents, such as levoglucosan (Hunsinger et al. 2008). On seismically passive 

margins (i.e., GOM), sediment transport by large rivers and well-developed deltas may 

have a different impact on labile PyC constituents that enter the marine pool. This latter 

phenomenon has been studied for water-soluble lignin markers associated with sand and 

mud (Bianchi et al. 2013; Goñi et al. 1997); given that anhydrosugars are water-soluble, 

similar studies on anhydrosugars adsorbed on clay (a component of mud) could help 

clarify sourcing and storage/degradation of TOM (in addition to lignin markers). Of 
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interest would be to trace both dissolved and particulate labile PyC in rivers, intermediary 

environments (wetlands and deltas) and oceans. 

Because charcoal particles have a low density (Brewer et al. 2014; Santín et al. 

2017; Gao et al. 2017; Pyle et al. 2017), they are more likely to be transported by rivers 

as suspended sediment (Liu 2016). Considering these observations, the present study 

hypothesizes that the decoupling of dissolved and particulate PyC phases can be traced in 

rivers, intermediary environments (wetlands and deltas) and oceans using three types of 

transport: (1) suspended fine sediment, represented by charcoal particles with potential 

anhydrosugar content, (2) washload (fraction of fine sediment that is not present in the 

active layer of the channel bed and does not contribute to the bed slope (Hill et al. 2017), 

possibly represented by clay particles with anhydrosugars adsorbed on them, and (3) the 

dissolved (aqueous) phase. The first type traces a fraction of the particulate PyC phase, 

the second type traces a fraction of the dissolved phase adsorbed on clay minerals (most 

likely in soil), and the third type traces a fraction of the dissolved PyC phase from the 

dissolution of (1) and/or (2). None of these PyC fractions has been quantified from an 

anhydrosugar perspective and considered in the PyC cycling. Note that in section 2.3.2, it 

has been hypothesized that the phase decoupling, which is relevant to the PyC cycle, 

starts on land. Studying this by using anhydrosugars as tracers would imply the coupling 

of a soil transport model with a sediment transport model and their comparisons with 

measurements in soil and rivers. Additionally, within this modeling framework, the 

degree of degradation can be inferred from changes in concentrations and individual 

stable carbon isotope signatures of anhydrosugars and its degradation products.  
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Anhydrosugars may be transported with both charcoal particles and sorbed onto 

clay particles, adding multiple avenues for the use of this tracer in aquatic systems. 

Sedimentation is mainly controlled by the sedimentation rate and grain size. 

Sedimentation rates in lakes (50-100 cm/1000 years) are higher compared to those in the 

coastal ocean (10-100 cm/1000 years) and deep ocean (1-10 cm/1000 years) (Peters et al. 

2005; Battistel et al. 2017). Thus, it is expected that anhydrosugars are better preserved in 

lakes because of the rapid burial compared to marine environments. Anhydrosugars could 

be deposited with both mud and charcoal particles and, consequently, be distributed 

differently relative to the coast, providing a tracer of TOM in the oceans that behaves 

differently than either lignins or plant waxes.  

While anhydrosugars are highly labile in oxygenated water (Norwood et al. 

2013), levoglucosan apparently does not degrade in anaerobic sediment layers (You and 

Xu 2018). In association with mud, anhydrosugars may be protected from bioturbation 

and microbial degradation because mud has the tendency to exclude oxygen rich water at 

the sediment-water interface (Peters et al. 2005).  However, bottom boundary conditions, 

such as turbidity currents and gravity flows, may redistribute these initial deposits to the 

abyssal ocean (Peters et al. 2005). This implies that, to store anhydrosugars in sediments, 

it is necessary to move them from production on land to deposition in deep ocean very 

rapidly. The corollary to this is that they could be used as tracers for the rapid movement 

of organic matter from source to sink. In addition, their persistence in marine systems 

may be used to infer about oxic/anoxic fluctuations in the ocean.  
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2.5. Anhydrosugars in the cryosphere 

2.5.1. Introduction 

Encompassing land systems (permafrost, snow, glaciers, ice caps and ice sheets) 

and marine systems (ice shelves and sea ice), the cryosphere is the most vulnerable to 

climate changes and an important reservoir of the C-cycle (McNeil et al. 2012; Grannas 

et al. 2013). PyC plays an important role in the cryosphere as it can store information 

about paleoclimate-fire interactions, atmospheric processing and deposition, and 

environmental conditions. PyC can decrease the reflectivity of the ice or snow surface 

(i.e., albedo) and speed up melting, thus contributing to a positive surface radiative 

forcing (McConnell et al. 2007). Understanding the cryospheric albedo impact of natural 

and anthropogenic increases in PyC requires a better understanding of the long-term 

cryospheric history of PyC, and anhydrosugars offer a new option for tracers to track its 

behavior.   

Evidence exists that PyC is present in the terrestrial cryosphere (see Table 2.3) 

and the main path through which it arrives there is atmospheric transport and deposition 

(You and Xu 2018). The refractory form of PyC (termed BC by the cryosphere 

community) has been observed in snow and ice cores in the Himalayan glaciers (Kaspari 

et al. 2014; Ginot et al. 2014; Ménégoz et al. 2014; Jacobi et al. 2015) and in ice cores 

from Greenland (McConnell et al. 2007), Swiss-Italian Alps (Thevenon et al. 2009) and 

Antarctica (Battistel et al. 2018). Additionally, observations of levoglucosan in Tibetan 

glaciers (You et al. 2016, 2019), ice cores from Kamchatka Peninsula, Greenland and 

Antarctica (Gambaro et al. 2008; Kawamura et al. 2012; Kehrwald et al. 2012; You and 
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Xu 2018), and snow pits from Greenland (Kehrwald et al. 2012) or surface snow from 

Antarctica (Shi et al. 2019) support that even more reactive compounds than BC are 

sourced from long-range atmospheric transport and deposition.  

Anhydrosugars in the cryosphere have not seen yet a wide application, although 

variations in their measured concentrations corresponding to glacial versus interglacial 

periods suggest they could also trace climate in addition to fire. For example, the 

levoglucosan concentration was three times higher in an Antarctic ice core for the times 

corresponding to glacial periods versus interglacials (Gambaro et al. 2008). Extremely 

high levoglucosan concentrations have been used to trace fire back to the last glacial 

maximum (LGM), in the ice cores from Greenland, showing a peak at about 2500 years 

ago that coincided with intense fire activity (Zennaro et al. 2015; You and Xu 2018). 

Such high concentrations could be explained by enhanced poleward atmospheric 

transport and deposition of aerosols on the polar ice caps during glacial periods 

(Gambaro et al. 2008). On the contrary, very low levoglucosan concentrations (< 0.03 ng 

mL-1) have been observed in glacier snow/ice from polar regions during interglacial 

periods (You and Xu 2018). Similar low concentrations have been reported for 

contemporary POC (potentially including anhydrosugars) in alpine ice cores that may be 

caused by a higher oxidative capacity of the atmosphere (Legrand et al. 2007). 

Background level levoglucosan (0.9 ng mL-1) has also been observed in Tibetan glaciers 

between 1990 and 2007, while much higher concentrations (up to 8.5 ng mL-1) occurred 

sporadically after 2007 and coincided with extreme fires (You et al. 2019). Because 

anhydrosugars can be degraded chemically in the atmosphere (see section 3), they also 
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could be used to trace the oxidative capacity of the atmosphere using chemical transport 

models and ice records.  

Understanding how pre- and post-depositional processes may control 

anhydrosugar concentration is essential to accurately interpret the cryospheric record of 

anhydrosugars. As opposed to sediments, for which a peak in anhydrosugar concentration 

would coincide with a flood event embedded in a massive river discharge (Hunsinger et 

al. 2008), the peak concentration in ice or snow profiles would coincide with significant 

atmospheric wet deposition events (rain or snow) in the absence of a riverine source. 

Non-peak concentration, then, could signify atmospheric dry deposition in younger 

layers, but the possibility also exists for migration or transformation/loss of 

anhydrosugars in older layers. Thus, it is also important to understand what happens to 

anhydrosugars after deposition.  

The physico-chemical processes in ice/snow (section 2.5.2) and the properties of 

anhydrosugars (section 2.1.3) suggest that their post-depositional concentration may 

change in ice cores, but it is not clear how and by how much. In addition to these 

controls, other factors may influence anhydrosugar concentration in ice or snow (see 

Table 2.3). These factors could be (1) the analytical method used to quantify 

anhydrosugars in ice/snow samples (see Table 2.2 for aqueous methods) or (2) the 

sampling limitation due to a low vertical resolution of ice samples. A recent review of 

boreal forest fire records in the Northern Hemisphere points out that levoglucosan 

profiles in ice are not well resolved compared to other fire proxies (Legrand et al. 2016), 

thus limiting its paleofire-climate applications. The study suggests high resolution 

measurements of levoglucosan in the future for such applications. In this context, 
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Legrand et al. (2016) suggest large ice sample sizes in order to resolve ice profiles at high 

resolution, as well as additional snow pit samples (i.e., a pit depth of 5 m would resolve a 

time scale of 10 years).  

Physico-chemical models could be useful tools to study changes in the 

anhydrosugar concentration after deposition. However, a model coupling the physics and 

chemistry of snow or ice has not yet been developed (Bartels-Rausch et al. 2014). 

Development of such a model will require a better understanding of processes operating 

in such environments. Physical, chemical and biological processes, morphology and 

formation of ice and snow, respectively, can all impact the fate of anhydrosugars in the 

cryosphere by causing changes in their concentration and re-distribution in the ice. These 

impacts are not well understood for the organics in general (McNeil et al. 2012) and for 

anhydrosugars in particular. Existing models mainly focus on air-ice interactions using 

aqueous phase, gas phase and heterogeneous chemistry concepts, and include some 

simplified deeper ice layers chemistry, but they lack a full representation of the physics 

of the snow or ice (Bartels-Rausch et al. 2014). Also, a physico-chemical ice/snow model 

would require well-constrained initial anhydrosugar concentration which may involve the 

coupling with atmospheric chemical transport models.  

Many processes may alter the post-depositional concentration of organics in ice or 

snow, but they have not been particularly studied for anhydrosugars. Detailed description 

of such processes (adsorption, dissolution, freezing, melting, photochemistry, etc.) could 

be found in a few existing reviews but from the perspective of other species (McNeil et 

al. 2012; Bartels-Rausch et al. 2014). Recent reviewes on levoglucosan, though, highlight 

the possibility that certain processes (e.g., photochemistry, biological degradation) may 
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affect levoglucosan in ice and snow but it is not clear how important they are in 

degrading it (You and Xu 2018; Bhattarai et al. 2019). Thus, understanding the relative 

importance of such processes is essential not only for estimating the overall lifetime of a 

species in a given reservoir but also to interpret its record and to help the development of 

physico-chemical models. The next section discusses the relevant processes that may 

affect anhydrosugars in ice/snow as inferred them from other organic species and by 

considering the properties of anhydrosugars. 

2.5.2. Controls on the lifetimes of anhydrosugars in snow and ice 

Lacking a clear understanding of the lifetime of anhydrosugars has limited 

previous studies to simply use them as tracers for the presence of fire in sedimentary 

environments, such as the cryosphere. As in previous sections, lifetime accounts for all 

relevant loss processes that can directly affect the concentration of a tracer in a given 

environment. Better constraints on the lifetime would allow us to better interpret 

variations in the tracer signal.  

After deposition, anhydrosugars are subjected to many processes specific to ice 

and air-ice environments that could alter their immediate post-deposition concentration. 

These processes (physical, chemical and biological) are mediated by the physics and 

chemistry of ice and the interactions at the air-ice interface. Currently, our understanding 

of such processes is limited to other species that are commonly present in ice or snow 

(formaldehyde, hydrogen peroxide, etc.).  However, because the same processes can 

affect any species present in such environments, we can use the available literature on 

other species (McNeil et al. 2012; Bartels-Rausch et al. 2014) to hypothesize how the 

relevant processes and the physical environment may affect anhydrosugars.   
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The snowpack is a dynamic matrix that changes according to variations in 

temperature and radiative heating, thus influencing the physical and chemical processes 

within (McNeil et al. 2012; Bartels-Rausch et al. 2014). Because of the dynamic nature of 

snow, various processes operate in localized compartments, including ice surface, grain 

boundaries, ice crystal matrix, liquid phase and water-insoluble solids (McNeil et al. 

2012). These compartments of variable chemical and physical properties influence the 

overall reactivity of snow, which in turn can affect the compartments themselves. Such 

feedbacks may also influence the reactivity of anhydrosugars present in the ice. 

The presence of a quasi-liquid layer or disordered interface (DI) at the pure ice 

surface and near the melting temperature plays an important role in adsorption/desorption 

(McNeil et al. 2012), absorption (Grannas et al. 2013) and chemical reactions (Bartels-

Rausch et al. 2014). However, there are many uncertainties surrounding the DI and this 

limits our understanding of how the presence of anhydrosugars could influence or be 

influenced by DI, considering that they are multiphase tracers. One such uncertainty is 

whether the DI could be treated as a liquid phase, which would ignore the presence of 

impurities and their effect on DI (Bartels-Rausch et al. 2014). Another uncertainty of the 

DI is its thickness, which could be controlled by the presence of the solutes and 

adsorbates (McNeil et al. 2012; Bartels-Rausch et al. 2014). Additional unknowns of DI 

are its homogeneity, vertical extent, and continuity along the air-ice surface (Bartels-

Rausch et al. 2014). All these could possibly be explored using versatile markers such as 

anhydrosugars. 

The presence of solutes can increase the chemical potential of the interfacial layer 

to form an extra phase (brine) which exists in thermal equilibrium with the ice and gas 
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phases at temperatures below 0 ºC (McNeil et al. 2012 and references therein). The brine 

phase (e.g., NaCl-H2O, HNO3-H2O, HCl-H2O) is involved in chemical reactions at the 

air-ice interface over short time scales but can be segregated inside the ice over longer 

time scales (Kuo et al. 2011b; McNeil et al. 2012). Because brine can drastically change 

the reactivity of ice, it may indirectly influence the degradation of anhydrosugars. 

While there are many unknowns about the controls on anhydrosugar behavior in 

ice and snow, the most important uncertainties are related to processes, such as 

adsorption/desorption, dissolution, freezing/melting and photochemistry. Other processes, 

such as oligomerization, oxidation at the air-ice interface and biodegradation, may be 

only secondarily important. Thus, the next sections study only focus on the main controls. 

Understanding these processes is important because, theoretically, anhydrosugars may be 

susceptible to any of them because of their multiphase nature and reactivity. Therefore, 

any interpretation of the anhydrosugar record should consider the relative importance of 

such controls on the post-deposition anhydrosugar concentration.  

2.5.2.1. Adsorption/desorption 

As semivolatile species, anhydrosugars could physically adsorb on the ice surface. 

Because adsorption is a reversible process, as observed for other gases in this 

environment, it may alter anhydrosugar concentration in the ice but the mechanism 

driving it and its importance relative to other processes are currently unclear. Available 

reviews highlight that adsorption of other gases (acetone and methanol) can be described 

by a Langmuir model at temperatures below -23 °C (McNeil et al. 2012; Bartels-Rausch 

et al. 2014). Adsorption at higher temperatures (melting point of ice) occurs via liquid 

uptake (absorption) or diffusion of the gas into the bulk of liquid, as observed for 
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formaldehyde (Bartels-Rausch et al. 2014). Adsorption in the DI (at lower temperatures) 

deviates from a Langmuir type and may be less significant at small DI thicknesses 

(Bartels-Rausch et al. 2014). Other deviations from the Langmuir-adsorption have also 

been observed at the grain boundaries (diffusion type) at temperature below the melting 

point or in brine (dissolution type) at temperatures near the melting point (Bartels-Rausch 

et al. 2014).  

The mode of adsorption varies between chemical species. Oxygenated species 

preferentially adsorb on the O atom from carbonyl groups and/or on OH groups (McNeil 

et al. 2012). In general, adsorption of oxygenated species follows the Langmuir model 

(McNeil et al. 2012). Because anhydrosugars are oxygenated species, they could adsorb 

on the OH groups and by following the Langmuir model, but no evidence exists to 

support such a hypothesis. Future studies may foresee to understand sorption of 

anhydrosugars in the ice or snow and evaluate the magnitude of this impact on their 

concentration. 

2.5.2.2. Dissolution 

Dissolution may affect both gaseous and particulate anhydrosugars and thus 

significantly influence their concentrations in the ice. Dissolution of gases is driven by 

the existence of a brine phase in the interfacial layer, which also can significantly impact 

adsorption. In general, dissolution of gases in brine can be described by the Henry’s law 

(McNeil et al. 2012). Experiments showed that the presence of inorganics, such as nitric 

acid, in conditions in which they may form brine, enhances the solubility of several 

organics (McNeil et al. 2012). The effects of brine and inorganics on the solubility of 

anhydrosugars have yet to be addressed.  



 

70 

 

2.5.2.3. Freezing, melting and liquid water 

The presence of anhydrosugars in multiple phases makes them vulnerable to 

freezing-melting cycles and the presence of liquid water, which together may influence 

anhydrosugar concentration and their distribution in the ice/snow matrix. Unfortunately, 

we lack understanding of these effects on anhydrosugars and of their importance relative 

to other processes in the ice.  

Freezing can control the solute concentration and its distribution and alter the pH 

and reactivity of ice. Freezing separates the ice from the solute, causing an increase in the 

solute concentration (up to 6 orders of magnitude) within the liquid layer surrounding the 

ice crystal or in micro-compartments (pockets, veins, etc.) within the ice, an effect known 

as the freeze-concentration effect (McNeil et al. 2012; Bartels-Rausch et al. 2014). 

Freezing can also re-distribute the solutes within ice, either directly incorporating them 

into ice crystals or placing them in the liquid pockets, at the grain boundaries in the ice 

matrix or at the ice surface (Bartels-Rausch et al. 2014). The freeze concentration effect 

may alter the local pH (McNeil et al. 2012) and ultimately, influence the acid-base 

equilibrium and chemical reactivities of ice (Bartels-Rausch et al. 2014). Additionally, 

organo-metal complexes may form during freezing because of the freezing effect on the 

concentration (Bartels-Rausch et al. 2014).  

Being water-soluble, anhydrosugars are more sensitive to transport by melt water 

compared to water-insoluble BC, and their ratio could be altered by melting. This may 

explain the observed shift in the peak concentration of the two fire proxies (charcoal and 

anhydrosugars) for the same event recorded in an ice core (You and Xu 2018).  
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During sea ice formation (fall and winter), dissolved organics in the seawater are 

concentrated together with brine in the forming ice (Grannas et al. 2013). At higher brine 

fractions, the organics may be lost to the seawater underneath the ice due to desalination 

(Grannas et al. 2013). During melting (spring), organic contaminants can percolate from 

seawater to ice or be flushed away with melting water (Grannas et al. 2013). 

Anhydrosugars may be susceptible to such partitioning from the seawater to the ice and 

vice versa, directly influencing the exchanges of dissolved PyC between the cryosphere 

and the hydrosphere. Using anhydrosugars we may be able to trace such PyC fluxes. 

Freezing-melting cycles are common to mountain marine regions, but they could 

also occur in the Arctic. They play a role in redistributing impurities in ice or snow 

(Bartels-Rausch et al. 2014). For instance, highly diffusive species may migrate together 

with liquids in surface snow and glacial ice (Bartels-Rausch et al. 2014). Rearrangement 

of snow or ice impacts the fate of the organic species more strongly compared to their 

initial incorporation into the ice or snow, yet this process is not well understood (Bartels-

Rausch et al. 2014). In addition, freezing-melting cycles may alter the preservation of 

levoglucosan in the snowpack or during conversion to glacier (Kehrwald et al. 2012), or 

they may break down charcoal particles (Liu et al. 2018) and expose anhydrosugars to 

degradation and other losses.  

Redistribution of liquid water in snow may control the redistribution of the solutes 

(Bartels-Rausch et al. 2014). Snow models predict that the liquid water fraction of one 

snow layer is up to 10% of its mass (Bartels-Rausch et al. 2014). At this fraction, 

dissolved anhydrosugars may be relocated by the liquid water in snow layers, which has 

implications on the interpretation of their concentration.  
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2.5.2.4. Photochemistry 

Photodegradation can impact the concentration of organics (particularly the 

chromophores) at the ice surface. However, this has not been observed for levoglucosan 

(a brown carbon species) in Greenland snowpack during early firnification (Kehrwald et 

al. 2012). Yet, the susceptibility of anhydrosugars to photodegradation has not been 

sufficiently studied in ice or snow environments.  

Photochemistry can affect organics directly, via direct adsorption of radiation by 

the organic molecules, or indirectly via adsorption of radiation by other species 

(photosensitizers, such as NO3
-) (McNeil et al. 2012). The presence of photochemical 

active groups in the firn layers of glaciers has also been suggested as possible source of 

levoglucosan degradation (You and Xu 2018). For example, photolysis of H2O2 in the ice 

is an important source of OH (McNeil et al. 2012), as is dry deposition from the gas 

phase. This double source of OH suggests that anhydrosugars may be oxidized by OH at 

the air-ice interface.   

2.6. Anhydrosugars in sediments 

2.6.1. Introduction 

Anhydrosugars have different production, transport, and degradation patterns 

relative to other fire markers currently in use, and in some cases these differences may 

prove advantageous in carbon cycle and paleoclimate studies. Past fire activity and its 

relation to climate are primarily inferred from charcoal and only secondarily from 

levoglucosan and its isomers. To increase the potential of anhydrosugars as tracers for 
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both fire and paleoclimate, controls on their concentrations in sediments must be better 

constrained. Unfortunately, we do not know to what extent concentration is influenced by 

sources (in situ production and transport), sedimentation rate, degradation in the water 

column and diagenesis.  

In geologically old sediments, charcoal and its high combustion molecular 

constituents (large PAHs) have been used as markers for fire activity, with many studies 

documenting PAH and charcoal presence in the Paleozoic and Mezozoic (Simoneit 2002; 

Marynowski and Filipiak 2007). In younger sediments (Cenozoic), anhydrosugar 

concentrations and ratios have been used to trace fire activity (Elias et al. 2001; 

Hunsinger et al. 2008; Kuo et al. 2011a; Lopes dos Santos et al. 2013; Sikes et al. 2013; 

Kirchgeorg et al. 2014; Schupbach et al. 2015; Battistel et al. 2017; Argiriadis et al. 2018; 

Schreuder et al. 2018), vegetation (Kirchgeorg et al. 2014; Schupbach et al. 2015; 

Argiriadis et al. 2018), and degradation of organic matter (Fabbri et al. 2008; 

Marynowski et al. 2018). Because PAHs may have other sources than fire, such as 

vaporization of hydrocarbons from source rocks (Belcher et al. 2005), hydrothermal 

fluids (Dittmar and Koch 2006) or fossil fuel combustion and industry (Fraser et al. 

1998), they cannot be considered unique fire tracers, while anhydrosugars could be 

because they are exclusively produced by combustion of biomass (Simoneit 2002). 

Therefore, it is possible that anhydrosugars may be applied as fire tracers beyond the 

Cenozoic, if their degradation is better understood. 

Molecular-level fire tracing may prove to be a better approach for sediment 

samples. In many studies, anhydrosugars have been used in conjunction with charcoal to 

trace paleofire in Holocene sediments (Elias et al. 2001; Kirchgeorg et al. 2014; 
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Schupbach et al. 2015). However, there are some drawbacks of this approach. One 

limitation is the resolution at which levoglucosan is measured compared to charcoal 

particles. In general, the concentration of charcoal particles is measured at higher vertical 

resolution in a sediment core compared to that of levoglucosan; therefore, the two fire 

proxies can only be compared in terms of averages. Another limitation is that, because of 

their different properties and burning conditions, the anhydrosugar and charcoal peak 

concentrations may not overlap at the same time in sediment cores (Schüpbach et al. 

2015; Argiriadis et al. 2018), which makes the interpretation of a particular fire event as 

the unique source of both tracers uncertain. However, this latter has not been observed 

when molecular constituents of charcoal (PAHs) were compared with levoglucosan in a 

sediment core (Hunsinger et al. 2008). This suggests that a more reasonable approach 

would be to compare anhydrosugars with molecular components of charcoal to better 

constrain the occurrence of fire events. 

Fire, climate and vegetation are interlinked in their effects on anhydrosugar 

concentration and isomer ratios. Climate drives the vegetation pattern, fire occurrence 

and hydrology, and thus indirectly modulates the anhydrosugar concentration in 

sediments. Fire influences anhydrosugar concentration by promoting the dominance of 

fire-prone vegetation (i.e., grasses) in an ecosystem or causing shifts in vegetation (i.e., 

forest to grasses). Because of this relationship, many studies make inferences not only 

about fire, but also about climate and vegetation from anhydrosugars in lacustrine 

sediments (Sikes et al. 2013; Schupbach et al. 2015; Battistel et al. 2017; Kirchgeorg et 

al. 2014) and marine sediments (Kuo et al. 2011a; Lopes dos Santos et al. 2013). Such 
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inferences have been supported by other climate (sea surface temperature, drought/aridity 

index, ocean-atmosphere climate index) and vegetation proxies (pollen records).  

In general, inferences about a dry climate from sediments are based on 

observations of anhydrosugar peak concentration at a certain time (Kuo et al. 2011a; 

Schupbach et al. 2015; Battistel et al. 2017), while inferences about dry/wet climate 

transitions are based on changes in anhydrosugar concentration over time (Schupbach et 

al. 2015; Sikes et al. 2013). Vegetation inferences are made quite similarly, with 

anhydrosugar peak concentrations indicating the dominance of grasses and low 

concentrations suggesting the dominance of forest. Variation in anhydrosugar 

concentration over time shows how vegetation shifts from one ecosystem type to another, 

which is consistent with the occurrence/absence of fire and dry/wet climate transitions 

(Sikes et al. 2013; Lopes dos Santos et al. 2013; Kirchgeorg et al. 2014; Schupbach et al. 

2015; Battistel et al. 2017). To enhance the potential of anhydrosugars as markers for 

vegetation type, some studies also used levoglucosan to isomer ratios and their variation 

over time (Schupbach et al. 2015; Kirchgeorg et al. 2014). 

Our interpretation of anhydrosugar records in sediments is limited by sparse 

knowledge of the magnitude of riverine and atmospheric sources. While both sources are 

known to exist to lacustrine and marine sediments, the fluxes of anhydrosugars associated 

with these sources are unknown. This big gap in the PyC cycle is in part driven by our 

lack of understanding of how anhydrosugars are partitioned between the atmosphere (via 

aerosols) and the land (via charcoal) at the site of production. We also do not understand 

their degradation at the source and along source-to-sink, including their phase-

partitioning (particulate versus dissolved). These knowledge gaps reduce our ability to 
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interpret anhydrosugar records in depositional environments (including intermediary 

sinks, such as wetlands and deltas). 

Some steps have been done to understand distribution of atmospheric and riverine 

sources of levoglucosan in marine sediments (Hunsinger et al. 2008; Schreuder et al. 

2018). Levoglucosan concentration in sinking particles in the tropical North Atlantic 

varied with distance from the shore, with dominant riverine contributions near the 

coastline and dominant atmospheric contributions further offshore (Schreuder et al. 

2018). However, a direct link between atmospheric deposition of particulate levoglucosan 

and sinking particles in the ocean has not been demonstrated yet. On the other hand, 

levoglucosan from small mountainous rivers has been connected to coastal deposition via 

coeval flood tracers (Hunsinger et al. 2008). 

2.6.2. Potential controls on the lifetimes of sedimentary anhydrosugars 

It has become clear that the anhydrosugar lifetime, from emission to its ultimate 

deposition, is a key concept that could be used to better constrain anhydrosugar 

concentrations and fluxes in various reservoirs of the carbon cycle. Anhydrosugar 

lifetime in sediments may be much longer compared to lifetimes in other reservoirs of the 

carbon cycle based on their detection in sediments as old as the mid-Pleistocene (Elias et 

al. 2001). However, how anhydrosugars are incorporated in the sedimentary deposits, and 

their in situ degradation or production are not clearly understood. These may influence 

their lifetime in sediments and, by extension, their contribution to PyC fluxes in the 

marine reservoir. In addition, such processes can influence their peak concentrations that 

are used to trace fire events. The next sections discuss such potential. 
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2.6.2.1. Sedimentation rate in terrestrial and marine environments 

Sedimentation of organic matter in terrestrial environments (lakes, wetlands, 

etc.) occurs much faster than in the open ocean (see section 2.4.2 and Battistel et al. 

2017), suggesting that anhydrosugars can be preserved longer in lakes (ca. 20,000 years, 

Kirchgeorg et al. 2014). However post-depositional processes (i.e., migration of pore-

water) and the environmental conditions in the sediment core (reducing vs. oxidizing) can 

influence preservation/degradation in addition to differential sedimentation (Schüpbach et 

al. 2015, Battistel et al. 2017). Similarly, the high likelihood of anoxia in wetlands may 

ensure a longer preservation of organic matter. 

While sedimentation rate may control the preservation of organic matter in oxic 

ocean waters, it may be irrelevant in anoxic conditions with respect to preservation (see 

section 2.4.2). The longest lived anhydrosugars are likely to be found in sediments 

deposited under anoxic conditions, because biodegradation is less significant in the 

absence of oxygen (i.e., absence of bioturbation zones at the sea floor). Indeed, the oldest 

evidence to date (middle Pleistocene) of levoglucosan in sediments appears to be from 

the Cariaco Trench (Elias et al. 2001), although there is no information given about its 

concentration and the sedimentary context. Future research may focus on understanding 

how different depositional environments (oxic versus anoxic) affect the lifetimes of 

anhydrosugars. 

2.6.2.2. Degradation and in situ production  

Degradation of levoglucosan mostly has been observed at the sediment-water 

interface and has been found to be negligible throughout the water column in the tropical 
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North Atlantic (Schreuder et al. 2018). This is in line with the observation that in 

oxic/hypoxic conditions (see section 2.4.2), organic matter is degraded at the bottom of 

the ocean where bioturbation and biodegradation zones exist. The lack of degradation in 

the water column could be a result of very rapid sedimentation. For instance, Schreuder et 

al. (2018) reported a sedimentation rate of 140 m/day, implying that the time it takes the 

particles to move from the ocean’s surface to the seafloor is about 1-3 weeks. However, 

even if we assume a constant sedimentation rate, degradation of particulate 

anhydrosugars may not occur constantly throughout the water column. The degree of 

degradation of sinking organic matter is generally controlled by the depth of the ocean, 

the presence or absence of anoxic zones in the water column, and the seasonality of 

marine primary productivity (with higher primary productivity leading to more rapid 

degradation) (Mai-Thi et al. 2017; Kaiser et al. 2017; Bretagnon et al. 2018). The effects 

of these parameters on anhydrosugar degradation remain poorly constrained, limiting 

application of these tracers.  

Diagenesis can affect sedimentary anhydrosugars, and, in many studies, these 

effects are not thoroughly considered. Diagenesis is a low temperature (< 50 °C) 

biological, chemical or physical degradation process. Pioneering studies applied the peak 

concentration of levoglucosan in sediment cores to trace fire occurrence (Lopes dos 

Santos et al. 2013, Hunsinger et al. 2008) and aridity (Sikes et al. 2013), but more work is 

needed to quantify the effects of diagenesis on the observed concentrations. In certain 

geological materials, diagenesis could act as both a source of levoglucosan and a sink of 

its isomers (Marynowski et al. 2018, Fabbri et al. 2008). These possible effects of 

diagenesis are briefly discussed below. 
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Levoglucosan has been detected in fossil wood from clay pits (Marynowski et al. 

2018) and lignites from mines (Fabbri et al. 2008). The presence of levoglucosan in the 

inner mineralized part of the fossil wood from the Middle Jurassic has been attributed to 

its adsorption on wood from fires (the analyzed fossil wood lacks fire features, such as 

fusinite and unfilled tracheid walls) or to diagenesis of cellulose and/or conversion of 

glucose (Marynowski et al. 2018). Adsorption from nearby fires seems more plausible 

because anhydrosugars are emitted as volatiles, agreeing with the hypothesis that 

anhydrosugars can adsorb onto charcoal later during the pyrolysis-combustion process 

(see section 2.1.2). However, such adsorption has not been demonstrated and warrants 

further investigation. The presence of levoglucosan in the inner mineralized section of the 

fossil wood may have ensured its protection against diagenesis, supported by the fact that 

its degradation products have not been detected in the associated clay or gelified wood 

(Marynowski et al. 2018). The in situ production of levoglucosan from diagenesis of 

cellulose contained by the fossil wood is theoretically impossible because of the low 

temperatures characterizing this process.  

Diagenesis of cellulose has been observed in sedimentary geological materials 

from the Middle Jurasic, such as fossil wood or brown coals (lignites), using pyrolysis 

experiments (Fabbri et al. 2008). However, unpyrolyzed lignites from the same 

geological age or younger (Miocene) did not contain any levoglucosan (Marynowski et 

al. 2018). This could suggest two things: (1) preservation of cellulose or (2) poor 

preservation of levoglucosan. From the laboratory pyrolysis of Miocene lignites, we 

know that cellulose was present and yielded levoglucosan after pyrolysis (Fabbri et al. 

2008). This confirms that (1) is a plausible hypothesis. Regarding (2), it is possible that a 
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cryptic cycle of levoglucosan exists in such sedimentary material which requires more 

attention in the future. Interestingly, galactosan and mannosan have not been detected, 

probably due to a poorer preservation of hemicellulose in coals, pointing towards 

significant diagenetic effects on this type of polymer (i.e., gelification of wood) 

(Marynowski and Filipiak 2007). This indirectly confirms that diagenesis of cellulose in 

coal and fossil wood may not be a significant source of levoglucosan compared to 

adsorption from nearby fires.  

The distinction between sources and sinks of anhydrosugars in sediments would 

better allow us to assess the relative importance of in situ degradation (diagenesis) 

relative to other degradation processes in the atmosphere and hydrosphere. In this 

context, it would be useful to isotopically label sources (atmospheric versus riverine) and 

sinks (degradation processes) of anhydrosugars in sediments. In addition, the ratio of 

anhydrosugars to PAHs may yield information about the degree of reworking of sediment 

samples because anhydrosugars are so much more labile than PAHs. A high 

anhydrosugar/PAH ratio likely indicates low levels of decomposition. With more 

information on anhydrosugar production it will become possible to better use this tracer 

in much richer ways, such as hydrologic cycle tracing, degradation of TOM from source-

to-sink and PyC phase decoupling.  

2.7. Synthesis and perspectives  

Anhydrosugars are ubiquitous in the environment and have a wide potential to 

trace fire, vegetation, climate, and broader organic geochemical processes, much of 

which has been unexplored. This limitation is in part driven by the pre-conception that 
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anhydrosugars are reactive and, therefore, can easily degrade in the environment. Indeed, 

anhydrosugars have properties that make them prone to degradation. Despite this 

vulnerability, preservation of anhydrosugars over geological time has been documented 

by many studies through analyses of sediments and ice cores. The degree of 

anhydrosugar degradation in the environment, however, remains poorly constrained and 

requires more attention in the future, particularly for understanding aspects of the PyC 

cycle, degradation and distribution of TOM in the ocean and paleoclimate. Here, we 

reviewed the state of knowledge of anhydrosugars in various carbon cycle reservoirs with 

the focus on processes that can affect their lifetimes and the use of their properties to 

develop new tracing opportunities. This section briefly summarizes below the potential 

new research for anhydrosugars as tracers in the Earth system. While previous studies 

provided some graphic versions of anhydrosugars cycling (see You and Xu 2018; 

Bhattarai et al. 2019), a unified perspective of their full biogeochemistry would be 

beneficial to the community. This review study proposes Figure 2.3 as a conceptual 

model of the anhydrosugars cycle that could be used to synthesize the main unknowns 

about anhydrosugars within and between various major reservoirs. 
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Figure 2.3 A model of the anhydrosugars cycle. Anhydrosugars can be found in various phases within 

reservoirs (gas, particle, charcoal, dissolved). Fresh emissions from fires are released to the atmosphere, 

where they react chemically, partition from one phase to another, participate in clouds, or return to the 

biosphere, hydrosphere and cryosphere via dry and wet depositions. Anhydrosugars are also present in the 

solid fire residue in soil (charcoal), where they can be degraded, dissolved, buried or translocated via lateral 

transport of both aqueous and solid phases to the hydrosphere. Particulate and dissolved anhydrosugars 

associated with ice melting are also exported to the hydrosphere. Sediment and aqueous transports in the 

hydrosphere move both solid and dissolved phases exported from the biosphere and the cryosphere or 

deposited from the atmosphere to intermediary or ultimate depositional environments (lakes, wetlands, 

deltas, oceans) that together constitute the sediments reservoir. The reservoirs and fluxes of anhydrosugars 

have not been characterized. 

 

2.7.1. Structure, formation and properties of anhydrosugars 

Anhydrosugar relative abundance in the environment varies with the pyrolytic 

yields and vegetation type, which highlights the excellent tracing potential that 

anhydrosugars may have together for tracing biomass burning and vegetation source, and 

for addressing uncertainties in the PyC cycle. However, such a potential has not yet been 

explored sufficiently, in part because of many uncertainties surrounding their production 

and degradation. Laboratory pyrolysis gives highly variable yields of gas phase 

anhydrosugars. In addition, information about the anhydrosugar content in the char 



 

83 

 

residue from open fires is limited. To address these limitations, it is important that we 

better understand the mechanisms controlling the anhydrosugar partitioning between the 

gas and solid (char/charcoal) phases during the full pyrolysis-combustion process in open 

fires. By applying this knowledge, we could better constrain the production yields and 

initial concentration of anhydrosugars in all phases that are essential to understand their 

degradation in the environment. While the mechanism of anhydrosugar formation in the 

gas phase is well understood from pyrolysis experiments, the fraction emitted in this 

phase from open fires remains unclear. Various mechanisms can control the partition of 

anhydrosugars to the char phase, such as polymerization/ depolymerization and 

adsorption/condensation of the gas phase onto char during high temperature combustion. 

The association of anhydrosugars to char via these mechanisms suggest that these tracers 

may be more important than previously thought. Moreover, it clarifies that anhydrosugars 

can travel with char particles between different environments and become part of the 

marine sediment pool. Therefore, to better quantify the anhydrosugar fractions in various 

phases, and the relative importance of the mechanisms controlling the anhydrosugar-char 

association, we suggest that future research should study anhydrosugars over the full 

pyrolysis-combustion process in open fires. 

Anhydrosugars are usually associated with PM in the atmosphere but how they 

become part of the PM is unknown. Understanding this mechanism could help to better 

constrain the initial conditions of anhydrosugars in atmospheric chemical transport 

models. Related to this, it is unclear if anhydrosugars are directly emitted as gases, PM or 

both. The following research hypotheses could be tested: (1) anhydrosugars are first 

emitted as gases during pyrolysis and then adsorb or condense on the co-emitted PM (i.e., 
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soot), (2) gaseous anhydrosugars form new PM by condensation with other gases within 

the smoke plume, and (3) homogeneous gas phase oxidation of anhydrosugars can lead to 

the nucleation of new PM, a condition likely to occur near the fire source, where 

abundant gas phase anhydrosugars exist (Bai et al. 2013).  

Anhydrosugars and tar balls are co-emitted during fires but no relationship 

between them has been established yet. Understanding such a relationship may help to 

explain one of the mechanisms by which anhydrosugars become part of atmospheric PM. 

In addition, it may help to better understand degradation of PyC since tar balls have a 

different composition than soot or char. Both are BrC forms (one chemical and one 

physical) and both are emitted predominantly during smoldering combustion. Low 

volatility polar organic compounds (anhydrosugars may be considered such compounds) 

prefer to condense on hygroscopic particles, such as tars. Levoglucosan could also be 

present in liquid tars resulted from the pyrolysis of cellulose around 300 °C (Scholnik 

and Rudich 2006). Therefore, it is possible that anhydrosugars associate with tar balls via 

either condensation of their gas phase on existing tar balls or heating/solidification of 

tarry substances within the smoke plumes. This could provide a path for the formation of 

tar balls which is still controversial despite recent advances. 

2.7.2. Atmosphere 

Anhydrosugars have a high potential for use as fire tracers in atmospheric and 

climate studies. Because of the higher abundance compared to its isomers (see Figure 

2.2), levoglucosan has been preponderantly used to trace biomass burning. More recent 

studies, however, report isomer/levoglucosan ratios that were successfully used to trace 

vegetation source in biomass burning plumes (Sullivan et al. 2014). This suggests that 
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anhydrosugars in the atmosphere can trace both fire and vegetation. Because both are 

controlled by climate, anhydrosugars could also be used to trace fire-climate-vegetation 

interactions. However, such applications of anhydrosugars are limited by uncertainties in 

their atmospheric behavior. 

One of the largest uncertainties that currently limits the anhydrosugar tracing 

potential is its atmospheric lifetime. This varies widely (see Table 2.4) and is primarily 

controlled by the concentration loss processes. The relative importance of such processes 

also varies in space and time and differently controls the atmospheric fate of 

anhydrosugars. Most of the mechanisms underlying atmospheric processes are 

understood and implemented in the chemical transport models (CTMs). Therefore, such 

processes could be studied individually or in relation to others from the perspective of 

anhydrosugars. One hypothesis that could be tested is that heterogeneous oxidation, 

homogeneous gas-phase oxidation and wet deposition dominate the homogeneous 

aqueous-phase oxidation, G/P and dry deposition at the regional scale, while all these 

processes are equally important at the local scale.  

We lack information about the reactive pathways, chemical kinetics and G/P 

partitioning of other anhydrosugars, which limits our understanding of the biomass 

burning impacts on the atmosphere and other environments as well as the relationship 

between fire, climate and vegetation. In this context, new studies should focus on 

identifying the main reaction pathways of these anhydrosugars using methods similar to 

those already applied to levoglucosan (see Bai et al. 2013). New laboratory experiments 

should focus on measuring the reaction rate constants for the newly identified reaction 

pathways of mannosan and galactosan. In addition, field and/or laboratory studies would 
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be very helpful to quantify the G/P partitioning of the two levoglucosan isomers. The best 

use of analytical techniques (see Table 2.2), allowing the accurate separation of 

levoglucosan and its isomers, also may be considered for both local and regional 

applications of anhydrosugar tracers.  

Several opportunities for atmospheric CTM model development and simulations 

have emerged. To improve our understanding of fire effects on air quality, atmospheric 

chemistry and climate, the current fire emissions inputs used by CTMs should include 

anhydrosugars in the existing chemical mechanisms. This will allow us to assess the 

effects of chemical and physical processing on their concentration and estimate their 

lifetimes in simulated atmospheric settings. In addition, we can test the hypothesis that 

the controls on anhydrosugar lifetime compete within the same spatial scales or that a 

combination of processes may be more relevant at the regional scale compared to other 

combination. Another hypothesis that could be studied with the mechanistic improvement 

of the CTMs is that oxidative processes change the hygroscopicity of the biomass 

burning PM containing anhydrosugars and this indirectly influences the CCN activity of 

the PM, possibly forming clouds.  

2.7.3. Soil 

The reactivity of anhydrosugars confers on them the advantage of being good 

tracers for degradation of organic carbon in soil, including both PyC and more generally 

the larger OM pool. However, for this application, the production yields and ratios of 

anhydrosugars in the charcoal must be understood so that variation in concentrations 

observed in soils can be ascribed to changes in source patterns versus changes in 

degradation. The general pattern observed in soil regarding isomer/levoglucosan ratios is 
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consistent with the pattern of pyrolytic yields of anhydrosugars, which vary with 

vegetation type. This pattern shows that levoglucosan is more abundant compared to its 

isomers (see Table 2.3 and Figure 2.2). Hypothetically, deviations from the expected 

isomer/levoglucosan ratios can indicate degradation. Therefore, it is important that future 

studies measure the anhydrosugar ratios in fresh chars from open fires and use them as a 

reference to assess their post-fire degradation in soil.  

By analyzing processes and transport in soil, several new tracing opportunities 

emerged that could help better understand anhydrosugar degradation and distribution as 

well as other processes in the soil reservoir. High temperature processes during burning 

may degrade anhydrosugars and transform them into other molecular tracers. A new 

tracer, the anhydrosugar/polysaccharide ratio, could be used to trace polymerization 

reactions during combustion of biomass. In addition, post-fire changes in this ratio may 

help to understand degradation of anhydrosugars in the char but also microbial processes 

in soil, due to presumably easier degradation of anhydrosugars compared to 

polysaccharides. Organo-mineral interactions may increase the long-term preservation of 

anhydrosugars in soil and help stabilize soil carbon by forming organo-metal complexes. 

Such products have been observed for levoglucosan in relation to Pd and Cu and the 

preferred binding mechanism is the ligand exchange, which is one of the most stable 

organo-metal binding mechanisms. Anhydrosugar complexation with other metals (e.g., 

Fe and Al) present in common soil minerals has not been studied yet. Future research 

should address this limitation from various perspectives, including anhydrosugar lifetime, 

soil carbon, carbon storage mechanisms, and decoupling of PyC phases. While organo-

mineral interactions can stabilize anhydrosugars in soil, dissolution can reverse this 
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process and cause additional losses of particulate PyC.  One hypothesis to be tested is that 

the loss of dissolved anhydrosugars from soil is significant over time in humid 

ecosystems, where transport does not limit the removal of dissolution products, while 

such loss could be assumed to be negligible in arid ecosystems. Another hypothesis to 

study is that the decoupling of dissolved and particulate PyC starts on land. To test this 

hypothesis, anhydrosugars could be used to trace the mobilization mechanisms driving 

the vertical (within soil profile) and horizontal (along the landscape) partitioning of the 

two phases. A more complete understanding of anhydrosugar lifetime and decoupling of 

PyC, should also consider the effects of soil erosion, physical degradation, colloidal and 

groundwater transports and spatial scale on degradation and distribution of PyC 

components.  

Although biodegradation can significantly affect anhydrosugars in soil, their 

simple interaction with microbial communities could be used as a tracer itself, as for 

example, to trace post-fire OM-microbial interactions. The inclusion of a fourth 

anhydrosugar (levoglucosenone) for this purpose may help to clarify whether this 

anhydrosugar is a product of biotic or abiotic degradation and expand its tracing 

potential. For example, changes in the levoglucosenone/levoglucosan ratio may provide 

additional information to the use of isomer/levoglucosan ratio to infer environmental 

conditions or paleoclimate transitions. 

2.7.4. Hydrosphere 

Anhydrosugars have properties that make them highly relevant to the hydrosphere 

and the PyC cycle but they have not been used yet to address important uncertainties, 

such as riverine fluxes of PyC and/or TOM to the ocean, including the effect of 
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intermediary sources and sinks (wetlands, deltas) on such fluxes. Anhydrosugars also 

could be useful as a novel tracer of TOM, providing information for the carbon cycle that 

is different from that already available from existing organic tracers (e.g. lignin phenols 

or plant waxes).  

With respect to lifetime, quantification of concentration losses of anhydrosugars 

due to various processes specific to riverine and marine systems is necessary. Dissolution 

losses of particulate anhydrosugars may be significant and strongly affect their lifetimes. 

Additionally, dissolution losses contribute to the fraction of total dissolved PyC. Using 

dissolved anhydrosugars as tracers, we could also improve the estimate of the PyC 

fraction of the global riverine DOC flux. To better constrain this PyC fraction and 

anhydrosugars lifetime, we also must quantify the extent of microbial degradation of 

dissolved anhydrosugars. The limited information available in the literature (Norwood et 

al. 2013) suggest that dissolved anhydrosugars may degrade faster in rivers compared to 

particulate ones, and this difference in degradation could also be used to trace the 

decoupling of PyC phases in rivers. Although levoglucosan has been observed to be 

predominantly transported in the dissolved phase (Myers-Pigg et al. 2017), no direct 

evidence exists to support that different anhydrosugar phases degrade differently in real 

riverine settings. To address this limitation, it is particularly important to study 

anhydrosugars in large rivers because their significant contribution of OC to the marine 

environment makes them highly relevant to the carbon cycle. Because of a longer 

exposure time of anhydrosugars in such systems (including intermediary deposition or 

sorucing), we could better study their dissolution and degradation, and the decoupling of 

PyC phases. Using sediment transport concepts, we hypothesize that anhydrosugars 
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transport could be modeled as: (1) suspended sediment (in association with charcoal 

particles), (2) washload (adsorbed onto clay minerals or mud sediment) and (3) dissolved 

in river water.  

Partitioning of PyC phases also may occur in the ocean and affect the marine 

lifetimes of anhydrosugars. Quantifying this phase partitioning from the perspective of 

anhydrougars can help to better constrain their concentration in sediments and the 

dissolved and particulate PyC fluxes in the ocean. In the marine environment, adsorption 

of the dissolved phase on sinking POC could be an important input to the marine 

sediment pool, as inferred from studied DBC molecules, such as BPCAs (Coppola et al. 

2014). However, desorption may cancel out this sink from the aqueous phase. Given that 

sedimentation in the abyssal ocean is very slow (see section 2.4.2), desorption is highly 

probable. Therefore, anhydrosugars may be vulnerable to both processes in the ocean. 

Overall, a combined degradation, sedimentation, phase partitioning and transport 

approach could help estimate the marine lifetimes of anhydrosugars by varying oxic and 

anoxic conditions. As observed for organic matter, preservation of anhydrosugars would 

be more important in anoxic waters or in association with mud sediment deposited at the 

seafloor. In this context, high concentrations of anhydrosugars in paleo-sediments may be 

indicative of ocean anoxia and/or low OM fluxes that could potentially be linked to past 

climate.  

Anhydrosugars may help to clarify aspects of the carbon cycle (e.g., terrestrial 

sources in the ocean), in a similar way in which lignin markers have been used 

previously. This could occur either with or without ancillary δ13C signature of individual 

anhydrosugars and their oxidation products. As starting points, the δ13C values of 
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anhydrosugars and the degradation δ13C signatures of particulate and dissolved 

levoglucosan are known (see section 2.4.1). Further research is needed to quantify similar 

degradation signatures of mannosan and galactosan. Ideally, two generations of 

degradation products should be considered in this regard for all anhydrosugars.  

2.7.5. Cryosphere 

Anhydrosugars have not been extensively studied in the cryosphere but 

pioneering studies point out that they are important tracers for fire, vegetation source and 

climate. Being associated with light absorbing PyC material, anhydrosugars can influence 

the ice melting and radiative forcing of the atmosphere but it is uncertain how important 

these impacts are. Although anhydrosugars have been detected in various parts of the 

cryosphere, they have not seen a wide application as tracers for fire, climate and 

vegetation, and for their interconnectedness.  

An interesting pattern has emerged when comparing concentrations of 

levoglucosan during glacial and interglacial periods. In general, concentrations in polar 

regions were lower during the interglacial periods compared to the glacial ones. 

Hypothetically, this could be the result of atmospheric oxidation during transport as has 

been inferred from contemporary POC in alpine ice cores (Legrand et al. 2007). 

Understanding how oxidizing the atmosphere was in the past can help understand 

atmospheric chemistry and its effects on climate. Past atmospheric chemistry is usually 

inferred from gases trapped in ice cores. In this context, anhydrosugars in ice/snow also 

may be used as tracers for the oxidative capacity of the atmosphere and, by extension, 

climate.  
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A critical point in the interpretation of the cryospheric record of anhydrosugars is 

their measured concentrations. For accurate interpretations, it is essential that we 

understand both the pre- and post-deposition concentrations, implying the use of CTMs 

to constrain the dry/wet deposition of anhydrosugars. Further, physico-chemical models 

for ice and snow would constrain the post-deposition concentration. Currently, both 

atmospheric CTMs and ice/snow models do not include anhydrosugars, while ice/snow 

models have not been yet developed to integrate a more robust coupling of the ice 

physics and chemistry. Therefore, there is a need for model development in both 

directions - CTMs and ice/snow models - to better constrain the concentrations of 

anhydrosugars seen in the cryosphere.  

The physico-chemical processes in ice/snow, ice morphology and physics, and 

properties of anhydrosugars suggest that the post-deposition concentration may change 

but we do not understand how important the changes are and whether anhydrosugars 

migrate into the ice matrix/snowpack from the point of deposition. Freezing, melting, 

dissolution, adsorption/desorption and photochemistry are main controls on the post-

deposition concentration of anhydrosugars and their lifetimes. Potential new research 

could be developed to assess the controls individually through experiments and field 

observations and incorporate this understanding in physico-chemical models for ice or 

snow. Priority should be given to understanding the effects of freezing and melting, 

including dissolution in the liquid water and brine because of the combined impact on the 

reactivity of ice and redistribution of molecules in the ice matrix that may significantly 

alter the post-deposition concentration of anhydrosugars. In addition, the high-water 

solubility of anhydrosugars suggests new opportunities for anhydrosugars in the 
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cryosphere, such as tracing the PyC fluxes between the seawater and ice during melting 

and desalination. Adsorption and photochemistry at the air-ice interface are also key 

controls on anhydrosugar concentrations to consider in future cryospheric studies.  

2.7.6. Sediments 

Increased evidence of anhydrosugars in sediments demonstrate that, despite their 

chemical lability, they are reliable markers for past fire activity and could be very helpful 

in the interpretation of climate and vegetation shifts throughout the Earth history (e.g., 

mid-Pleistocene) or even beyond if used in conjunction with molecular charcoal tracers 

(PAHs). However, the conditions of their preservation and diagenesis, their sources and 

sedimentation are still not understood in sedimentary environments and this makes the 

interpretation of their concentration uncertain from a more holistic perspective of tracing 

the relationship between fire, climate and vegetation. In addition, quantification of very 

low anhydrosugar concentrations, which typically exist in paleosediments, is not well 

resolved. A higher vertical resolution of sampling is needed in the sediment cores to 

ensure a more direct comparison with charcoal particle concentrations and/or other 

charcoal constituents (PAHs, BPCAs). 

Understanding the variability in sources of anhydrosugars in sediments 

(atmospheric versus riverine) and their preservation in sedimentary environments are 

important to understand climate (dry versus wet) and the conditions in those 

environments (oxic versus anoxic, OM flux). Rivers can deliver high fluxes of sediments 

to the coast if sufficient rainfall exists, thus peak concentration of anhydrosugar at 

sediment depth may coincide with a historical flood event that succeeded a fire event. 

Drier conditions would encode lower pulses of these fire tracers in sediments. 
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Atmospheric deposition may be more important in marine sediments far from the coast, 

but the concentration of anhydrosugars would be lower than that from a riverine input 

because of the atmospheric aging of PM. Preservation of anhydrosugars in sediments 

could be indicative of water column anoxia and limited marine productivity, another 

tracing potential of anhydrosugars that has not yet been explored.  

 New research should consider using stable carbon isotope analysis of 

anhydrosugars to better understand their degradation and to distinguish between primary 

(vegetation) and secondary (atmospheric, riverine) sources of anhydrosugars in lacustrine 

and marine sediments. If we could isotopically label degradation processes of both 

particulate and dissolved anhydrosugars, their use as markers for such processes may 

provide new research opportunities. First steps have been already taken to determine 

changes in δ13C of levoglucosan due to thermal degradation (Sang et al. 2012) and 

atmospheric oxidation (Sang et al. 2016). However, more research is needed to improve 

the isotopic distinction between different degradation processes of levoglucosan and 

develop similar signatures for its isomers. In addition, the anhydrosugar/PAH ratio may 

be useful to trace the degree of reworking of sediments from many perspectives, such as 

hydrologic cycling, degradation of TOM and decoupling of PyC phases. 
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Chapter 3  

Atmospheric degradation of 

levoglucosan and its implications 

using 0-D modeling  

3.1. Introduction 

Knowledge of the atmospheric lifetimes of biomass burning emissions is 

fundamental to predicting their impacts on photochemistry, air quality and climate. The 

organic compounds included in these emissions, denoted as pyrogenic carbon (PyC), 

cover a wide range of chemistries and phases, making the determination of individual 

lifetimes challenging. In the atmosphere, PyC can be in the condensed phase 

(predominantly as semi- and non-volatile particulate matter, PM) and/or in the gas phase 

(volatiles). Both phases participate in atmospheric photochemistry. For instance, volatile 

organic compounds (VOC) react with hydroxyl radical (OH) and contribute to 

tropospheric ozone (O3) formation. Other gases released during biomass burning, such as 

polycyclic aromatic hydrocarbons, can be oxidized, the products of which may form PM. 

Both directly emitted and secondarily formed PM alters visibility (through light 

extinction), photochemistry (via both heterogeneous and homogeneous processes), 
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human health (through respiration) and climate forcing (via absorption/scattering of solar 

radiation). Depending on its chemical and physical properties, PM also participates in 

cloud formation as cloud condensation nuclei and influences the physics and chemistry of 

clouds. Through alterations of physical properties of clouds, PM indirectly contributes to 

climate forcing. The magnitude and the extent of PyC impacts depend on its atmospheric 

lifetime.  

Anhydrosugars, the most abundant of which is levoglucosan (LEV), are molecular 

tracers of PyC that traditionally have been used as markers for biomass burning in 

ambient aerosols or wildfires in sediments and ice cores (Suciu et al. 2019 and references 

therein). However, their degradation and lifetimes are not well understood in any 

environment, including the atmosphere and cryosphere, two environments that are 

connected via atmospheric transport and deposition of such PyC tracers. Therefore, 

understanding the atmospheric fate of anhydrosugars is essential not only to understand 

the fire effects on air quality but also to interpret fire records in ice and to study the 

complex relationship between fire, vegetation, and climate. 

Experimental laboratory studies (in chambers or flow tubes) on LEV chemical 

degradation suggest that its atmospheric lifetimes vary widely, from minutes to months 

(Table 2.4). In addition, the multiphase character of LEV and its gas-particle partitioning 

(G/P) between phases has not been explicitly considered yet in laboratory studies of its 

chemical kinetics. Given its semi-volatile nature, the evaporation/condensation effect in 

conjunction with chemical kinetics must be given attention in the estimation of LEV 

lifetimes, especially those with respect to chemical degradation. Some models, such as 

the non-equilibrium kinetic evaporation model of May et al. (2013) consider this.  
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To estimate more accurately the atmospheric degradation time scales (modeled 

decay of concentration over time relative to initial concentration), anhydrosugar 

chemistry must be studied in more complex atmospheric settings than those reproduced 

in the laboratory. This could be achieved using three-dimensional (3-D) chemical 

transport models (CTMs). However, current CTMs do not treat anhydrosugars 

individually in their chemical mechanisms. This is partly because these models often are 

motivated by the need to quantify only PM mass to meet air quality legislation. Thus, 

studies often report modeled species such as PM2.5 (that with diameters smaller than 2.5 

microns), organic carbon in PM (OC), and black carbon (BC) (In et al. 2007; Alvarado et 

al. 2009; Simon and Bhave 2012; Pye and Pouliot 2012; Heron-Thorpe et al. 2014; 

Alvarado et al. 2015). Moreover, because anhydrosugars are also semi-volatile, placing 

them into just one single category (i.e., PM2.5) is inaccurate. In general, individual 

emissions from biomass burning are lumped into categories, assuming that all species 

behave identically with respect to chemical and physical transformation or loss. While 

this assumption eases the computational burden of the chemistry and physics of the 

model, it can yield inaccurate results regarding the modeled species; it also does not 

allow the study of tracers individually.  

This study uses a zero-dimensional (0-D) modeling framework to study the 

chemical degradation of anhydrosugars. Because the two isomers of LEV (mannosan and 

galactosan) have similar structures but different arrangements of the hydroxyl groups, 

this study only focuses on chemical reactions involving LEV. A future goal is to expand 

this model development to include the degradation of the two isomers and then to 

implement the full mechanism of anhydrosugar degradation into 3-D CTMs. The 0-D 



 

98 

 

modeling approach here can identify model uncertainty attributable to the mechanism 

only; when the mechanism is used in a CTM, other sources of uncertainties (advection, 

diffusion, deposition, etc.) in the overall uncertainty of the model predictions can be 

assessed. 

Several research questions pertinent to the chemical degradation of LEV are 

addressed in this study. These will be addressed after a discussion of the model 

framework and development.  

First, I explore the degradation time scale of LEV, and what can be inferred from 

it relative to other processes (transport, deposition, etc.) regarding the scale of its impact 

(local versus regional). For example, isolating the effect of chemistry from transport or 

other physical processes may yield different degradation time scales, resulting in different 

inferred transport distances, impacting whether local- or regional-scale chemistry may be 

the dominant process controlling LEV’s lifetime (Figure 3.1). 

 

 

Figure 3.1 The distance at which chemical controls on levoglucosan lifetime may dominate the physical 

controls (i.e., deposition) mainly depends on meteorology (i.e., advection) 

 

Second, I examine the contribution of LEV degradation to the formation of 

secondary organic aerosols (SOA), including changes in total PM mass and the relative 
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importance of degradation products. Significant LEV degradation may lead to higher 

SOA yields. This information can further be used as a reference to understand SOA 

formation in a 3-D CTM framework.  

Third, I examine how LEV degradation affects the concentrations of other gases 

such as O3 and its precursors, nitrogen oxides (NOx = nitric oxide (NO) + nitrogen 

dioxide (NO2)) and VOC, and total reactive nitrogen (NOy) and NOx oxidation products 

(NOz = NOy – NOx). Considering its multiphase chemistry that also generates peroxy 

radicals (RO2), LEV may have an important effect on these pollutants.  

3.2. Modeling approach 

3.2.1. Overview of the 0-D modeling framework and mechanisms 

The 0-D model used in this study (BOXMOX v1.7) (Knote et al. 2015) is a 

publicly available software that expands on earlier code, the Kinetic Pre-Processor (KPP 

v2.1) (Sandu and Sander 2006). The two models are briefly described below. 

The KPP generates code using chemical reactions and their respective reaction 

rate coefficients as inputs (Sandu and Sander 2006). The rate of change in concentration 

of a species i (
𝑑𝐶𝑖

𝑑𝑡
) is expressed as the difference between its production (P) and loss (L) 

rates (eq. 1). 

𝑑𝐶𝑖

𝑑𝑡
= 𝑃 − 𝐿          (1) 

The generated code (which determines the P and L terms in eq. 1) then is used in a 

temporal integration to compute the change in concentration of the individual reactants 

and products based on the ordinary differential equations (ODE) system. The KPP offers 
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a variety of stiff numerical integrators that can be selected by the user in order to 

maximize the computational efficiency of the ODE system within a low to medium 

accuracy regime (Sandu and Sander 2006).  

The BOXMOX extends the KPP capabilities even further, by providing a 

framework in which various numerical experiments are possible, such as chamber 

experiments or boundary layer atmospheric chemistry numerical experiments (Knote et 

al. 2015). These are possible with the addition of a wrapper to the KPP. The wrapper 

allows the user to add inputs to the model, such as initial conditions, environmental 

conditions, boundary conditions, time-varying photolysis rates, turbulent mixing, 

emissions, deposition, etc., in order to run numerical experiments; it also allows the user 

to add new code to further develop the model. The model outputs time series of species 

concentrations, rate constants and other user-specified variables.  

3.2.2. Mechanistic development 

Integration of the multiphase chemical degradation of LEV into existing chemical 

mechanisms of BOXMOX consisted of adding chemical reactions along with their 

reaction rate coefficients to existing homogeneous gas-phase and heterogeneous 

mechanisms. These existing mechanisms have been already implemented and tested by 

the BOXMOX developers (Knote et al. 2015). 

Based on its similarity to mechanisms used in 3-D CTMs, Carbon Bond version 

2005 with Toluene Updated Chlorine Chemistry updated by the U.S. EPA to include 

additional tropospheric chemistry (CB05TUCl_EPA) was chosen as the homogeneous 

gas-phase mechanism. It includes 148 chemical reactions that constitute the core of the 

mechanism or the “CB05” part (Yarwood et al. 2005; Whitten et al. 2010), 23 reactions 
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for the reactive chlorine chemistry or the “TUCl” part, 10 reactions for formation of 

secondary aerosols from gas-gas reactions, and 24 photolysis reactions (Knote et al. 

2015). In total, the overall gas-phase mechanism included 205 reactions and 82 variable 

species, describing the gas-phase tropospheric photochemistry. The present study 

extended the CB05TUCl_EPA mechanism to include LEV chemistry in the gas phase, 

respectively 13 reactions and 10 species (both intermediary and 1st or 2nd generation 

products) (see Table I-1, Appendix I). (Chemical structures are shown in Figure II-1 and 

Figure II-2, Appendix II). Thus, the total number of reactions and variable species in the 

updated gas-phase mechanism increased to 218 and 99, respectively.  

The homogeneous gas-phase reaction rate coefficients (Table I-1, Appendix 

IAppendix I) were modeled as constants (when available in the literature) or as Arrhenius 

type reaction rate coefficient (eq. 2) using functions developed previously (Knote et al. 

2015) and measured, assumed or calculated parameters:  

𝑘 = 𝐴 ∗ 𝑒𝑥𝑝 (
−𝐸

𝑅𝑇
)        (2) 

where k is the homogeneous gas-phase reaction rate coefficient (cm3 molecules-1 s-1), A is 

the collision frequency factor (cm3 molecules-1 s-1), E is the energy barrier for the 

reaction (kJ mol-1), R is the ideal gas law constant (J mol-1 K-1) and T is temperature (K).  

The collision rate coefficient A, when not available in the literature, was 

calculated using eq. 3 (Seinfeld and Pandis 2006) applied to two spherical bodies 

(molecules) A and B: 

𝐴 = 𝜋𝑑2√(
8𝑘𝐵𝑇

𝜋𝜇
)        (3) 
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where d2 represents the squared sum of the two radii of A and B (m2) while the term 

under the square root is the relative velocity of the A and B collision bodies in which kB 

is the Boltzmann constant (1.381 x 10-23 J K-1) and μ is the reduced mass (eq. 4): 

𝜇 =
𝑚𝐴∗𝑚𝐵

(𝑚𝐴+𝑚𝐵)
         (4) 

The heterogeneous chemical mechanism HETCHEM was developed by Knote et 

al. (2015) to model the heterogeneous interaction between dinitrogen pentoxide (N2O5) 

and water bound to solid aerosols or PM. The heterogeneous reaction rate (kSFC_REACTION) 

was modeled by Knote et al. (2015) based on 1st order surface uptake from Fuchs and 

Sutugin (1971) (eq. 5): 

𝑘𝑆𝐹𝐶_𝑅𝐸𝐴𝐶𝑇𝐼𝑂𝑁 =
1

4
∗ 𝛾 ∗ 𝜔 ∗ 𝑆𝐴𝐷      (5) 

where γ represents the uptake coefficient of the gas-phase oxidant species i (ranging from 

0 to 1), ω is the mean molecular velocity (m s-1) and SAD is the aerosol surface area or 

surface area density (m2 m-3). The mean molecular velocity is calculated via eq. 6: 

𝜔 = 1.455 ∗  102  ∗ √
𝑇

𝑀𝑊 ∗103      (6) 

where T is the temperature (K) and MW is the molecular weight of the gas species (kg 

mol-1). 

Using the same expression for the heterogeneous reaction rate as in eq. 5, the 

heterogeneous chemistry of LEV was implemented in the form of 1st order reactions (see 

Table I-2, Appendix I) and using uptake coefficients (γ) available from literature 

(experimental measurements) or calculated in this study based on collision theory 

(Seinfeld and Pandis 2006), thermodynamic parameters from Bai et al. (2013), and the 

relationship between γ and the 2nd order heterogeneous reaction rate constant for the 
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reaction of LEV with the OH radical (Kessler et al, 2010). When the uptake coefficient 

was not available in the literature, eq. 7 was used to calculate the uptake coefficient for 

the heterogeneous reaction of particle-phase LEV (and its degradation products): 

𝛾𝑖,𝑂𝐻 =
2𝐷0𝜌𝑖𝑁𝐴

3𝑐�̅�𝐻𝑀𝑖
𝑘𝑖,𝑂𝐻        (7) 

where 𝛾𝑖,𝑂𝐻 is the effective gas-phase oxidant uptake coefficient by species i (here, the 

gas-phase oxidant being OH), 𝐷0 is the surface-weighted average diameter of the particle 

at the beginning of the experiment (in this study, the particle diameter was assumed to be 

constant throughout the simulations and is denoted as 𝐷𝑝), 𝜌𝑖 is the density of the organic 

species, 𝑁𝐴 is Avogadro’s number, 𝑐�̅�𝐻 represents the average velocity of the gas-phase 

OH radical (or other oxidant), 𝑀𝑖 is the molecular weight of the organic species and 𝑘𝑖,𝑂𝐻 

is the 2nd order heterogeneous reaction rate constant. This study used an average of 

several measured heterogeneous reaction rate constants (2.85 x 10-13 cm3 molec-1 s-1) by 

Slade and Knopf (2014). This value was assumed for all LEV degradation products 

(including for the radical LEVROOH, see reaction 9 in Table I-2) due to the fact that 

experimental heterogeneous reaction rate coefficients have not been measured for LEV 

products. 

The G/P mechanism used in this study (see its implementation in part 2, Appendix 

I) was taken from May et al. (2013) and describes the rate of change in concentration of 

both gas-phase and particle-phase species due to evaporation and condensation (eq. 8 and 

9).  

𝑑𝐶𝑝,𝑖

𝑑𝑡
= −𝐶𝑆(𝑋𝑚,𝑖𝐾𝑒𝑖𝐶𝑖

∗ − 𝐶𝑔.𝑖)      (8) 

𝑑𝐶𝑔,𝑖

𝑑𝑡
= −

𝑑𝐶𝑝,𝑖

𝑑𝑡
         (9) 
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Both phases are tracked simultaneously based on the difference between the gas-

phase concentration of species i (𝐶𝑔.𝑖) and the theoretical surface equilibrium 

concentration (𝐶𝑖
∗) (eq. 10), corrected for the mass fraction of species i in the particle 

phase (𝑋𝑚,𝑖) (eq. 11) and the Kelvin effect (𝐾𝑒𝑖) (eq. 12):  

𝐶𝑖
∗(𝑇) = 𝐶𝑖

∗(298 𝐾)𝑒𝑥𝑝 [−
∆𝐻𝑣𝑎𝑝,𝑖

𝑅
(

1

𝑇
−

1

298 𝐾
)]

298 𝐾

𝑇
    (10) 

where 𝐶𝑖
∗(298 𝐾) represents the saturation concentration of species i at 298 K, ∆𝐻𝑣𝑎𝑝,𝑖 is 

the enthalpy of vaporization of species i, T is temperature and R is the ideal gas constant. 

𝑋𝑚,𝑖 =
𝑓𝑖𝐶𝑡𝑜𝑡

𝐶𝑂𝐴
(1 +

𝐶𝑖
∗(𝑇)

𝐶𝑂𝐴
)

−1

       (11) 

where 𝑓𝑖 represents the mass fraction of the organic species i, 𝐶𝑡𝑜𝑡 is the total 

concentration of the organics (gas and aerosol phases) and 𝐶𝑂𝐴 is the total concentration 

of organic aerosols. 

𝐾𝑒 =
4𝜎𝑀𝑊𝑖

𝜌𝑅𝑇𝐷𝑝
         (12) 

where 𝜎 represent the surface tension of the bulk particle, 𝑀𝑊𝑖 is the molecular weight of 

the organic species i, 𝜌 is the bulk density of the particle and 𝐷𝑝 is the particle diameter.  

The first order condensation sink (CS) (eq. 13) is a function of the particle 

diameter (𝐷𝑝), total particle number concentration (𝑁𝑡), diffusion coefficient of the 

organic vapor in air (𝐷) and the Fuchs-Sutugin correction factor (𝐶𝐹−𝑆) that accounts for 

effects of non-continuity (eq. 14).  

𝐶𝑆 = 2𝜋𝐷𝑝𝑁𝑡𝐷𝐶𝐹−𝑆        (13) 

The Fuchs-Sutugin correction factor (eq. 14) depends on the Knudsen number 

(𝐾𝑛) and the mass accommodation coefficient (𝛼).  
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𝐶𝐹−𝑆 =
1+𝐾𝑛

1+0.3773𝐾𝑛+1.33𝐾𝑛
1+𝐾𝑛

𝛼

       (14) 

The Knudsen number (eq. 15) is defined as the ratio between the mean free path 

of organic molecules in air (λ = 62.5 nm, May et al. 2013) and the particle radius (𝐷𝑝/2).  

𝐾𝑛 = 2
𝜆

𝐷𝑝
         (15) 

The mass accommodation coefficient represents the probability of a vapor to stick 

to the particle surface once a collision occurs; numerically, α ranges from 0 (no 

accommodation) to 1 (perfect accommodation) (Seinfeld and Pandis 2006). 

3.3. Simulations and sensitivity analysis 

Multiple 7-day simulations were run at 10-second temporal resolution in various 

scenarios, from very fast (default case) to relatively very slow heterogeneous chemistry. 

The heterogeneous chemistry was varied to account for other controls on LEV 

concentration that were not explicitly considered in the present 0-D modeling approach, 

such as aerosol matrix effects (composition, mixing state, multilayer kinetics, liquid 

water content, etc.). These additional controls were lumped into a single factor (F) which 

was varied from 1.0 (default case) to lower values (0.1, 0.01 and 0.001) in order to 

decrease the heterogeneous reaction rates. In addition, the mass accommodation 

coefficient (see eq. 11), related to the G/P partitioning mechanism, also was varied from a 

default case (which is 0.1 for a system in equilibrium, May et al. (2013)) to lower values 

(0.01 and 0.001).  

The initial conditions of aerosol-phase LEV represent the average of initial 

concentrations used in chamber experiments (Hennigan et al. 2010; Lai et al. 2014) 
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(Table II-1, Appendix II). The initial LEV concentration in the gas phase was set to its 

vapor pressure in all the scenarios (Table II-1, Appendix II). Initial conditions of other 

species in the chemical mechanism and photolysis rate constants corresponding to the 

location, altitude and timing of a small prescribed-fire plume in South Carolina (Sullivan 

et al. 2014), were obtained from 1-h resolution of daily 3-D CTM simulations 

(Community Multi-scale Air Quality Model) using inputs (emissions and meteorology) 

from Rasool et al. (2016).  

The aerosol particle diameter (𝐷𝑝), air temperature, pressure and relative humidity 

values used in the simulations represent the values used in chamber experiments 

(Hennigan et al. 2010; Lai et al. 2014), while other variables were assumed (Table II-1, 

Appendix II).  

3.4. Results and discussion 

3.4.1. Model evaluation 

The model was evaluated by comparing simulation outputs (i.e. concentration) 

with experimental chamber data in scenarios in which simulations were run with similar 

conditions used in the chamber experiments. For evaluated scenarios, the contributions of 

LEV degradation to SOA, change in total PM mass and effects on other gases were 

investigated. A sensitivity analysis was performed to predict degradation time scale of 

LEV and formation of SOA. 

The two-phase (gas-aerosol) modeling of LEV degradation was evaluated by 

comparing the time-series of LEV concentration resulting from simulations with those 

obtained from laboratory chamber experiments over 5 hours (Figure 3.2).  
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Figure 3.2 Simulated LEV degradation (lines) and measured LEV degradation (points); Color represents 

conditions from different chamber experiments taken from two studies (red – Hennigan et al. (2010) and 

blue – Lai et al. (2014)) used in the simulations. LEV concentration is normalized by the initial 

concentration in each experiment/simulation (LEV/LEV0). 

 

Overall, the predicted LEV degradation follows closely the measured LEV 

degradation in relatively slower heterogeneous chemistry scenarios (F = 0.002; 0.004; 

0.02; 0.03, depending on the experimental data considered) and at low mass 

accommodation coefficient (0.001). However, the model does not capture fast 

degradation in one case (red dots) in the first hour of simulation and the plateau observed 

after three hours (diamonds and triangles). While the first case can be explained by error 

in the measurements (larger error bars), the second case could be explained by the fact 

that, in chamber experiments, the build-up of matter at the surface of the aerosol prevents 

LEV in the aerosol from reacting with gases or partitioning to the gas phase.  
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One-to-one comparison of predicted versus measured LEV degradation (Figure 

3.3) from all the simulated scenarios (red and blue) shows that the model performs very 

well for some of the data points (those that fall within the ± 30% limits) but the average 

absolute error of the model is relatively large (48%), in part due to limited chamber data 

availability. Overall, the model underpredicts the LEV concentration (average relative 

error of -48%). The linear agreement between the model predictions and the experimental 

data is strong (coefficient of determination of 0.78). 

While only the first five hours of the simulations could be evaluated using 

chamber measurements, the simulated LEV degradation continued after this time until 

LEV concentration was zero, respectively 1.5-3.5 days in the gas phase and 8-21 hours in 

the aerosol phase (Figure 3.4). These longer time scales are assumed representative 

degradation time scales of LEV.  

The relative importance of degradation products (see Table I-1 and Table I-2 in 

Appendix I for processes leading to formation of these products) differs in the two phases 

with LEVP4 and LEVP5 dominating the gas phase and LEVP6, LEVP7, and LEVP2 

dominating the aerosol phase over the first 5 hours (Figure III-1 to Figure III-4, Appendix 

III). The relative importance of products slightly changes beyond 5 hours, particularly in 

the aerosol phase, in which LEVP3 becomes more important than LEVP2. Decreasing the 

rate of heterogeneous chemistry (via F) has a little effect on the relative importance of 

products (shifts the timing of the maximum concentration in both phases) but has a more 

important effect on the magnitude of concentration (becomes lower in the aerosol phase 

and higher in the gas phase, suggesting that evaporation dominates over heterogeneous 

chemistry). The concentrations of products in the aerosol phase are all drivers of SOA 
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yields; it is thus important to know the main molecular SOA composition resulting from 

LEV degradation and G/P partitioning.  

 

 

Figure 3.3 Parity plot of predicted versus measured LEV concentration (normalized by the initial 

concentration). The dotted lines represent the ± 30% error margins. 
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Figure 3.4 Degradation of LEV from valid simulations at constant mass accommodation coefficient (α = 

0.001) (conditions from Hennigan et al. (2010) when F=0.002 and 0.004, and from Lai et al. (2014) when 

F=0.02 and 0.03). 

 

3.4.2. Contribution of levoglucosan degradation to SOA formation 

Traditionally, reactant organic species in the gas phase are considered to 

contribute to new SOA formation (or new SOA mass). However, in this study, since LEV 

is present in both phases and its chemistry generates products in both phases that can 

partition from one phase to another, LEV_G (gas) and LEV_A (aerosol) can both be 

treated as SOA precursors. Thus, they are both included in the SOA yield calculation. 

Using equation 16, the SOA yield is calculated as the ratio between the mass of SOA 

formed and the mass of the reacted precursors (Stefenelli et al. 2019). 

𝑆𝑂𝐴 𝑦𝑖𝑒𝑙𝑑 (%) =
∑ 𝐿𝐸𝑉𝑃𝑖−𝐴𝑛

𝑖=1

𝐿𝐸𝑉−𝐺+𝐿𝐸𝑉−𝐴
      (16) 

where 𝐿𝐸𝑉𝑃𝑖−𝐴  represents a LEV oxidation product in the aerosol phase and n = 7. The 

terms represent mass concentrations. Formation of SOA from LEV degradation occurs 
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rapidly (in the first 1-12 minutes of the simulation), with maximum SOA yields ranging 

from 5 to 32% (Figure 3.5).  

 

 

Figure 3.5 Evolution of SOA yields from LEV degradation using simulations at constant mass 

accommodation coefficient (α = 0.001) (conditions from Hennigan et al. (2010) when F=0.002 and 0.004, 

and from Lai et al. (2014) when F=0.02 and 0.03). 

 

Among the simulated scenarios, the largest SOA yields resulted from slightly faster 

heterogeneous chemistry scenarios (by one order of magnitude), initialized with higher 

LEV_A concentrations (by one order of magnitude) and occurring on larger particles 

(larger diameter by a factor of two) (Figure 3.5 and Table II-1). The total aerosol mass 

(the sum of concentrations of all LEV-related aerosol species, including the radicals) also 

increased by 14 % in the first minutes and remained constant throughout the simulation 

period. This suggests that the multiphase chemistry of LEV along with its phase 

partitioning cannot be ignored in assessments of fire air quality effects and can have 

variable effects on SOA yields depending on the initial conditions and aerosol properties. 
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3.4.3. Effects of LEV degradation on other gases 

Chemical degradation of LEV and its products involves their interaction with key 

gas-phase oxidants, such as OH, nitrate radical (NO3) and O3, NOx, nitric acid (HNO3), 

dinitrogen pentoxide (N2O5), NOz and other VOC. Thus, implementation of LEV 

chemistry in models can also be used to consider its effects on other atmospheric species 

to better understand the effects of fire on air quality and atmospheric chemistry, such as 

the formation of tropospheric O3 in the presence of NOx and VOC (both emitted from 

fires), conversion of NOx to other reactive nitrogen forms (including nitrated LEV), etc. 

Here, such effects were studied in the model scenarios by comparing the concentrations 

of those species obtained with LEV chemistry and those obtained without LEV chemistry 

(Figure 3.6 and Figure 3.7).  

It was found that LEV chemistry, adjusted for G/P partitioning, on average 

increases the concentrations of OH, NO3, O3, HNO3 and NOz, while it decreases the 

concentrations of N2O5, NOx and total VOC (that does not include LEV_G and LEV_A). 

These effects are the net result of full LEV chemistry in which species may be consumed 

but also may be generated. For example, OH is consumed in reactions 1 and 10 but is 

also generated directly in reactions 4 and 12, and indirectly through its precursor HO2 

that is generated by reactions 3, 6 and 12 (Table I-1, Appendix I). 

 In addition, LEV chemistry modulates the concentration of reactive species that 

also interact with other VOC. Because LEV chemistry increases the concentrations of 

key oxidants (OH, NO3, O3) and the concentration of HNO3, which is a reservoir species 

for OH and NO2, it causes the concentration of total VOC to decrease over time due to 

increased availability of their oxidants. LEV chemistry also causes NOz to increase over 
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time; this can mainly be explained by the formation of nitrated organic compounds 

(LEVP5_G and LEVP5_A) and HNO3 in reactions 13 (Table I-1) and 14 (Table I-2). 

LEV chemistry also generates NO3 precursors (OH and NO2) that may explain the net 

increase in NO3 concentration (Figure 3.6). 

The effects of LEV chemistry on the O3 versus NOx, O3 versus VOC and O3 

versus VOC/NOx ratio relationships as well as effects on the VOC/NOx ratio itself also 

were studied (Figure 3.8). While the decay of NOx slowed down the increase of O3, the 

decay of VOC had no effect on the rate of O3 formation when total VOC did not contain 

LEV_G and LEV_A. When the latter two were included, the decay of total VOC slightly 

reduced the rate of the O3 increase. The VOC/NOx ratio increases when LEV chemistry is 

considered, driving O3 to reach higher concentrations (117 ppb) compared to the default 

case (without LEV chemistry). Thus, O3 concentration increases when LEV chemistry 

operates in the system regardless if LEV is included or not in total VOC, but its rate of 

increase is only slowed down when LEV is added to total VOC.  
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Figure 3.6 Effects of LEV chemistry on OH, NO3, O3 and NOx (in red, relative to the case without LEV 

chemistry shown in black or grey). The time series represent averages of simulations performed with LEV 

chemistry (dashed red line) and without LEV chemistry (black line) over the 5-h time scale. The box plots 

show the distributions of the species concentration for the entire 5 hours.  
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Figure 3.7 Effects of LEV chemistry on HNO3 , N2O5 , NOz and VOC (in red, relative to the case without 

LEV chemistry shown in black or grey). The time series represent averages of simulations performed with 

LEV chemistry (dashed red line) and without LEV chemistry (black line) over the 5-h time scale. The box 

plots show the distributions of the species concentration for the entire 5 hours.  
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Figure 3.8 Effects of LEV chemistry on the O3 versus NOx, O3 versus VOC and O3 versus VOC/NOx ratio 

relationships and on the VOC/NOx ratio. The two cases in red (with LEV chemistry) refer to the two ways 

in which VOC was determined (with/without LEV_G and LEV_A). The asterisk refers to the inclusion of 

LEV_G and LEV_A in the total VOC. All the plots show simulation results at the 5-h time scale. 

 

3.4.4. Sensitivity analysis 

The most critical aspect of the modelling approach in the present study is the 

heterogeneous chemistry, which assumes that the aerosol surface is composed of pure 

LEV. As mentioned previously (section 2.3), there are many controls that can interfere 

with or inhibit the heterogeneous chemistry of a pure LEV substrate. These controls were 

lumped into a single factor (F) that was varied from a default case (1.0) to cases in which 

heterogeneous chemistry was up to three orders of magnitude slower. While available 

chamber experiments studies offered the opportunity to validate LEV degradation for a 
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given heterogeneous reaction rate coefficient that was reduced by certain F values (see 

section 3.1), other values of F remain open to future evaluations. As a starting point, here 

it is shown how these F values influence the degradation time scale of LEV (Figure 3.9) 

and the SOA yields (Figure 3.10). Within this wide range of heterogeneous reactions 

rates (at constant α = 0.001), the degradation time scale of LEV reaches 5 days in the gas 

phase and 7 days in the aerosol phase (when F = 0.001). These are larger time scales than 

those observed with reaction rates used in chamber comparisons (see section 3.1) and 

suggest that LEV can be transported and deposited both locally and regionally. SOA 

yields vary within the same range (7-32%) as observed in the validated cases (see section 

3.2). Compared to model scenarios evaluated by chamber experiments (Figure 3.5), the 

SOA yields start leveling out only after 4.5 days as opposed to 1 day, suggesting that 

some SOA still form during this time. 

 

 

Figure 3.9 Degradation of LEV by varying the heterogeneous reaction rate coefficient by 4 orders of 

magnitude, at constant mass accommodation coefficient (α = 0.001) (conditions from Hennigan et al. 

(2010)). 

 



 

118 

 

 

Figure 3.10 Effects on SOA yeilds of varying the heterogeneous reaction rate coefficient by 4 orders of 

magnitude, at constant mass accommodation coefficient (α = 0.001) (conditions from Hennigan et al. 

(2010)). 

 

The mass accommodation coefficient, which is an important parameter in the G/P 

partitioning, also was varied by 4 orders of magnitude (0.001, 0.01, 0.1 and 1.0), but it 

was found that α has no effect on LEV degradation. That is, the effect of α is negligible in 

comparison to the effect of the factor slowing down the heterogeneous chemistry (F). The 

mass accommodation coefficient may be more important when the G/P partitioning is 

modeled as gas ↔ aerosol equilibrium reactions in which the partitioning rate coefficient 

is modeled with eq. 13. This is a different way to implement the G/P partitioning in the 

model, but it does not drive the species phase transfer based on the theoretical surface 

equilibrium concentration (eq. 8 and 9). 
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3.5. Conclusions  

Anhydrosugars emitted by biomass burning are relevant tracers of PyC and 

carbon cycling. However, relatively little is understood about their degradation in any 

environment. Atmospheric degradation of anhydrosugars is highly relevant to both 

atmospheric and cryospheric sciences because it can improve the understanding of air 

quality effects of fire as well as the interpretation of fire records, paleoclimate and 

paleovegetation shifts in ice records of anhydrosugar concentrations deposited from the 

atmosphere (Gambaro et al. 2008; Kawamura et al. 2012; Kehrwald et al. 2012; You and 

Xu 2018). Therefore, this study focused on the atmospheric degradation of anhydrosugars 

from the perspective of LEV, the most abundant anhydrosugar on a mass basis. 

Using a 0-D modeling framework, this study implemented multiphase chemistry 

and G/P partitioning of LEV. This addressed several questions by simulating chamber 

experiments. I found that the degradation time scale ranges from 8-21 hours (aerosol-

phase) to 1.5-3.5 days (gas-phase); however, model output was evaluated only for five 

hours using chamber measurements. In addition, a sensitivity analysis investigating a 

factor slowing down the heterogeneous chemistry shows that longer degradation time 

scales can be achieved, ranging 7 days (aerosol phase) to 5 days (gas-phase). These 

longer time scales compare well with those of deposition (1-5 days) but are smaller than 

that of regional transport (10 days), suggesting that both LEV phases can be deposited 

locally and only a little fraction can be transported regionally. However, these time scales 

remain to be evaluated using more extensive measurements from chambers and, possibly, 

from fire plumes. Additional sensitivity analyses using larger initial aerosol LEV 

concentrations in chamber simulations may result in longer degradation time scales of 
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LEV aerosol concentration. Ultimately, implementation of the 0-D model development of 

this study into CTMs will help to clarify the regional transport and deposition of both 

LEV phases.  

 Based on 5-h degradation time scales of LEV, simulated SOA yields ranged from 

5 to 32 % and peaked in the first 1-12 minutes. Varying the heterogeneous chemistry by 

four orders of magnitude in a sensitivity analysis did not result in significantly different 

SOA yields (7-32%), but the decrease in the SOA yields was slower and extended to 4.5 

days, consistent with the simulated degradation time scale of LEV in the same scenarios. 

The total PM mass (determined as the ratio of total aerosol concentration to initial 

LEV_A concentration) increased by 14% in the first 7 minutes of all simulations and 

remained constant over time. The molecular composition of SOA formed from LEV 

chemistry over the 5 hours was dominated by three aerosol products; in order of 

importance, these are LEVP6, LEVP7, and LEVP2. The remaining products (LEVP1, 

LEVP3-LEVP5) were minor or negligible over this time scale.  

Using results from the scenarios compared to experimental results only (first 5 

hours), the addition of the multiphase LEV chemistry and the related G/P partitioning 

mechanism to the 0-D modeling framework has both direct and indirect effects on all the 

gas-phase species considered. It increases the average concentrations of OH, NO3, O3, 

HNO3 and NOz and decreases those of N2O5, NOx and other VOC. These changes are due 

to chemical reactions of the full LEV chemistry which simultaneously consume and 

generate reactive species. Other species, included in the total VOC, are indirectly 

influenced by the LEV chemistry via competition for oxidants or via the oxidant 

concentration mediated by LEV chemistry. The effects of LEV chemistry on O3 are 
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complex: while it slows down its rate of formation by modulating NOx and VOC 

concentrations, it increases the VOC/NOx ratio, which in turn leads to higher O3 (117 

ppb) compared to the case without LEV chemistry (90 ppb). 

The effects of LEV chemistry on NOz (to which LEV directly contributes via its 

nitrated organic degradation product (LEVP5) and indirectly via generation of HNO3 and 

NO3 precursors and consumption of N2O5, NO and NO3 in chemical reactions), are that it 

facilitates the conversion of NOx to other reactive nitrogen forms by enhancing the 

increase of NOz versus time or by increasing the average NOz concentration by 5 ppb. 

Therefore, LEV chemistry drives changes in major air pollutants making it unwise to 

ignore LEV chemistry in future assessments of fire effects on tropospheric O3 and 

nitrogen (NOz) and carbon (VOC) cycles, including tracing PyC. 

Future work should expand model development to include the degradation of the 

two LEV isomers and to implement the full mechanism of anhydrosugar degradation into 

3-D CTMs. The atmospheric implications of anhydrosugar degradation (i.e., SOA 

formation) and their tracing potential could then be evaluated more completely.  
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Chapter 4 

Regional background O3 and NOx in 

the Houston-Galveston-Brazoria (TX) 

region: a decadal perspective  

In the lower troposphere, ozone (O3) has impacts on both human health and 

ecosystems (Pusede et al. 2015), and understanding its mechanisms of production is 

essential to managing these impacts. Surface O3 is the result of both local and regional 

contributions when measured at any given location (Berlin et al. 2013). These 

contributions change in space and time because of dynamic factors that include emissions 

of O3 precursors and meteorology. Understanding these contributions is fundamental to 

the design of more efficient controls on anthropogenic O3 precursors to protect people 

and ecosystems, and to achieve compliance with the National Ambient Air Quality 

Standards (NAAQS) for O3.  

Regional contributions, often denoted as “regional background” (Berlin et al. 

2013; Cooper et al. 2012), are more challenging to estimate because of variable 

influences from regional photochemistry and synoptic air circulation. In contrast, local 

contributions (e.g., from urban activities) are simply the difference between the total 

measured value and regional background. In the Houston-Galveston-Brazoria (HGB) area 
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regional background O3 is not well quantified on the decadal scale, likely due to lack of 

information on the spatio-temporal covariance of O3, precursors and meteorology. 

Consequently, previous investigations of regional background O3 in the HGB region were 

limited by the use of a single variable, the daily maximum 8-h average (MDA8) O3 

(Berlin et al. 2013). No long-term study exists that quantifies the regional contributions to 

direct O3 precursors themselves, such as nitrogen oxides (NOx = nitrogen dioxide (NO2) 

+ nitric oxide (NO)). The goal of this study is to better characterize the trends in regional 

background O3 and NOx in the HGB region on the decadal scale.  

Volatile organic compounds (VOCs) also are important O3 precursors. VOCs 

perturb the photochemical NOx cycle, the governing mechanism of tropospheric O3 

formation, so that O3 mixing ratio increases in their presence. The relative abundance of 

NOx and VOCs mediates O3 production through their individual reactions with the 

hydroxyl radical (OH). The products of VOCs’ reaction with OH (peroxy radicals) react 

more rapidly with NO compared to O3, increasing the minimum O3 maintained by the 

NOx cycle. Therefore, VOC influence is included implicitly in the measured O3 and NOx 

mixing ratios. This work focuses on the O3-NOx-meteorology relationship to constrain 

regional background O3 and NOx and quantify their trends.  

Meteorology influences both transport of pollutants and their chemistry. The 

relevant meteorological variables (wind speed (WS) and direction (WD), temperature (T), 

boundary layer height, etc.) and air pollution co-vary synoptically on time scales of days 

to weeks (Fiore et al. 2015). The effects of meteorology on tropospheric O3 vary across 

the United States (US). Boundary layer height strongly and positively correlates with 

tropospheric O3 in the western US (Reddy and Pfister, 2015). The O3-T relationship is 
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positive in the eastern US but weakens and turns negative along a north-south gradient, 

compared to the western US (Camalier et al. 2007; Tawfik and Steiner 2013; Rasmussen 

et al. 2012; Reddy and Pfister 2015). Wind speed negatively correlates with O3 (Camalier 

et al. 2007; Banta et al. 2011; Reddy and Pfister 2015). Wind direction can either enhance 

or diminish O3, depending on altitude and topography-induced air circulation (Reddy and 

Pfister 2015). More localized controls on decreasing surface O3 include relative humidity 

in the southeast US (Tawfik and Steiner 2013), shallow and deep convection in the 

Houston area (Langford et al. 2010a), and the intensification of southerly flow in the 

HGB region (Liu et al. 2015). Recently, Wang et al. (2016b) reported that the location 

and strength of the Bermuda High (a large scale circulation pattern) together drive the 

interannual variation of the monthly mean MDA8 O3 in the HGB region and may either 

increase or decrease daily MDA8 O3 during summer. Meteorological controls on the 

scale of the US also may play a role in the differential decline during recent decades of 

summer surface O3 observed in the east, southeast and midwest (Cooper et al. 2012; 

Hudman et al. 2009) compared to the west (Cooper et al. 2012). There are different 

meteorological controls in the west (i.e., thermal inversion and orographic lifting 

(Langford et al. 2010b), which can either increase O3 locally or transport O3 up in the free 

troposphere and towards the east. Additionally, the pollution transport from Asia 

contributes to a higher O3 in the western US compared to the eastern US (Cooper et al. 

2012).  

Synoptic air circulation contributes to ground-level O3 in the HGB area in various 

ways. This region is influenced by the development of high pressure centers at various 

altitudes during summer. Analyses of local and high altitude winds identified several such 
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centers around the HGB region, which dictate the predominant WD (compass directions 

such as SW, S, SE, E, NE and N refer to the direction from which the wind originates at a 

given location) (Nielsen-Gammon et al. 2005; Rappenglück et al., 2008). Direct tropical 

storm influences from low pressure zones also were identified in the Houston area 

(Rappenglück et al. 2008). Dry continental air (higher O3) is advected by northerly flow, 

industrial emissions from the Ship Channel and Galveston Bay area are transported by 

easterly flow, and marine air (lower O3) enters via southerly flow (Rappenglück et al. 

2008). The land-sea breeze effect complicates this picture through recirculation of local 

pollution and formation above the coast of the Gulf of Mexico (GOM) of stagnant air 

masses that entrain local precursors and favor local chemistry and formation of O3 (Banta 

et al. 2005; Darby et al. 2005; Nielsen-Gammon et al. 2005; Rappenglück et al. 2008; 

Langford et al. 2009). 

Two intensive air quality campaigns investigated peak O3 in the HGB region 

during 2000 and 2006, respectively (Daum et al. 2003; Ryerson et al. 2003; Daum et al. 

2004; Banta et al. 2005; Neuman et al. 2009; Rappenglück et al. 2008; Parrish et al. 

2009; Pierce et al. 2009; Langford et al. 2010a). The O3 pollution in this region was 

likely a result of abundant precursors emitted locally from urban and industrial sources 

(particularly, the highly reactive VOCs (HRVOCS) from the petroleum refineries) and 

the local chemistry sustained by the high summer temperature and land-sea breeze 

effects. However, the emissions of HRVOCs have been considerably reduced after the 

first campaign, resulting in lower local contributions to O3. Texas state controls on O3 

precursor emissions were implemented in 2007, resulting in apparent decreases in 

summer O3 levels in the Houston area relative to the previous 8-h average NAAQS of 75 
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ppb (Berlin et al. 2013). It is not clear if a decline in regional background O3 also 

contributed (Berlin et al. 2013).  

Regional background O3 in the HGB region has been quantified by many studies 

but results vary, depending on the temporal scale, spatial scale and the altitude of 

observations used in data analysis (Banta et al. 2005; Darby et al. 2005; Nielsen-

Gammon 2005; Rappenglück et al. 2008; Kemball-Cook et al. 2009; Langford et al. 

2009; Zhang and Ying 2011; Banta et al. 2011; Berlin et al. 2013; Liu et al. 2015; Souri 

et al. 2016). Most of the above studies used the MDA8 O3 to quantify background O3. 

Overall, regional (continental) background O3 ranges from 16 to 107 ppb, while marine 

background has values between 18 and 40 ppb. Local O3 contributions are quantified 

between 25 and 80 ppb. Observations from 1-h average O3 data and using wind patterns 

resulted in higher O3 mixing ratios, particularly during stagnation in the afternoon (>140 

ppb) (Darby et al. 2005). Meteorological variables, such as wind patterns, were used 

separately to characterize the transport regime and its diurnal transition in the HGB 

region and interpret their findings from data analysis; their covariance with O3 and NOx 

was not considered.  

The temporal trend in regional background O3 also is still uncertain. Previous 

efforts to quantify the temporal trends in regional background O3 from decadal surface 

measurements of MDA8 O3 in the HGB region were made by Berlin et al. (2013). This 

study focused on the high O3 season (May-Oct) from 1998 to 2012 and used two methods 

to extract the regional background O3: principal component analysis (PCA) and the Texas 

Commission on Environmental Quality (TCEQ) method. The former is a multivariate 

statistical analysis through which Berlin et al. (2013) co-varied MDA8 O3 in time and 
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space. The latter is a method used by the TCEQ and consists of manually selecting the 

lowest MDA8 O3 measured at what are considered “background” sites (usually upwind). 

Using linear regression of regional background O3 vs. time, Berlin et al. (2013) estimated 

the temporal trends and compared them to different wind quadrants. Regional 

background O3 associated with NW winds increased over time, while that associated with 

SW winds remained constant. The only declining trends were associated with the NE and 

SE winds, but the quantified slopes of both linear trends were highly uncertain (>50% 

error), suggesting that more work is needed to improve estimates of regional background 

O3 trends. A very recent study (Souri et al. 2016) reported long-term linear trends in 

surface MDA8 O3, which were interpreted with the help of 900 hPa wind clusters. Hence, 

the annual trend in regional background associated with continental air (from E-NE and 

E-SE) shows that MDA8 O3 has declined, while that associated with marine air (from S-

SE) has increased slightly, although the latter shows a highly uncertain slope. When flow 

was from E-NE, it was suggested that local contributions played an equal role in 

declining MDA8 O3. The study also did not consider covariance of MDA8 O3 with 

meteorology and chemistry. 

Regional background NOx also contributes to both surface O3 and NOx in the 

HGB region. Through photochemistry, NOx can influence O3 during transport, but it is 

unclear whether it enhances or diminishes the O3 peaks observed locally during spring 

and summer. A previous study modelled both local and regional NOx summertime 

contributions to surface O3 in southeast Texas and found that both northern (suburban) 

and southeastern (coastal) sites were influenced by upwind sources (Zhang and Ying 

2011). The study concluded that regional NOx contributes significantly to local O3 (up to 
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50%) and recommended regional controls on NOx emissions in addition to local controls. 

However, their findings are limited to 10 days and do not fully represent the seasonal and 

annual variations in regional NOx, O3, and meteorology, suggesting that a longer-term 

approach would refine the estimates of regional NOx contributions in the HGB region. 

This study estimates regional background O3 and NOx by spatially and temporally 

co-varying chemistry and meteorology using up to seventeen years of hourly 

measurements and the PCA method for 8-h levels (MDA8 O3 and 8-h average NOx). In 

addition, two independent PCAs on O3 and NOx are used to separately estimate regional 

backgrounds and test for their interaction at both 1-h (i.e., hourly median) and 8-h levels. 

By comparing all approaches over a period of six months, both the effect of co-varying 

O3 with precursor and meteorology and the effect of varying the spatial and temporal 

scales could be highlighted. Using approaches based on continuous variables only, this 

study quantifies the temporal trends in regional background O3 and NOx. The study also 

compares the temporal trend in background O3 with a previous study and reports for the 

first time a decadal-scale trend in background NOx.  

4.1. Methods 

4.1.1. Data collection and processing 

Public data, representing 1-h average surface measurements of O3, NOx and 

meteorology (WD, WS and T), were downloaded from the Texas Air Monitoring and 

Information System website owned by TCEQ (see Data availability in Suciu et al. 2017). 

The measurements were taken every second, averaged over five minutes and then 

averaged over one hour. Note that, due to the measurement method (combined 
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chemiluminescence detection-molybdenum conversion), the monitored total NOx might 

include traces of other oxidation products (PAN, HNO3, etc.). The locations of the 

monitoring sites are mapped in Figure IV-1 (Appendix IV). For each site, raw data 

reports were generated and exported (validated data only) for the period of May-Oct. 

1998-2014. Using the hourly measurements, three variables were computed to be used in 

the estimation of background O3 and NOx: the hourly median per month, MDA8 O3, and 

8-h average NOx corresponding to MDA8 O3. 

The hourly median was used for two purposes: (1) replacement of missing values, 

ensuring that multiple parameters are available at the 1-h level for multivariate data 

analysis, and (2) use in the analysis as a variable itself because it is a highly 

representative value, derived from many replicates of each daytime hour (i.e., years of 

observations) at various sites. Overall, up to 5% of the missing raw data was replaced by 

the hourly median (Figure IV-2 in Appendix IV). The protocol for filling data gaps was 

to replace no more than six consecutive hours in a day (i.e., 25% of the day missing). 

Therefore, gaps from one to six hours were identified and replaced with the 

corresponding hourly median. Ten sites have data coverage for 13 years, and five sites 

have the largest data coverage for 17 years. Therefore, it was possible to observe changes 

in background O3 and NOx over a time scale of almost two decades, but the spatial 

coverage was limited to just five sites. Berlin et al. (2013) also identified six nearly 

continuous sites (five identical to those identified in this study) using directly the MDA8 

O3 from the same data source (not hourly data as was used here to calculate the MDA8 

O3). However, in this thesis study, a one-decade analysis was also possible by doubling 

the number of sites, thus increasing slightly the spatial scale for analysis. 
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A preliminary bi-variate site correlation analysis was run based on five sites 

within the HGB area and found that the time scale of variability in NOx is much smaller 

than that of variability in O3, affecting the correlation of hourly median NOx between 

sites. Therefore, NOx appears to be more sensitive than O3 to fast changes in 

meteorology, for example. The temporal scale of analysis should be relevant to both O3 

and NOx variabilities in order to test if there is any chemical interaction between them 

during transport, which could influence the estimation of background levels. An hourly 

median approach, in combination with those focused on 8-h averages, would allow for 

observation of the effect of temporal scale in the monthly trends of background O3 and 

NOx. 

4.1.2. Data analysis 

PCA was used to analyze single and multiple variables at various sites in the HGB 

area. The PCA method is a data reduction technique that uses the framework of linear 

algebra (eigenvector and eigenvalues) to reduce a larger data set to a smaller one, based 

on common modes of variance or strong correlations among variables (Wilks 1995). In 

PCA, a non-square matrix n x K (i.e., time x space or site value) is converted to a square 

matrix K x K (variance-covariance or correlation matrix). The off-diagonal elements of 

the correlation matrix are important as they reflect the correlations of one or more 

variables at each location to any other location, while the diagonal elements are 1, 

representing the autocorrelation of each site in terms of the variable considered. This 

correlation matrix is transposed to compute an eigenvector matrix (or component matrix) 

of which elements are the loadings or the Pearson’s correlation coefficients, if the 

correlation matrix is used instead of the variance matrix. The loadings range from -1 to 
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+1 (the highest correlations possible) with a mean of 0 (no correlation). By summing the 

squared loadings of each component (column) the eigenvalue of that component can be 

determined. By squaring the loadings and summing them from all components for each 

variable (row), the maximum variance (i.e., 1) explained by all the components can be 

calculated. This is not always the case, as not all the components are retained. For 

example, the maximum number of the components that can result from PCA equals the 

number of the original variables. In general, the first few components explain most of the 

variance in the original variables, while the remaining components explain very little. If 

only the first components are retained, then their squared loadings must be normalized by 

their respective sum (which is less than 1). These normalized values can be used to 

convert the PC scores (standardized regression coefficients) to original variables (Wilks 

1995; Langford et al. 2009). The PC scores (also negative and positive) are the elements 

of the new variables (components) and they have a wider range than the loadings. The 

resulting PCs are unique and distinct due to the eigenvectors being perpendicular to each 

other. However, the fact that PCs are orthogonal and distinct is not enough to account for 

their physical meaning. Therefore, PCA uses rotation techniques (i.e., Varimax) to rotate 

the eigenvectors; thus, in addition to the fact that they are distinct from each other, they 

also have a physical meaning based on the association of the significant elements they 

contain (i.e., loadings). The output of this rotation is the rotated component matrix which 

has a different composition of loadings than the unrotated one. The percentage of the 

variance explained by each component also changes. In this study, the components were 

rotated. Using the PCA method implemented in the IBM SPSS Statistics 24 software, this 

study used different approaches to extract regional background of O3 and NOx from 
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locally measured values that were converted to hourly median, MDA8 O3 and 8-h 

average NOx for analysis, as described below. In addition to PCA, this study used linear 

regression of season-scale background O3 and NOx vs. time (year) to quantify temporal 

trends.  Linear regression was also used to test for chemical interaction, to quantify how 

much the change in regional background O3 could be explained by the change in regional 

background NOx, and to estimate the regional contributions to locally observed O3 and 

NOx.  

4.1.2.1. PCA of hourly median to estimate regional background O3 and NOx and 

other contributions 

To estimate the characteristic hourly regional background O3 and NOx, the hourly 

median described in Sect. 4.1.1 for 28 monitoring sites (Table 4.1 and Figure IV-1 in 

Appendix IV) was used in the PCA when it could be determined from the available 

measurements during 1998-2014. Two independent PCAs of median O3 and NOx were 

run using daytime hours (local 10 am - 6 pm), over a period from May to October (eight 

median values for each month). In this approach, new from the perspective of the metric 

used in the PCA, the present study did not co-vary O3, NOx and meteorology as their 

respective hourly medians may not always represent coincident measurements of all of 

them. Instead, the study used meteorology to interpret the PCA results as previous studies 

did. 
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4.1.2.2. PCA of MDA8 O3 and 8-h average NOx to estimate regional background 

O3 and NOx (Approach A) 

In this approach, two independent PCAs on daily MDA8 O3 and the 

corresponding 8-h average NOx were used to extract the regional backgrounds, but fewer 

sites were used than in the hourly median approach (5 vs. 28).  Here, only sites with 

quasi-continuous data for the longest period possible (17 years) considered to estimate 

more accurately the regional background. These sites are all within Harris County: 

Aldine, Bayland Park, Deer Park, Houston East and NW Harris (Figure IV-1 in Appendix 

IV).  Like in the previous approach, this study used meteorology to interpret the principal 

components. 

The MDA8 O3 was used in previous studies to estimate background O3 (Nielsen-

Gammon et al. 2005; Langford et al. 2009; Berlin et al. 2013; Souri et al. 2016), but no 

study looked at background NOx using coincident measurements from the same sites. To 

compare temporal trends obtained from this study with other studies (Berlin et al. 2013; 

Souri et al. 2016), this study separately ran PCA for O3 and NOx. Additionally, the study 

compared the background estimates from this approach with those obtained from the 

hourly median approach to isolate the effect of time-scale (which influences the dynamics 

of the 6-month trends) and with other approaches in this study (subsequent sections) to 

isolate the effect of chemical and meteorological interaction within the HGB area. 
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4.1.2.3. PCA of MDA8 O3 and 8-h average NOx to estimate regional background 

O3 and NOx (Approach B) 

As a novel approach, five multivariate PCAs were ran for each site (the same sites 

and period used in the previous approach) to constrain the estimation of background O3 in 

the HGB area with chemistry and meteorology and to improve the quantification of its 

temporal trend. This approach is different from those described in previous sections and 

studies (single variable, multiple sites) because it takes into account more variables 

(multiple variables, single site). The variables considered at each site are MDA8 O3 and 

the corresponding 8-h average NOx, WD, WS, and T. 

4.1.2.4. PCA of MDA8 O3 and 8-h average NOx to estimate regional background 

O3 and NOx (Approach C) 

This approach is similar to Approach B except that it uses more sites (10) and a 

shorter period of time (13 years), based on simultaneous data availability and continuity 

at these sites. The five additional sites are: Clinton, Channelview, Manvel Croix, 

Seabrook Friendship Park and Conroe Relocated (Figure IV-1 in Appendix IV). Use of 

larger spatial data coverage could improve the estimation of regional background, even if 

the study period is shorter, because it would capture variations in chemistry and 

meteorology within the HGB area. 
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4.2. Results and Discussion 

4.2.1. Hourly median approach 

4.2.1.1. Main regional contributions to hourly median O3 and NOx 

The PCA resulted in four components for O3 and five components for NOx. Only 

components with eigenvalues greater than 1 were retained. The first components 

explained most of the percentage of the variance in original O3 and NOx (~51% and 

~45%, respectively) and were highly correlated at more than half of the initial sites (16 

out of 28). Among these “PC1 sites,” 12 are common sites for both O3 and NOx.  

An interesting cluster-like pattern emerged when mapping the sites that highly 

correlated with any of the PCs (e.g., loadings with absolute values of 0.5 or higher). The 

sites associated with these loadings (Table 4.1) are mapped in Figure 4.1, in which 

different point sizes are used to show the overlapping of both O3 and NOx sites, while 

color is used to show the correlation of the same component at various sites (i.e., 

clusters).  

The widespread cluster (PC1) suggests a larger-scale control on both O3 and NOx, 

while the smaller cluster (PC2) suggests a more localized control. The proximity to the 

GOM emphasizes that PC1 is largely influenced by marine background during summer. 

The proximity to the Houston Ship Channel indicates that PC2 likely represents local 

effects (i.e., chemistry, emissions, etc.). Given the proximity to the rural area in the north 

of the HGB region, PC3 might represent a mix between regional (continental) and local 

(urban) contributions. 
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Figure 4.1 Distinct clustering of principal components. The cluster in yellow is PC1-O3 and PC1-NOx. The 

cluster in orange is PC2-O3 and PC2-NOx, and so on. Smaller circles represent NOx clusters. 

 

The spatial patterns of the components, their extents and locations within the 

HGB region all indicate that PC1 represents regional background for both O3 and NOx. 

This finding resulted from spatially interpolating the three main clusters from Figure 4.1 

to reveal continuous patterns of correlations (Figure 4.2).  

The O3 pattern for the first component (the square-like pattern in the south of the 

HGB region) emphasizes the marine influence because of the higher loadings along the 

coast, while the lowest loadings are within the region overlapping with the second 

component, where local effects seem to be more important (the smaller rectangle in the 

proximity of the Houston Ship Channel). The PC1-derived NOx pattern shows high 

correlations in the same area pointed out by PC1-O3, but the highest correlations appear 

in the west of the Bay area; lower loadings also occur in the area controlled by the local 

effects.  
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Figure 4.2 Spatial interpolation of normalized squared loadings from the highly correlated sites with the 

first three components in terms of O3 (left) and NOx (right). Range is from 0 to 1. 

 

Meteorology also supports the hypothesis that PC1 describes regional 

contributions and reveals that these are mostly marine in summer and continental in 

spring and fall. To test if PC1 is regional background, PC1-O3 and PC1-NOx scores were 

plotted against WD and WS in Figure IV-3a-e (Appendix IV). Overall, two flow regimes 

explained the changes in PC1-O3 (Figure IV-3a): summer (marine) flow decreases PC1-

O3 (negative scores), while spring/fall (continental) amplifies it (positive scores). There 

was no sign of stagnation in summer (an increase in PC scores at lower WS) from which 

local chemistry could be inferred (Figure IV-3b in Appendix IV). The PC1-NOx tells 

roughly a similar story in terms of flow regimes (Figure IV-3d in Appendix IV) and the 

absence of stagnation during summer (Figure IV-3e in Appendix IV). Temperature 

indicates no consistent formation of O3 with increasing T at the scale of the entire season 

(although the monthly relationship is positive) and very limited chemistry or some 

physical effect on NOx, such as dilution at the surface due to a higher boundary layer 

(Figure IV-3c and Figure IV-3f in Appendix IV).  
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The monthly background O3 and NOx trends are consistent between hours over 

the entire season. This was determined by converting the PC1 scores to O3 and NOx 

hourly mixing ratios and plotting them for each month to assess the 6-month trends 

(Figure IV-4 in Appendix IV). Background O3 trends compare well with those from 

previous estimates of 8-h average background O3 (Nielsen-Gammon et al. 2005), 

showing two peaks in spring and summer/fall, respectively, and a drop in mid-summer, 

when local chemistry dominates regional background O3 in the HGB region. 

The season-characteristic hourly background O3 and NOx (the most typical 

daytime value on 1-h basis in the HGB region averaged over six months) points out 

consistency between hours and no significant chemistry between O3 and NOx (Figure 

4.3), particularly during midday, when important photochemistry occurs. When the 6-

month values are also averaged over 8 hours, they compare reasonably well with similar 

estimates from previous studies (Nielsen-Gammon et al. 2005; Choi 2014), ranging from 

37 to 38 ppb for background O3 and varying between 4-7 ppb for background NOx. 
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Figure 4.3 The season averaged hourly background O3 and hourly background NOx. Error bars represent 

the 95% confidence interval for the mean. 

 

Further, the relationship between regional background O3 and NOx at both 1-h 

and 8-h levels was assessed Figure IV-5 in Appendix IV). The positive relationships 

suggest that both O3 and NOx are related (possibly through regional transport) and there 

is some interaction between them (significant slopes of 1.89 ± 0.48 and 2.07 ± 1.99, 

respectively).  However, background NOx only explains ~60% of the changes in 

background O3, at both 1-h and 8-h levels, implying that the unexplained ~40% might be 

related to other processes/sources, such as regional VOC chemistry or from unconsidered 

VOC emissions upwind, which can increase both O3 and NOx mixing ratios.
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Table 4.1 The O3 and NOx sites and their loadings associated with each principal component using the hourly median approach 

 

 

Site name PC1 PC2 PC3 PC4 PC5 

O3 NOx O3 NOx O3 NOx O3 NOx O3 NOx 

Channelview .714 .161 .501 .905 .233 .075 .367 -.042 N/A .156 

Clinton .830 -.224 .387 .178 .326 .050 .130 .923 N/A -.005 

Conroe -.084 -.088 .089 .382 .878 .794 -.188 .005 N/A .235 

Conroe Relocated .273 .212 -.183 .233 .900 .700 .076 .530 N/A -.296 

Danciger .969 .841 -.166 .112 .045 .103 .076 -.425 N/A -.007 

Galveston 99 St. .925 .951 -.279 .020 .057 .190 .044 -.031 N/A -.062 

Galveston Airport .960 .974 .100 .043 -.022 .052 -.133 -.020 N/A -.013 

Houston Aldine .373 .413 .549 .788 .712 .368 .193 -.011 N/A .043 

Bayland Park .856 .837 .272 .387 .390 .260 .046 -.073 N/A .192 

Houston Crawford -.055 .835 .906 .441 .223 -.126 -.063 -.140 N/A -.003 

Deer Park .881 .871 .369 .402 .274 .181 .067 -.051 N/A .045 

Houston East .460 .918 .577 .341 .552 .064 .290 -.069 N/A .103 

Hayden Rd. (HRM3) .765 .324 .481 .780 .334 .477 .205 -.014 N/A -.013 

Sheldon Rd. (HRM4) .044 -.061 .921 .835 .142 .213 .014 .082 N/A -.154 

Baytown (HRM7) .129 -.451 .952 .135 -.024 -.187 .008 -.057 N/A .749 

La Porte (HRM8) .405 .444 -.336 .034 -.131 .159 .641 .009 N/A .782 

Mont Belvieu (HRM10) -.141 -.736 .914 .394 .035 .044 -.237 .311 N/A .257 

East Baytown (HRM11) .035 -.727 .891 .350 -.174 .124 -.102 -.094 N/A -.042 

Lynchburg Ferry .827 .382 .410 .773 .156 .090 .194 .097 N/A -.040 

Lake Jackson .978 .771 -.157 .207 -.010 .415 .037 -.340 N/A -.193 

Manvel Croix .966 .847 -.021 .336 .223 .346 .087 -.092 N/A -.127 

Mustang Bayou .977 .917 -.162 .209 .065 .149 .011 .152 N/A -.056 

NW Harris .653 .567 .072 .499 .721 .576 -.056 .121 N/A -.120 

Park  Place .901 .829 .228 .484 .311 .223 .148 -.044 N/A .029 

San Jacinto Monument .553 .808 .544 .301 -.029 .004 -.557 -.120 N/A .160 

Seabrook Fr. Park .971 .931 .085 .236 .176 .164 .064 .103 N/A -.008 

Texas City 34 St. .982 .652 -.104 .223 .049 .632 .017 -.178 N/A -.108 

Wallsville Rd. .849 .171 .406 .829 .123 .077 .142 .263 N/A .313 
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4.2.1.2. Other contributions to hourly median O3 and NOx 

Results from the analysis and interpretation of the other significant components 

(PC2-PC5) extracted by PCA using the hourly median approach are reported here. The 

cluster of points localized around the Houston Ship Channel, where most of the 

petrochemical industry facilities are located, is likely related to local chemistry and/or 

emissions. The cluster of points representing highly correlated PC3 with both O3 and NOx 

at locations in the north of the HGB area (Figure 4.1) likely represents a mixed 

local/regional (maybe continental) influence. Additionally, it was important to consider 

how the other components (PC4 for O3 and PC4 and PC5 for NOx) may factor into the 

average of local contributions within the HGB region, since the sites defining them are in 

close proximity to the PC2 sites, from which local contributions were primarily inferred.  

The second component describes local contributions, given the locations of the 

sites and its relationship with meteorological variables. To test for local influence, this 

study analyzed the PC2-O3 and PC2-NOx scores against meteorology (Figure IV-6 in 

Appendix IV). Results revealed that PC2 is insensitive to WD for both O3 and NOx at the 

season scale using 1-h and 8-h levels. Within the high O3 season, flow varies from SSW-

S-SSE (in summer) to SE-ESE (in spring and fall). Highest PC2-O3 scores are recorded 

in July and August, coinciding with the predominant flow from SSE-SE. A few high 

scores are also visible in September, but they appear to be related to easterly transport. 

Overall, the spring and fall PC2-O3 scores all cluster under zero at relatively similar flow 

direction as observed in summer. This suggests some local effects, a reverse pattern than 

that inferred from PC1-O3 in Figure IV-3a (Appendix IV). Local effects can also be 

inferred from PC2-NOx, with highs and lows in each month (Figure IV-6d in Appendix 
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IV). Diurnal variability in PC2-NOx scores is more pronounced for NOx compared to O3, 

suggesting that NOx is lost photochemically in the afternoon hours (i.e., lower scores). 

With respect to WS, PC2-O3 and PC2-NOx show different relationships (Figure IV-6b 

and Figure IV-6e in Appendix IV). Low WS facilitates the formation of O3 and depletion 

of NOx. As WS increases (> 4 m s-1) NOx increases (higher PC2-NOx scores) but there is 

no sign of O3 formation (low PC2-O3 scores).  

 Relationships with temperature suggest active local chemistry by both month and 

season (Figure IV-6c and Figure IV-6f in Appendix IV). A positive PC2-O3 versus T 

relationship indicates the build-up of O3 as temperature increases to favor the chemistry 

of VOCs. A negative PC2-NOx versus T relationship may suggest both chemical and 

physical controls on NOx. However, the high scores in July and August might be related 

to NOx and VOCs chemistry, rather than vertical mixing due to a higher boundary layer. 

Therefore, this study interpreted that PC2 represents mainly local chemistry. To test if 

PCA-inferred local O3 is explained by PCA-inferred local NOx, the converted PC2 

variables are compared in Figure IV-6 (Appendix IV). The negative relationship is 

consistent with NOx chemistry and photochemical production of O3; it also indicates the 

probability of a VOC-limited atmosphere. However, NOx only explains about 30% of the 

changes in O3. Note that the 8-h average did not reveal a significant dependence of O3 on 

NOx at the season scale (the empty circles), pointing out the importance of the time scale 

(1 h) needed to observe relevant chemistry. The unexplained portion for the 1-h level 

(70%) is quite significant. This could be related to rapid VOC chemistry in this area of 

the HGB region. Daum et al. (2004) measured various plumes for almost two weeks in 

late summer of 2000 and showed that six of them were different from typical urban 
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plumes: they were rich in formaldehyde and peroxides, attributable to hydrocarbon 

oxidation and photochemistry, respectively. They also found that O3 formation in these 

plumes was very efficient (6.4-11 ppbv O3/ppbv of NOx). These plumes were tracked 

back to sources of NOx and hydrocarbons in the proximity of the Houston Ship Channel. 

Using zero-dimensional model predictions, they found that O3 formed very fast (140 

ppbv/h). Compared to urban plumes, the authors found that the formation of O3 in plumes 

from the Ship Cannel was more NOx-limited, but uncertainties remain whether the 

production of O3 in this area is NOx- or VOC-limited. 

The third component may be dominated by regional influences, based on the 

locations of the associated sites within the HGB region and the comparison with 

meteorology. Traditionally, the upwind sites (Conroe, Conroe Relocated, NW Harris) are 

considered to be “background” sites. One PC3 site (Houston Aldine), though, overlaps 

with a PC2 site resulting in a mixed contribution within PC3 at this site (Figure 4.1). To 

consider mixed regional/local influences, the PC3-O3 and PC3-NOx scores were 

examined with respect to meteorological variables. In the morning, flow is from the 

GOM, which brings already processed air, characterized by low PC-O3 scores (marine 

background); PC3-NOx scores vary from positive to negative within this onshore flow. In 

the afternoon, flow is from the SSE-SE and intercepts some local/urban pollution on its 

way to the PC3 sites (i.e., Conroe); here, PC3-O3 increases (continental background), 

while PC3-NOx varies largely. Temperature increases PC3-O3 while decreasing PC3-

NOx, suggesting active chemistry by both month and season. Winds are stable and 

stagnant in the afternoon, suggesting enhanced local pollution during that time. At the 

season scale, the O3-WS relationship is positive, while the NOx-WS relationship is 
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positive during spring and summer months only, turning negative in fall. The positive 

relationship suggests advection of higher mixing ratios of both O3 and NOx to the HGB 

area, while a negative relationship suggests a chemical or a physical loss of NOx. The 

former indicates that regional contributions may dominate the local contributions within 

this component at the season scale (for O3) and during spring and summer (for NOx). 

Covariance with meteorology would probably better resolve PC3, but this approach was 

not possible using the hourly median.  

The fourth component likely describes local transport effects. Results from 

analysis of PC4-O3 and PC4-NOx while considering meteorology indicate that the sites 

associated with this component (Clinton, La Porte) are influenced by the sea breeze 

rotation and recirculation of local pollution (flow is from S-SSE in summer/spring and 

from SE-ESE in fall), with higher scores occurring in spring/summer.  

The fifth component, which explained a small portion of the variance in original 

NOx, appears to be consistent with local VOC chemistry because its relationship with T is 

positive over the entire season. Primarily, NOx increases in summer due to VOC 

chemistry and/or local emissions. On a monthly basis, PC5-NOx is negative with 

increasing T (similar to PC2-NOx), suggesting physico-chemical controls on NOx. Flow 

is from SSE-SE-ESE and winds are weak and stable (~3 m s-1) in summer (increases 

NOx) and less stable in spring/fall (decreases NOx). On a monthly basis, PC2-NOx and 

PC5-NOx are not very different, as they both may be controlled by physico-chemical 

interactions involving boundary layer height, solar radiation, VOC chemistry and 

possibly other chemistry. However, if we extend the time scale to six months, the two 

components are very different in terms of the NOx-T relationship: PC2 is negative, while 
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PC5 is positive with increasing T. A possible explanation is that the two components, 

when compared to T, are different because of the averaging over 8 hours. These averages 

are consistent with the 1-h based PC2-T relationships, but are inconsistent with the 1-h 

based PC5-T relationships. Consequently, the NOx-T relationship turns positive for PC5 

at the season scale. On the other hand, in this PCA approach, we did not use 8-h averages 

and T, but the method differentiated between PC2 and PC5. A possible explanation is that 

one of the PC5 sites (Baytown) overlaps with the PC2-defined cluster in Figure 4.1, being 

more exposed to local chemistry and emissions from the industrial area, an influence 

standing out at the season scale only. La Porte is situated south of the Houston Ship 

Channel and near the GOM, likely being dominated by marine influences (lower NOx) at 

the monthly level. Therefore, PC5 also describes mixed local/regional effects on surface 

NOx.  

We primarily based our regional background O3 and NOx estimates on PC1, 

although some regional contributions could be inferred from other components (most 

notably, PC3). Since the components from which mixed regional-local contributions were 

inferred explain less variance than PC1 (particularly, PC5), it can be assumed that these 

contributions are negligible, so they were not included in the estimation of regional 

background O3 and NOx. Similarly, local O3 and NOx were estimated from the 

conversion of PC2 only. However, for estimating the contribution of regional background 

to measured hourly median O3 and NOx, the average regional contributions from PC1 and 

PC3 were additionally considered and compared with those estimated from PC1 only.  
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4.2.2. Regional and local contributions to MDA8 O3 and 8-h average NOx 

(Approach A) 

The two independent PCAs using fewer sites with nearly continuous data for 

which the MDA8 O3 and 8-h average NOx could be calculated resulted in three 

components having eigenvalues greater than unity. However, all five components were 

retained because they were not significantly different in explaining the variance in the 

original variables, particularly for NOx; their loadings are shown in Table 4.2. PC5 was 

not significant for O3. 

 

Table 4.2 The loadings or correlations of the components with variables at each site from Approach A 

Site name PC1 PC2 PC3 PC4 PC5 

O3 NOx O3 NOx O3 NOx O3 NOx O3 NOx 

Houston Aldine .609 .172 .516 .209 .333 .940 .259 .127 .430 .163 

Bayland Park .370 .209 .411 .208 .445 .142 .694 .884 .123 .332 

Deer Park .305 .949 .268 .067 .865 .167 .272 .177 .109 .185 

Houston East .775 .227 .380 .173 .382 .194 .320 .347 .079 .872 

NW Harris .371 .067 .814 .950 .301 .203 .310 .175 .114 .144 

 

Meteorology helped to interpret the components but was insufficient to clearly 

distinguish between regional and local contributions. For example, by looking at how the 

scores of each component varied with average WD it was found that all sites were 

influenced by SSE winds (146-155 degrees), with the western sites (NW Harris and 

Bayland Park) experiencing a slightly more southern WD by 3 degrees. The flow from 

GOM encounters local/urban air on its way to the western sites, while eastern sites 

experience more direct marine air from the GOM area. These two patterns were also 

visible in the distributions of PC scores vs. average T and WS.  
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Monthly trends helped to distinguish between regional and local contributions 

from the principal components. Monthly trends for each component were used to observe 

if these trends are consistent with expected regional and local trends from previous 

studies. Three components (PC2, PC3 and PC4) exhibit monthly trends (Figure IV-8a in 

Appendix IV) that are consistent with the expected bi-modal regional background O3 

(Nielsen-Gammon et al., 2005). The remaining components (PC1 and PC5) show 

monthly trends (Figure IV-8b in Appendix IV) similar to those expected from unimodal 

local contribution (Nielsen-Gammon et al. 2005). Similar monthly trends for 8-h average 

NOx were found (Figure IV-8b in Appendix IV). Here, regional contributions are 

suggested by PC1, PC2 and PC5, while local contributions are denoted by PC3 and PC4. 

Therefore, the regional and local estimates of O3 and NOx were based on the components 

identified as regional and local from their monthly trends. 

The relationship between regional background O3 and NOx (Figure IV-9 in 

Appendix IV) underscores that NOx explained approximately 20% of the changes in 

background O3, while no significant relationship between PCA-inferred local O3 and NOx 

was observed (Figure IV-10 in Appendix IV). These poor relationships may be the result 

of using fewer sites, MDA8 O3, and 8-h average NOx compared to the hourly median 

approach.  

4.2.3. Regional and local contributions to MDA8 O3 and 8-h average NOx 

(Approach B) 

In this new PCA approach, O3, NOx and meteorology were co-varied at the sites 

used in Approach A. The PCA was conditioned to retain only components with 

eigenvalues greater than 1. Two components were retained at each site. The average 
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eigenvalue was 1.5. Each component explained approximately 30% of the variance in the 

original variables, implying that they are equally important in explaining the original 

variables at the sites used in this approach.  

The meaning of the components was partially inferred by considering how 

variables and their respective loadings (absolute values nearly or greater than 0.5) are 

associated within each component (Table 4.3). The first component (PC1) associated O3 

with WS and, sometimes, with NOx at three sites (Bayland Park, Deer Park and NW 

Harris), while the same component combined NOx with T at other sites (Houston Aldine 

and Houston East). On the other hand, the second component (PC2) associated O3 with 

WS at two sites (Houston Aldine and Houston East) and combined NOx with T at the 

remaining sites (Bayland Park, Deer Park and NW Harris). Overall, two patterns emerged 

from each component: "O3-NOx-WS" sites and "NOx-T" sites. The association of O3 with 

WS could indicate a physical control (i.e., advection or stagnation), while the NOx-T 

relationship may suggest a chemical control (T-mediated chemical reactions). In the first 

component, O3 and WS also associate with NOx (with lower loadings), suggesting either 

some chemical interaction sustained by a lower WS or a similar transport source for both 

O3 and NOx. Temperature and NOx at Houston Aldine confirmed that "NOx-T" in the first 

component describes chemistry, possibly local formation of O3 (Figure IV-11 in 

Appendix IV). Ozone, NOx and WS at Bayland Park together confirmed that "O3-NOx-

WS" represents regional transport of O3 and NOx and/or local VOC chemistry, because 

both O3 and NOx increase with PC1, while WS decreases (Figure IV-12 in Appendix IV). 

Local chemistry might be possible at lower WS, which causes an increase in PC1 scores.  
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Table 4.3 The loadings or correlations of the components with variables at each site from Approach B 

Site name PC1 PC2 

O3 NOx T WD WS O3 NOx T WD WS 

Houston Aldine .065 -.794 .802 .310 .223 .813 .183 .319 -.107 -.771 

Bayland Park .805 .463 .267 -.160 -.787 -.075 -.698 .810 .541 .057 

Deer Park .820 .648 .123 -.159 -.779 .053 -.549 .929 .330 .167 

Houston East .118 -.823 .798 .439 .295 .804 .200 .344 -.284 -.763 

NW Harris .825 .498 .147 -.508 -.605 .097 -.573 .892 .278 -.013 

 

By mapping how the input variables are partitioned between the two components, 

this study could more clearly discriminate between regional and local contributions at 

each site (Figure IV-13 in Appendix IV). For instance, O3 is well represented by PC1 at 

three sites (NW Harris, Bayland Park and Deer Park). At these sites, some NOx is also 

distributed in PC1, suggesting that O3 and NOx are related either through transport or 

chemistry. However, WS shows a pattern strongly similar to that of O3 and less strongly 

to that of NOx in PC1, reinforcing that PC1 at these sites is dominated by regional 

transport. At Houston Aldine and Houston East, O3 shows an opposite partition compared 

to NOx, indicating that PC1 at these sites is local chemistry, which also is supported by T 

and WS. 

Regional background O3 and NOx were determined by averaging the converted 

PC scores from “O3-NOx-WS” sites, while local contributions were quantified by 

averaging the converted PC scores from “NOx-T” sites. The conversion method 

(Langford et al. 2009) differs slightly from Approach A because in Approach B multiple 

variables defined one component at a particular site as opposed to a single variable at 

many sites. Therefore, the normalized relative contribution (in %) of the variable of 

interest in each component was used instead of the total variance (in %) explained by the 

component.  
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4.2.4. Regional and local contributions to MDA8 O3 and 8-h average NOx 

(Approach C) 

The simultaneous effect of increasing the spatial scale and reducing the temporal 

scale of the analysis (constrained by the availability of continuous data) was studied 

using Approach C. Therefore, results in this section were driven by the use of five more 

sites and a shorter study period compared to Approach B. The same variables were used 

in PCA as in Approach B. For each site, there were two components retained (average 

eigenvalues of 1.3-1.6) and each explained, on average, 31% and 27 % of the variance in 

MDA8 O3 and 8-h average NOx, respectively. Similar to Approach B, two modes of 

variance were identified among the original data: “O3-NOx-WS” (denoting a physical 

control) and “NOx-T” (denoting a chemical control) based on loadings in Table 4.4 (those 

with absolute values nearly or greater than 0.5). Therefore, regional background O3 and 

NOx was determined by averaging the corresponding PC scores and using the adjusted 

equation from Langford et al. (2009) as described previously.  

 

Table 4.4 The loadings or correlations of the components with variables at each site from Approach C 

Site name PC1 PC2 

O3 NOx T WD WS O3 NOx T WD WS 

Houston Aldine .780 .319 .145 -.243 -.804 .236 -.773 .835 .086 .127 

Bayland Park .807 .481 .288 -.203 -.772 -.031 -.684 .823 .461 .124 

Deer Park .821 .554 .161 -.392 -.701 -.030 -.681 .886 -.168 .358 

Houston East .272 -.794 .859 .223 .155 .736 .344 .149 -.399 -.814 

NW Harris .784 .451 .130 -.535 -.668 .082 -.697 .900 .159 .060 

Channelview .625 .484 .047 .271 -.843 .106 -.627 .709 .567 -.030 

Conroe Relocated .741 .560 -.007 -.015 -.844 -.207 -.664 .723 .666 -.139 

Manvel Croix -.825 .625 -.042 .627 .717 .103 .065 .941 .510 .074 

Clinton -.220 .117 .254 .694 .785 .792 .035 .736 .007 -.016 

Seabrook Fr. Park .480 .871 -.602 .278 -.451 -.578 -.160 -.040 .833 .634 

 



 

151 

 

4.2.5. Similarities and differences between monthly trends of regional 

background O3 and NOx from all approaches 

The monthly trends from all approaches used to estimate regional O3 and NOx 

contributions were compared in this section. It was found that the use of MDA8 O3 

(Approaches A-C) estimated larger background contributions for the entire season 

compared to the hourly median approach (either from PC1 only or from PC1 adjusted by 

PC3), as shown in Figure 4.4. This likely is due not only to the difference in the number 

of sites used in the PCA (5-10 vs. 28, respectively) but also to the fact that the highest 8-h 

average was selected for each day in Approaches A-C, compared to the hourly median 

(the 50th percentile of the hourly measurements), which was averaged over 8-h for 

comparison. In Figure 4.4, the hourly median approach also reveals a stronger onshore 

effect than the MDA8 O3 approach. This could be because of the smaller time scale of 

observations, which allows the median to capture better the influence of the onshore flow 

in terms of O3. Approach A follows the trend described by the hourly median (although 

smoothed) because it was derived using a similar PCA (single variable/multiple sites). 

Approaches B and C deviate from this trend because they were derived using a different 

PCA (single site/multiple variables).  
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Figure 4.4 The 6-month trends in background O3 from different approaches. Points represent the monthly 

average background values derived from the hourly median O3 and MDA8 O3. Error bars represent the 

95% confidence interval for the mean. 

 

A similar analysis was done for regional background NOx (Figure 4.5). Here, 

estimation of larger background NOx resulted from Approaches A-C until mid-August, 

when compared to the hourly median approach based on PC1 only. All approaches 

intersect this hourly median approach sometimes between August and September. 

However, when the regional background from the hourly median approach is adjusted by 

PC3 (average of PC1 and PC3), Approaches A-C all gave higher estimates than the 

hourly median over the entire season. Approach A appears consistent with the hourly 

median “adjusted by PC3”, for the same reasons described previously for background O3. 

The effect of spatial scale is more visible between Approaches B and C from August to 

September, when local influences likely dominate within the HGB region.  
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Figure 4.5 The 6-months trends in background NOx from different approaches. Points represent the 

monthly average background values derived from the hourly median NOx and the 8-h average NOx. Error 

bars represent the 95% confidence interval for the mean. 

 

4.2.6. Quantification of temporal trends in regional background O3 and NOx 

The goal in this portion of the work was to quantify the temporal trends in the 

final background O3 and NOx and to investigate if the background O3 and NOx have 

declined over the past decades. In addition, this study aimed to assess the effects of co-

varying chemistry and meteorology on these trends. Linear regression of the season- 

averaged background O3 and NOx in each year vs. time was used to quantify temporal 

trends. 

4.2.6.1. Weak and negative linear trends resulted from Approach A 

The temporal trend quantified from Approach A (Figure 4.6) suggests that 

background O3 has declined; corresponding average WD also is shown for the five sites. 
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The linear model is statistically significant, yielding a slope of -0.13 ± 0.10 ppb y-1, 

comparable in magnitude but smaller than that reported in a previous study and 

irrespective to WD (Berlin et al. 2013) using a similar approach (-0.33 ± 0.39 ppb y-1).  

 

 

Figure 4.6 Temporal trends in background O3 (Approaches A-C) and average wind direction. Error bars 

represent the 95% confidence interval for the mean.The decline in background NOx is better explained by 

this approach (R2=0.53) compared to O3, due to less scatter in the data after 2003, while the slope is similar 

compared to that for O3 (Figure 4.7). On average, the 17-y background NOx is 6.86 ± 0.19 ppb. Note that 

due to potential biases in background NOx (p.223-226 in Appendix IV), this value represents the upper 

bound in background NOx. After taking into account the overall bias, we also estimated a lower bound in 

background NOx of 4.49 ± 0.12 ppb (see Table 4.5 for all approaches). The linear trends for all approaches 

were shifted to lower ranges by ca. 2 ppb, on average (Figure IV-22 in Appendix IV). 

 

Compared to the SE wind-constrained slopes from Berlin et al. (2013) (-0.92 ± 

0.74 ppb y-1 or -0.79 ± 0.65 ppb y-1), the slope in this study is much smaller but closer to 

that from Souri et al. (2016) (0.09 ± 0.40 ppb y-1). The mean background O3 over the 
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seventeen years is 46.74 ± 0.58 ppb and compares well with the 14-y and 15-y means 

from Berlin et al. (2913) and Souri et al. (2016) (42.5 ± 6.3 ppb and 57 ± 19 ppb, 

respectively), representing SE influences only. The decadal time-scale explained about 

27% of the changes in background O3 in this study, similar to Berlin et al. (23%). 

4.2.6.2. The negative trend significantly improved for O3 using Approach B 

When background O3 is adjusted by NOx and meteorology, its decline over time is 

stronger and more significant than in Approach A (Figure 4.6), though still of the same 

order of magnitude. The resulting slope is -0.68 ± 0.27 ppb y-1, while the 17-y mean of 

background O3 is 46.72 ± 2.08 ppb, in agreement with the previous approach. Relative to 

a previous study (Berlin et al., 2013), this slope is less steep (-0.68 vs. -0.92 ppb y-1 or -

0.79 ppb y-1), but its error is halved (42% vs. 80%, respectively). The slope in this study, 

though smaller, compares well in terms of absolute error with the slope from Souri et al. 

(2016), describing continental regional background O3 (-1.0 ± 0.55 ppb y-1); however, as 

Souri et al. (2016) suggested, local sources may have contributed half to the observed O3 

within the E-NE wind cluster, which could explain the steeper slope observed in their 

study. They also reported a weaker slope for regional background O3 from the E-SE (-0.9 

± 0.86 ppb y-1). As observed in Figure 4.6, a slight shift in WD over the past seven years 

(more southerly flow) might have also played a role in the decline of background O3, 

which is consistent with the findings in Liu et al. (2015). Also, State of Texas controls on 

precursor emissions implemented in 2007 (Berlin et al. 2013) may also have contributed 

to reduced background O3 after that. 
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Figure 4.7 Temporal trends in upper bound background NOx (Approaches A-C) and average wind direction 

at various sites. Error bars represent the 95% confidence interval for the mean. 

 

The slope of background NOx versus time is slightly smaller compared to 

Approach A (-0.04 ppb y-1 vs. -0.06 ppb y-1), but the linear model performed better (R2= 

0.58 versus R2=0.53), highlighting the effect of spatial and temporal covariance of 

chemistry and meteorology (Figure 4.7). The 17-y mean of background NOx (6.80 ± 0.13 

ppb), representing the upper bound, is in good agreement with Approach A. The average 

value corresponding to the lower bound of background NOx is 4.45 ± 0.08 ppb.  
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4.2.6.3. The negative trends did not improve using Approach C (spatial 

extension of Approach B) 

By extending the spatial scale (from 5 to 10 sites) and lowering the period of 

analysis (from 17 to 13 years), the effect of co-varying O3 with NOx and meteorology 

within the HGB area did not make a significant difference in the temporal trend of 

background O3 (Figure 4.6), but it weakened the temporal trend in background NOx 

(Figure 4.7). It is possible that NOx from additional sites was more sensitive to local 

influences (i.e., meteorology) than O3 or that the years left out from analysis had higher 

8-h average NOx mixing ratio. The 13-year mean of background O3 is 44.71 ± 1.28 ppb, 

while of mean upper bound background NOx is 6.03 ± 0.05 ppb. The lower bound 

estimate of mean background NOx represents 3.95 ± 0.03 ppb. 

4.2.7. Regional background contributions to locally measured O3 and NOx from 

all approaches 

The regional background contributions to locally measured O3 and NOx were 

quantified via linear regression for all the approaches in this study (Figure IV-14 to 

Figure IV-21 in Appendix IV). Based on slope values, these contributions ranged from 

1.16 to 5.65 (mole measured per mole of background) for measured O3 (hourly median 

and MDA8) and varied from 0.33 to 4.06 for measured NOx (hourly median and 8-h 

average). Compared to the analogous slope from Berlin et al. (2013) (1.22 ± 0.04), the 

slope value for O3 using approach A is about five times steeper (5.65 ± 0.15), while those 

from approaches B and C are slightly lower (0.91 ± 0.02) or slightly higher (1.47 ± 0.06), 

respectively. The intercept coefficients were significant in all approaches. Background O3 
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explained between 57 % and 98 % of the variation in spatially averaged hourly median 

and MDA8, while background NOx explained about 16-62 % of the changes in spatially 

averaged hourly median and 8-h average. In general, the linear model performed less well 

for NOx (all approaches) compared to O3. This could be explained by its smaller temporal 

scale of variability compared to O3 but also by the fact that the corresponding 8-h average 

NOx to MDA8 O3 was used in the PCA. It is possible that this approach makes it more 

difficult to extract background NOx, if MDA8 O3 is mainly the result of local chemistry 

(see p. 222-225 in Appendix IV for potential biases). The larger estimates of background 

NOx compared to measured median values from May through October could be the result 

of a stronger intra-seasonal variability for NOx (Figure IV-15 in Appendix IV). For 

example, the measured median relates negatively with background NOx from May to July 

(the cluster around 5 ppb); it only turns positive after that, from July to October. As a 

consequence, hourly background NOx is overestimated in spring compared to summer 

and fall and relative to measured values. A separate analysis of hourly median NOx 

within the PCA for spring vs. summer/fall potentially could improve the estimates of the 

upper bound of background NOx using the hourly median approach. Also, it should be 

noted that background NOx was not adjusted by meteorology, as their covariance was not 

possible using the hourly median.  

4.2.8. Summary 

Approach B is this study’s best estimate of the temporal trend in background O3. 

Results from all approaches are summarized in Table 4.5, along with values from Berlin 

et al. (2013) and Souri et al. (2016). Overall, the slope reported in this study (-0.68 ± 0.27 

ppb y-1) is larger but more certain compared to the slopes reported by Berlin et al. (2013), 
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which were quantified regardless of the WD (-0.33 ± 0.39 ppb y-1 and -0.21 ± 0.39 ppb y-

1). Compared to the value reported by Berlin et al. (2013), which represents the trend 

associated with SE winds only (-0.92 ± 0.74 ppb y-1 or -0.75 ± 0.55 ppb y-1), the slope 

derived from Approach B is smaller but twice as certain (-0.68 ± 0.27 ppb y-1) and 

compares better with that reported by Souri et al. (2016) in terms of absolute error (-1.1 ± 

0.55 ppb y-1).  

 

Table 4.5 Comparison between all approaches in this study and litearture 

Method Average regional background Temporal trends in regional background 

O
3
 NOx (or 

NO2) 
O

3
 NO

x
 

ppb ppb 
Slope 

(ppb y-1) 
R

2
 Slope  

(ppb y-1) 
R

2
 

Approach A 

(17 years) 

46.74 ± 0.58a 6.86 ± 0.19a 

4.49 ± 0.12h 

-0.13 ± 0.10 0.27 -0.06 ± 0.03 

-0.04 ± 0.02h 

0.53 

0.53h 

Approach B 

(17 years) 

46.72 ± 2.08a 6.80 ± 0.13a 

4.45 ± 0.08h 

-0.68 ± 0.27 0.63 -0.04 ± 0.02 

-0.03 ± 0.01h 

0.58 

0.58h 

Approach C 

(13 years) 

44.71 ± 1.28a 6.03 ± 0.05a 

3.95 ± 0.03h 

-0.49 ± 0.24 0.62 -0.013 ± 0.012 

-0.009 ± 0.008h 

0.30 

0.30h 

Hourly median 

(up to 17 years) 

37.60 ± 1.55b 5.75 ± 0.62b 

4.05 ± 0.44h 

    

Adjusted hourly 

median 

(up to 17 years) 

37.67 ± 0.80c 5.74 ± 0.32c 

4.03 ± 0.09h 

    

Berlin et al. 

(2013)  

(14 years) 

42.5 ± 6.3d 

 

-0.33 ± 0.39 0.23   

-0.21 ± 0.39 0.12   

-0.92 ± 0.74d    

-0.79 ± 0.65 d    

Souri et al. 

(2016) 

(15 years) 

107 ± 27e (10 ± 3) e -1.0 ± 0.5e    

77 ± 27f (8 ± 3) f -0.9 ± 0.86f    

57 ± 19g (6 ± 3) g 0.09 ± 0.40g    

aThe average values were obtained by averaging the yearly values over the respective study period; the 

yearly values represent the season means (May-Oct) and account for daytime hours only. bThe hourly 

background values (daytime hours during May-Oct) were averaged over 8 hours for each month to get the 

season mean that is comparable with the other approaches. This background is based on a single component 

(PC1). cThe hourly background was adjusted to include average regional contributions from two 

components (PC1 and PC3). d Constrained by wind direction from southeast. e Constrained by wind 

direction from east-northeast. f Constrained by wind direction from east-southeast. g Constrained by wind 

direction from south-southeast. h Lower bound of background NOx (corrected for time-averaging and/or 

measurement bias, see p.223-226 in Appendix IV). () Regional background NO2 (average of both daytime 

and nighttime) 
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Overall, the slopes from different approaches in this study and other studies are 

not significantly different (Figure 4.8). The average background O3 in this study is 

slightly larger (by 2-4 ppb) compared to that reported by Berlin et al. (2013), in any of 

the approaches except for the hourly median approach, which is smaller by up to 5 ppb. 

However, compared to Souri et al. (2016) the average estimates of this study and Berlin 

et al. (2013) are all much smaller, with differences ranging from 10 to 69 ppb (Table 4.5).  

 

 

Figure 4.8 Comparison between the slopes of temporal trends in regional background O3 in the HGB 

region. 

 

Both upper and lower bounds of background NOx also declined in all approaches, 

with significant slopes (see Table 4.5). No other long-term background NOx studies exist, 

making comparison impossible. Additionally, there is no long-term and season-scale 

evidence on the effect of NOx conversion to PAN and HNO3 that could affect its temporal 

decline. Considering that the majority of the sites used to derive background NOx are 
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urban sites or sites that are affected by fresh emissions, it can be assumed that conversion 

to PAN and HNO3 might have had a minor effect on the temporal trends in background 

NOx and at the 6-months scale. However, this study estimated a bias of ca. 30 % due to 

detection of PAN, HNO3 and other nitrogen species as NOx (see p. 224-227 in Appendix 

IV). This, combined with the bias due to 8-h averaging of NOx, has shifted the annual 

trends to lower ranges by 2 ppb. Regional background contributions to measured MDA8 

O3 are consistent with previously reported contributions from Berlin et al. (2013), with 

the closest estimate of slope values spanning unity (from linear regression of measured 

MDA8 versus regional background) resulting from the approaches in which chemistry 

and meteorology were co-varied spatially and temporally; a higher estimate of slope 

value (by a factor of 5) resulted from the approach in which MDA8 O3 was not 

constrained by NOx and meteorology. 

4.2.9. Conclusions 

The overall goals of this study were to estimate regional background O3 and NOx 

in the HGB area and to quantify their temporal trends over the past decades. To design 

more efficient controls on local pollution, there is a need of improved understanding of 

regional contributions from a long-term perspective, and also better constraints on O3 

mixing ratio. The study used up to seventeen years of hourly measurements of O3 and 

NOx mixing ratios in different multivariate analysis approaches, including one that 

allowed covariance of O3 with NOx and meteorology (T, WD and WS). Because the data 

used is ground-monitoring data, both background O3 and NOx determined in this study 

represent the ground-level backgrounds, describing influences from regional chemistry 

and transport.  
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This study found that the observed decline in regional background O3 is real and 

quantifiable, regardless of the approach used to analyze the changes in regional 

background O3 on the longest term possible. This is consistent with results from two 

previous studies (Berlin et al. 2013; Souri et al. 2016). Similarly, the study detected and 

quantified a decline in the upper and lower bounds of background NOx in all approaches. 

By accounting for the space-time covariance of O3 with NOx and meteorology, 

this study could better resolve the temporal trend of background O3, with a more 

significant slope and improved coefficient of determination (R2 of 0.62-0.63) on both 

time scales: 17 years and 13 years, respectively. Similarly, the temporal trend of 

background NOx resulted in a better performance of the linear model (R2 = 0.58 

compared to R2 = 0.53) when the covariance of variables was used for the longest term, 

although the associated slope decreased slightly. 

Findings of this study support the claim of Berlin et al. (2013) that changes in 

regional background O3 also contributed to a local decline in MDA8 O3. However, in the 

present study, regional contributions to average MDA8 O3 are underestimated when the 

space-time covariance of meteorology and chemistry is not considered (Figure IV-16 vs. 

Figure IV-18in Appendix IV). When this covariance is accounted for in the analysis (our 

Approach B), the associated temporal trend in background O3 (or NOx) reflects both the 

effects of controlling precursor emissions and changes in meteorology. For instance, local 

chemistry was much more important in earlier years (prior to 2007) due to high emissions 

of O3 precursors from petrochemical facilities, making it difficult to extract the regional 

background from surface data during those years. The trend became steadier after 2007 

probably as an effect of emissions controls and a prevailing S-SE flow; this latter is 
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consistent with the observed increased frequency of the southerly flow from the GOM 

(Liu et al. 2015). Based on a previous study (Wang et al. 2016b), variations in the 

intensity and location of the Bermuda High could also explain some of the temporal 

behavior in summertime MDA8 O3, causing a drop in mid-July, when southerly flow 

from the GOM is allowed to enter the region; this is marine background O3 and also 

contributes to the decline in regional background O3 over time. The present study also 

observed this effect in regional background O3 during July, particularly when using the 

hourly median approach. 

This study estimates of 8-h based average background O3 and NOx are both 

slightly overestimated compared to the hourly median approach, likely due to 

constraining the 8-h average NOx (and meteorology) by the MDA8 O3. Future studies 

might consider refining these estimates by using a smaller time-averaging scale for NOx, 

O3 and meteorology. Although the study estimated a bias of 18% due to 8-h averaging of 

NOx, future refinements of background NOx would probably reduce this bias. In addition, 

corrections of NOx measurements that are representative for the region and the time 

periods analysed in this study are highly recommended to further improve the lower 

bound estimate of background NOx; the average value of ca. 4 ppb still appears to be 

large compared to the short-term aircraft ‘non-plume’ NOx of 1-1.5 ppb observed in the 

region.  

To test the linearity of the temporal trends in background O3 and NOx and to 

continuously determine the effectiveness of control measures, and identify regulatory 

changes that need to be made, new studies should extend the trends in this study into 

future years. Additionally, wherever VOCs data are available, the extraction of 
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background O3 and NOx should be constrained over that period by VOCs as well and 

possibly by solar radiation. The related temporal trends should be compared over that 

period with those estimated from this study to highlight the effect of including VOCs and 

an additional meteorological variable in the multivariate analysis. Coincident solar 

radiation and NOx could also be used to test the conversion of NOx to oxidation products 

(PAN, HNO3, etc.) and asses the magnitude of this effect on the declining background 

NOx in the HGB region.   
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Chapter 5 

Conclusions  

Biomass burning and wildfires are important sources to the atmosphere of gases, 

particles and heat and can impact the environment in which they occur. The material 

emitted (atmosphere) or generated (soil) participate in both PyC and carbon cycling. 

After emission, this PyC material is lost or transformed in the environment and 

transported to various depositional environments, leaving a chemical record of paleofire 

in ice and sediment cores. 

Due to the variable compositions of PyC (covering a pyrolysis-combustion 

continuum) and the multitude of other sources of compounds traditionally used to trace 

PyC (i.e., PAHs), tracing vegetation fire remains challenging without the use of unique 

fire tracers. Anhydrosugars are such tracers but their environmental fate is unclear. The 

main goals of this thesis were to improve the understanding of anhydrosugars by 

reviewing what is known about them in all relevant environments, developing a 

quantitative model of their atmospheric degradation, and suggesting new research 

pathways.  

The review study on anhydrosugars (Suciu et al. 2019) provided in Chapter 2 of 

thesis, develops a conceptual framework to study anhydrosugars in the future. Using this 
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framework, multiple questions pertinent to air quality, atmospheric chemistry, the origin 

and composition of atmospheric tar balls, the carbon cycle, microbial degradation, 

evolution of life/functional diversity in fire-impacted ecosystems, terrestrial organic 

matter, and the paleoclimate-paleofire-paleovegetation relationship can be addressed in 

the future. Among these, new atmospheric research of anhydrosugars should focus on 

discovering the reactive pathways of levoglucosan isomers (mannosan and galactosan), 

studying their chemical kinetics in laboratories, studying their atmospheric degradation, 

and identifying products of their atmospheric degradation. Together, these will contribute 

to a better characterization of anhydrosugar ratios, which could be used to trace 

vegetation source in addition to fire itself. Their simulation in CTMs will provide 

information regarding degradation time scales and contributions to SOA and cloud 

formation. Several opportunities exist for soil studies with respect to the use of 

anhydrosugars as tracers of organic matter degradation and microbial processes in soil 

(via changes in anhydrosugar/polysaccharide ratios), carbon storage (via organo-mineral 

interactions), decoupling of PyC phases (via multiphase transport), and environmental 

conditions (via levoglucosenone/levoglucosan ratios).  

The atmospheric degradation of levoglucosan (LEV) - a dominant anhydrosugar - 

has been studied in Chapter 3 of this thesis, from a modeling perspective. Quantitative 

descriptions of its homogeneous gas-phase and heterogeneous chemical processing and 

G/P partitioning were implemented into a 0-D modeling framework. Various simulated 

chamber experiments were validated by comparison to measurements from chamber 

experiments. The model predicts relatively well the first five hours of LEV degradation, 

for which data were available (average absolute error of 48%), and, overall, underpredicts 
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relative to data (average relative error of -48%). The linear agreement between predicted 

and measured values is strong (R2 of 0.78). For the validated scenarios, the degradation 

time scales of LEV ranged from 8 to 21 hours (aerosol-phase) and 1-5-3.5 days (gas-

phase), suggesting that LEV chemistry may have mostly local impacts on air quality. 

However, a sensitivity analysis by varying the heterogeneous reaction rate by four orders 

of magnitude yielded longer degradation timescales, 7 days (aerosol-phase) and 5 days 

(gas-phase), suggesting that LEV can be transported and deposited both locally and 

regionally. The contribution to SOA yields is significant (5-32 %) and fast (1-12 min) 

and it does not change much when heterogeneous chemistry is varied more largely. LEV 

chemistry also has effects on other gases, either by increasing (OH, O3, NO3, HNO3 and 

NOz) or by decreasing (N2O5, NOx and VOC) their concentrations and by doing so, it 

modulates the concentration and rate of formation of tropospheric O3 and NOz. 

Therefore, LEV chemistry not only influences the carbon cycle (by increasing VOC), but 

it also influences the nitrogen cycle (by increasing NOz). The relevance of atmospheric 

LEV chemistry to other environments remains an open question. 

More work is needed to evaluate longer degradation time scales of LEV and SOA 

yields, as well as to investigate its atmospheric implications and tracing capabilities. 

Future work also should seek implementation of mannosan and galactosan chemistries 

and related G/P partitioning into the 0-D model and further use of the 0-D model into 3-D 

CTMs. This will help to clarify the regional transport and deposition of anhydrosugars 

that is very relevant to other environments, such as the cryosphere. The chemistry of LEV 

and its isomers could also be extended to include their interactions with halogens; 
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theoretically, such chemical reactions are possible (i.e., abstraction of H atoms from C-H 

or O-H bonds).  

Chapter 4 of this thesis focused on the estimation of regional background O3 and 

NOx using PCA of long-term surface measurements in a highly urbanized region (Suciu 

et al. 2017). Because biomass burning is also an important source of O3 precursors such 

as NOx and VOCs in addition to anhydrosugars, this work also provides some insight into 

the possible use of anhydrosugars as tracers of regional background O3 and its precursors. 

The study used almost two decades of measurements of O3, NOx, and meteorology in 

various PCA approaches and found that both regional background O3 and NOx have 

declined over the past decade, which could be explained by the combined effect of 

controlling precursors emissions and a prevailing southeasterly-southerly air flow in the 

studied area. However, some uncertainties remain in the quantification of regional 

background NOx. These could be improved by including other O3 precursors in the PCA 

(VOCs) as well as fire tracers (anhydrosugars). Findings described in Chapter 3 suggest 

that LEV itself may contribute to O3 formation via its chemistry (it generates peroxy 

radicals, LEVRO2 species) and also can influence NOx concentration through 

competition for reaction with available OH radical.  

Anhydrosugars are important tracers of fire even though they are not 

conservative. Understanding their degradation and transport can significantly contribute 

to an improved understanding of PyC and carbon cycling, the paleoclimate-fire-

vegetation relationship and air quality effects of fire. Results of this thesis highlight 

several new directions for research on anhydrosugars, including the application of their 

multiple tracing capabilities.  
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Appendix I 

1. Modeled chemical mechanisms of levoglucosan degradation 

 

The two chemical mechanisms considered in Chapter 3 are detailed in Table I-1 

and Table I-2. The chemical reactions and rate coefficients were taken from literature as 

such or were adapted/calculated based on structural activity. Letters G and A in LEV-

related species names refer to gas phase and aerosol phase, respectively. Note that in 

Table I-2, only the uptake coefficient used in the heterogeneous reaction rate coefficient 

is provided.
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Table I-1 Homogeneous gas phase mechanism 

Chemical reaction Reference  Reaction rate coefficient 

[cm3 molec-1 s-1] 

Reference 

1. LEV_G + OH {+ O2} → LEVRO2_G + H2O Bai et al. (2013); Jenkin et al. (1997) 2.21 x 10-12 Bai et al. (2013) 

2. LEVRO2_G + NO → LEVRO_G + NO2 Saunders et al. (2003) 2.54 x 10-12 exp (360/T) Saunders et al. (2003) 

3. LEVRO_G + O2 → LEVP1_G + HO2 Saunders et al. (2003) 1.00 x 10-14 Seinfeld and Pandis (2006) 

4. LEVRO2_G + H2O → LEVP2_G + OH + H2O Jenkin et al. (1997); Bai et al. (2013) 1.00 x 10-17 Jenkin et al. (1997) 

5. LEVP2_G + LEV → LEVP3_G Bai et al. (2013) 3.10 x 10-10 exp (155/T) Calculated in this study 

6. LEVRO2_G + M → LEVP4_G + HO2 + M Bai et al. (2013) 5.76 x 10-12 exp (71/T) Calculated in this study 

7. 2LEVRO2_G → 2LEVRO_G + O2 Saunders et al. (2003) 2.70 x 10-12 Jenkin et al. (1997) 

8. LEVRO2_G + XO2 → LEVRO_G + ROR + O2 Saunders et al. (2003) 2.70 x 10-12 Jenkin et al. (1997) 

9. LEVRO2_G + HO2 → LEVROOH_G + O2 Saunders et al. (2003) 2.91 x 10-13 exp (1300/T) Saunders et al. (2003) 

10. LEVROOH_G + OH → LEVRO2_G + H2O Emmons et al. (2010) 3.80 x 10-12 exp (200/T) Emmons et al. (2010) 

11. LEV_G + NO3 {+ O2} → LEVRO2_G + HNO3 Jenkin et al. (1997); Knopf et al. (2011) 5.80 x 10-16 CB05TUCl_EPA (R77) 

12. LEV_G + O3 {+ O2} → LEVRO2_G + O2 + OH Jenkin et al. (1997); Atkinson and Carter (1984) 1.20 x 10-14 exp (2630/T) CB05TUCl_EPA (R122) 

13. LEV_G + N2O5 → LEVP5_G + HNO3 Gross et al. (2009) 1.29 x 10-14 Calculated this study 

{} Species concentration not included in the reaction rate (i.e., reaction assumed to be instantanous) 

 

Table I-2 Heterogeneous mechanism 

 Chemical reaction Reference  Uptake 

coefficienta 

Reference 

1. LEV_A {+ OH} → LEVR_A+ H2O Bai et al. (2013); Jenkin et al. (1997) 0.91 Kessler et al. (2010) 

2. LEVR_A {+ O2} → LEVRO2_A Saunders et al. (2003) 0.41 Calculated this study 

3. LEVRO2_A {+ NO} → LEVRO_A + NO2 Saunders et al. (2003) 0.36 Calculated this study 

4. LEVRO_A {+O2) → LEVP1_A + O2 Saunders et al. (2003) 0.41 Calculated this study 

5. LEVRO2_A {+ H2O} → LEVP2_A + OH + H2O Bai et al. (2013); Jenkin et al. (1997) 0.22 Calculated this study 

6. LEVP2_A {+ LEV_G} → LEVP3_A Bai et al. (2013) 0.92 Calculated this study 

7. LEVRO2_A {+ LEVRO2_G} → LEVRO_A + LEVRO_G + O2 Saunders et al. (2003) 0.85 Calculated this study 

8. LEVRO2_A {+ HO2} → LEVROOH_A + O2 Saunders et al. (2003) 0.33 Calculated this study 

9. LEVROOH_A {+ OH} → LEVRO2_A + H2O Emmons et al. (2010) 0.27 Calculated this study 

10. LEV_A {+ OH} → LEVP6_A + LEVR1_A + H2O Kessler et al. (2010) 0.27 Calculated this study 

11. LEVR1_A {+O2} → LEVP7_A + HO2 Saunders et al. (2003) 0.41 Calculated this study 

12. LEV_A {+ NO3} → LEVR_A + HNO3 Jenkin et al. (1997); Knopf et al. (2011) 1.29 Knopf et al. (2011) 

13. LEV_A {+ O3} → LEVR_A + O2 + OH Jenkin et al. (1997); Atkinson and Carter (1984) 0.013 Knopf et al. (2011) 

14. LEV_A {+ N2O5} → LEVP5_A + HNO3 Gross et al. (2009) 0.027 Knopf et al. (2011) 
aThe uptake coefficient used in the calculation of the heterogeneous reaction rate coefficient (see eq. 5 in section 3.2.2) 
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2. Implementation of the G/P partitioning mechanism into BOXMOX 

The evaporation/condensation model of May et al. (2013) was used as the G/P 

partitioning mechanism in this study. Its implementation in the BOXMOX modeling 

framework was done in two of its code files (wrapper and boxmox.f90) which were 

extended to include a new subroutine aimed to update the concentration of LEV and its 

degradation products by accounting for evaporation/condensation during integration. The 

new subroutine - “UpdateEquilibriumConc” - was developed in the wrapper using the 

Fortran90 language. The subroutine is called using a single line in boxmox.f90 (the main 

program not shown here) at the end of each of the integration time step. The full code of 

this new subroutine is presented below: 

 

#INLINE F90_UTIL 

! **************************************************************************** 

! UpdateEquilibriumConc updates species concentration due to G/P partitioning 

! (Added by Loredana Suciu) 

! **************************************************************************** 

SUBROUTINE UpdateEquilibriumConc() 

REAL(KIND=dp) :: C_tot !Total organics (G+A) concentration [molecules/cm3] 

REAL(KIND=dp) :: C_OA !Total organic aerosol concentration [molecules/cm3] 

REAL(KIND=dp) :: C_g !Total organic gas concentration [molecules/cm3] 

REAL, DIMENSION (8,2) :: C_org  !Column 1 (G conc.); column 2 (A conc.) 

[molecules/cm3] 

REAL, DIMENSION (8) :: C_eq !Equilibrium concentration [molecules/cm3] 

CHARACTER(LEN=10), DIMENSION (8,2) :: N_org  !Col, 1 (G-name); col. 2 

(A-name) 

! CHARACTER(LEN=10), DIMENSION (8) :: N_eq !Col, 1 (EQ-species name) 

REAL, DIMENSION (8) :: f_tot !Mass fraction of organics [-] 

REAL, DIMENSION (8) :: MW !Molecular weights of organics [kg/mol] 

REAL, DIMENSION(8, 2) :: dC_org !Species concentration [molecules/cm3] 

       !Col 1: Gas; Col 2: Aerosol 

INTEGER :: i 

INTEGER :: j 

 

C_org = reshape((/VAR(91), VAR(44), VAR(50), VAR(46), VAR(39), VAR(49), & 

VAR(31), VAR(33), VAR(55), VAR(43), VAR(47), VAR(45), VAR(38), & 

VAR(48), VAR(32), VAR(34)/), shape(C_org)) 

 

N_org = reshape((/SPC_NAMES(91), SPC_NAMES(44), SPC_NAMES(50), & 

  SPC_NAMES(46), SPC_NAMES(39), SPC_NAMES(49), SPC_NAMES(31), & 

  SPC_NAMES(33), & 

  SPC_NAMES(55), SPC_NAMES(43), SPC_NAMES(47), SPC_NAMES(45), & 

  SPC_NAMES(38), SPC_NAMES(48), SPC_NAMES(32), SPC_NAMES(34)/), & 

  shape(N_org)) 
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MW = (/162.0e-3, 176.0e-3, 176.0e-3, 338.0e-3, 160.0e-3, 207.0e-3, 161.0e-3,  

 161.0e-3/) 

  

!Calculate total organic aerosol concentration 

C_OA = 0 

DO i = 1, SIZE(C_org, 1) 

 C_OA = C_OA + C_org(i, 2) 

END DO 

 

!Calculate total organic concentration 

C_g = 0 

DO i = 1, SIZE(C_org, 1) 

 C_g = C_g + C_org(i, 1) 

END DO 

C_tot = C_g + C_OA 

 

!Calculate mass fraction of organics (G+A) 

DO i = 1, SIZE(f_tot) 

 f_tot(i) = (C_org(i, 1) + C_org(i, 2))/C_tot 

END DO 

 

!Calculate the equilibrium concentration for each species i, where i = {1-8} 

DO i = 1, SIZE(C_org, 1) 

 C_eq(i) = C_equilibrium(f_tot(i), C_tot, C_OA, MW(i)) 

END DO 

 

!Calculate dC 

DO i = 1, SIZE(C_org, 1) 

 dC_org(i, 1) = calc_dC_g(C_org(i, 1), C_eq(i)) !Gas 

 dC_org(i, 2) = calc_dC_p(C_org(i, 1), C_eq(i)) !Aerosol 

END DO 

 

WRITE(*,*) "C_org(i) BEFORE CHANGE:" 

DO i = 1, SIZE(C_org, 1)   

 WRITE(*,40) "C(", N_org(i, 1), ") =", C_org(i, 1), & 

  "; C(", N_org(i, 2), ") =", C_org(i, 2) 

 40 FORMAT (A2,A7,A3,1X,ES12.4,4X,A4,A7,A3,1X,ES12.4) 

END DO 

 

!Update concentration of organic species C_org 

DO i = 1, SIZE(C_org, 1) 

 DO j = 1, SIZE(C_org, 2) 

  C_org(i, j) = MAX(0., C_org(i, j) + dC_org(i, j)) 

 END DO 

END DO 

 

!Update C_org gas phase based on the loss from the aerosol phase 

DO i = 1, SIZE(C_org, 1) 

 C_org(i, 1) = C_org(i, 1) - dC_org(i, 2) 

END DO 

 

!Update C_org aerosol phase based on the loss from the gas phase 

DO i = 1, SIZE(C_org, 1) 

 C_org(i, 2) = C_org(i, 2) - dC_org(i, 1) 

END DO 
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!Print all results 

WRITE(*,*) "" 

WRITE(*,*) "C_equilibrium:"  

DO i = 1, SIZE(C_eq, 1) 

 WRITE(*,50) "Ceq(", N_org(i, 1), ") =", C_eq(i)  

 50 FORMAT (A4,A7,A3,1X,ES12.4) 

END DO 

 

  

WRITE(*,*) "" 

WRITE(*,*) "dC_org(i,j):" 

DO i = 1, SIZE(dC_org, 1)   

 WRITE(*,100) "dC(", N_org(i, 1), ") =", dC_org(i, 1), & 

  "; dC(", N_org(i, 2), ") =", dC_org(i, 2) 

 100 FORMAT (A3,A7,A3,1X,ES12.4,4X,A5,A7,A3,1X,ES12.4) 

END DO 

 

WRITE(*,*) "" 

WRITE(*,*) "C_org(i) AFTER CHANGE:" 

DO i = 1, SIZE(C_org, 1)   

 WRITE(*,200) "C(", N_org(i, 1), ") =", C_org(i, 1), & 

  "; C(", N_org(i, 2), ") =", C_org(i, 2) 

 200 FORMAT (A2,A7,A3,1X,ES12.4,4X,A4,A7,A3,1X,ES12.4) 

END DO 

 

 

WRITE(*,*) "" 

WRITE(*,*) "" 

  

! IF (time > 30.0) THEN 

!        WRITE(*,*) "first 3 time steps" 

!        STOP 

!        ENDIF 

 

!Re-assign organic concentration to VAR 

CALL assign_C_org_to_var(C_org)  

 

END SUBROUTINE UpdateEquilibriumConc 

! **************************************************************************** 

 

 

!**************************************************************************** 

! Calculate the gas concentration gradient during a time of iteration DT 

! (Added by Loredana Suciu). 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION calc_dC_g(C, Ceq) 

REAL(KIND=dp) :: C  !Gas concentration at time t [molecules/cm3] 

REAL(KIND=dp) :: Ceq !Equilibrium concentration [molecules/cm3] 

REAL(KIND=dp) :: t_eq !Equilibrium timescale [s] 

 

t_eq = 5. / C_SINK() 

IF (DT.ge.t_eq) THEN 

 calc_dC_g = - C_SINK() * MAX(0., C - Ceq) * DT 

ELSE 

 calc_dC_g = - C_SINK()**2. * MAX(0., C - Ceq) / 5. * DT**2. 

END IF 

 

END FUNCTION calc_dC_g 

! **************************************************************************** 
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!***************************************************************************** 

! Calculate the particle concentration gradient during a time of iteration DT 

! (Added by Loredana Suciu) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION calc_dC_p(C, Ceq) 

REAL(KIND=dp) :: C   !Gas concentration at time t [molecules/cm3] 

REAL(KIND=dp) :: Ceq  !Equilibrium concentration [molecules/cm3] 

REAL(KIND=dp) :: t_eq  !Equilibrium timescale [s] 

 

t_eq = 5. / C_SINK() 

IF (DT.ge.t_eq) THEN 

 calc_dC_p = - C_SINK() * MAX(0., Ceq - C) * DT 

ELSE 

 calc_dC_p = - C_SINK()**2. * MAX(0., Ceq - C) / 5. * DT**2. 

END IF 

 

END FUNCTION calc_dC_p 

! **************************************************************************** 

 

 

! **************************************************************************** 

! Re-assign the concentrations to array VAR (Added by Loredana Suciu) 

! **************************************************************************** 

SUBROUTINE assign_C_org_to_var(C_org_local) 

REAL, DIMENSION (8, 2) :: C_org_local ! Species concentration [molecules/cm3] 

 

! Gas species 

VAR(91) = C_org_local(1, 1) 

VAR(44) = C_org_local(2, 1) 

VAR(50) = C_org_local(3, 1) 

VAR(46) = C_org_local(4, 1) 

VAR(39) = C_org_local(5, 1) 

VAR(49) = C_org_local(6, 1) 

VAR(31) = C_org_local(7, 1) 

VAR(33) = C_org_local(8, 1) 

 

! Aerosols species 

VAR(55) = C_org_local(1, 2) 

VAR(43) = C_org_local(2, 2) 

VAR(47) = C_org_local(3, 2) 

VAR(45) = C_org_local(4, 2) 

VAR(38) = C_org_local(5, 2) 

VAR(48) = C_org_local(6, 2) 

VAR(32) = C_org_local(7, 2) 

VAR(34) = C_org_local(8, 2) 

 

END SUBROUTINE assign_C_org_to_var 

! **************************************************************************** 
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! **************************************************************************** 

! C_equilibrium calculates equilibrium concentration for G/P partitioning 

! (Added by Loredana Suciu, based on May et al., 2013) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION C_equilibrium(f_i, C_tot, C_OA, MW) 

 

REAL(KIND=dp) :: f_i  !Mass fraction of organics [-] 

REAL(KIND=dp) :: C_tot  !Total organic conc. [molecules/cm3] 

REAL(KIND=dp) :: C_OA  !Total organic aerosol conc. [molecules/cm3] 

REAL(KIND=dp) :: MW  !Molecular weight of organic species i [kg/mol] 

REAL(KIND=dp) :: C_star_i !Saturation conc. of organics [molecules/cm3] 

 

C_star_i = C_star(MW)  

C_equilibrium = Xm_i(f_i, C_tot, C_OA, C_star_i) * Ke_coeff(MW) * C_star_i 

  

END FUNCTION C_equilibrium 

! **************************************************************************** 

 

 

! **************************************************************************** 

! C_factor converts concentration values from kg/m3 to molecules/cm3 

! (Added by Loredana Suciu) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION C_factor(MW) 

REAL(KIND=dp) :: N_A !Avogadro's number [molecules/mol] 

REAL(KIND=dp) :: MW !Molecular weight of organic species i [kg/mol] 

 

N_A = 6.022e+23 

C_factor = 1.0e-6 * (N_A / MW) 

! WRITE(*,*) "MW = ", MW 

! WRITE(*,*) "N_A = ", N_A 

! WRITE(*,*) "C_factor = ", C_factor 

END FUNCTION C_factor 

! **************************************************************************** 

 

 

! **************************************************************************** 

! Xm_i calculates the mass fraction of the organics in the aerosol phase 

! (Added by Loredana Suciu, based on May et al., 2013) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION Xm_i(f_i, C_tot, C_OA, C_star_i) 

 

REAL(KIND=dp) :: f_i  !Mass fraction of organics [-] 

REAL(KIND=dp) :: C_tot  !Total organic conc. [molecules/cm3] 

REAL(KIND=dp) :: C_OA  !Total organic aerosol conc. [molecules/cm3] 

REAL(KIND=dp) :: C_star_i !Saturation conc. of organics [molecules/cm3] 

 

Xm_i = (f_i * C_tot) / (C_OA + C_star_i) 

WRITE(*,*) "Xm_i = ", Xm_i 

 

END FUNCTION Xm_i 

! **************************************************************************** 
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! **************************************************************************** 

! C_star calculates the saturation concentration of organics as a function of 

! temperature (Added by Loredana Suciu, based on May et al., 2013) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION C_star(MW) 

REAL(KIND=dp) :: dHvap  !Enthalpy of vap. of org. [J/mol] 

REAL(KIND=dp) :: C_298  !Saturation conc. of org. at 298K [kg/m3] 

REAL(KIND=dp) :: MW  !Molecular weight of organic species i [kg/mol] 

REAL(KIND=dp), PARAMETER :: Rg = 8.3145 !Ideal gas constant [J/mol/K] 

 

C_298 = 3.0e-3 

dHvap = 84.0e+3 

C_star = C_factor(MW) * (C_298 * (EXP(-dHvap / Rg * (1 / TEMP - 1 / 298.0)))  

 * 298.0 / TEMP) 

! WRITE(*,*) "C_star = ", C_star 

 

END FUNCTION C_star 

! **************************************************************************** 

 

 

! **************************************************************************** 

! Ke_coeff calculates the Kelvin effect due to surface curvature of particle 

! (Added by Loredana Suciu, based on May et al., 2013) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION Ke_coeff(MW) 

REAL(KIND=dp) :: MW !Molecular weight of organic species i [kg/mol] 

REAL(KIND=dp) :: D_p  !Particle diameter [m] 

REAL(KIND=dp) :: sigma  !Surface tension of organics [N/m] 

REAL(KIND=dp) :: rho  !Density of organics [kg/m3] 

REAL(KIND=dp), PARAMETER :: Rg = 8.3145 !Ideal gas constant [J/mol/K] 

 

sigma = 2.82e-2 

rho = 1.69e+3 

D_p = 1.00e-6_dp 

Ke_coeff = EXP((4 * sigma * MW) / (rho * Rg * TEMP * D_p)) 

! WRITE(*,*) "D_p = ", D_p 

! WRITE(*,*) "TEMP = ", TEMP 

! WRITE(*,*) "sigma = ", sigma 

! WRITE(*,*) "rho = ", rho 

! WRITE(*,*) "Ke_coeff = ", Ke_coeff 

 

END FUNCTION Ke_coeff 

! **************************************************************************** 
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! **************************************************************************** 

! Calculates the condensation sink (the inverse of the equilibration timescale 

! (Added by Loredana Suciu, based on May et al., 2013) 

! **************************************************************************** 

REAL(KIND=dp) FUNCTION C_SINK() 

REAL(KIND=dp) :: N_tot  !Total particle number concentration [1/m3] 

REAL(KIND=dp) :: D_p  !Particle diameter [m] 

REAL(KIND=dp) :: lambda  !Mean free path of org. vapor in air [m] 

REAL(KIND=dp) :: D_diff  !Diffusion coefficient of org. in air [m2/s] 

REAL(KIND=dp) :: alpha  !Mass accomodation coefficient [-] 

REAL(KIND=dp) :: Kn_nr  !Knudsen number [-] 

REAL(KIND=dp) :: Fu_nr  !Fuchs and Sutugin number [-] 

REAL(KIND=dp), PARAMETER :: PI = 3.14159265358979d0 

 

N_tot = 3.18e+06 

! D_p = calc_Dp 

D_p = 1.0e-06 

lambda = 65.1e-9 

D_diff = 5.00e-6 

alpha = 0.1 

Kn_nr = 2.0 * lambda / D_p 

Fu_nr = (1.0 + Kn_nr) / (1.0 + 0.3773 * Kn_nr + 1.3333 & 

  * (Kn_nr + Kn_nr**2.0) / alpha) 

C_SINK = 2.0 * PI * D_p * N_tot * D_diff * Fu_nr 

! WRITE(*,*) "C_SINK = ", C_SINK 

 

END FUNCTION C_SINK 

! **************************************************************************** 

#ENDINLINE 
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Appendix II 

 

1. Chemical structures of LEV and its degradation products 

The chemical structure of levoglucosan (LEV) and its gas-phase and aerosol-phase 

degradation products (LEVP#) are shown in Figure II-1. Products LEVP1, LEVP2, LEVP3 and 

LEVP5 are generated in both phases (gas and aerosol), product LEVP4 is generated only in the 

gas phase, while products LEVP6 and LEVP7 are generated only in the aerosol phase. However, 

because the last three products can partition between phases via either evaporation or 

condensation, they are also considered degradation products in the aerosol and gas phase, 

respectively. Henceforth, in their respective chemical mechanism, they are labeled as LEVP#_G 

or LEVP#_A, in which letters G and A refer to gas-phase and aerosol-phase, respectively. The 

chemical structures of LEV and LEVP1- LEVP4 are adapted from Bai et al. (2013) and those of 

LEVP6-LEVP7 are modeled with Chem3D 16.0, following the structures of Kessler et al. 

(2010). The chemical structure of LEVP5, also created with Chem3D 16.0, is introduced here for 

the first time based on the similarity of the reaction between an organic compound and N2O5 

described by Gross et al. (2009).  

Intermediary or radical products are also shown in Figure II-2. The chemical structures of 

LEVR, LEVRO, LEVRO2 and LEVROOH are adapted from Bai et al. (2013), while that of 

LEVR1 is re-created using Chem3D 16.0, based on Kessler et al. (2010). Radicals are also 

common to both phases as they are generated by the phase-specific chemical mechanism, but 

they are not considered in the G/P mechanism based on the assumption that they react very 

quickly once produced. 
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Figure II-1 Chemical structures of levoglucosan and its degradation products 
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Figure II-2 Chemical structures of intermediary (radical) products of levoglucosan degradation 
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2. Main conditions and parameters used in chamber simulations 

The initial conditions of LEV concentration in both phases and main parameters used in 

the chamber simulations are given in Table II-1. Note that BOXMOX does not explicitly model 

relative humidity, but it does model H2O vapor concentration. Therefore, the values of RH used 

in chamber experiments were converted to H2O vapor concentration and used in the simulations 

to roughly reproduce the conditions used in chamber experiments from two studies (Hennigan et 

al. 2010 and Lai et al. 2014). All simulations were conducted at ambient atmospheric pressure 

(1013.35 hPa). Total aerosol number concentration (Nt) and surface area density (SAD) were 

taken or calculated based on Seinfeld and Pandis (2006). Enthalpy of vaporization (∆𝐻𝑣𝑎𝑝,𝑖) at 

298.15 K was taken from Xie et al. (2014) and applied to all LEV species i that were subjected to 

the gas-particle (G/P) partitioning mechanism. Surface tension (σ) of LEV and related species 

was assumed to be similar to that of benzene and taken from Seinfeld and Pandis (2006). 

Saturation concentration of organics at 298 K (𝐶𝑖
∗(298 𝐾)) was taken from May et al. (2013).  

The bulk density of the particle (ρ) was assumed to be the density of LEV. The diffusion 

coefficient for organic vapors in air (D) was taken from May et al. (2013) and assumed to be the 

same for all LEV species.
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Table II-1 Conditions used in chamber simulations for model validation 

Reference 

study 

LEV_G0 

(ppmv)* 

LEV_A0 

(ppmv) 

H2O 

(ppmv) 

RH 

(%) 

T 

(K) 

Dp 

(m) 

Nt 

(m-3) 

SAD 

(m-1) 

∆𝐻𝑣𝑎𝑝,𝑖 

(J mol-1) 

σ 

(N/m) 

𝐶𝑖
∗(298 𝐾)

(kg m3) 

ρ 

(kg m3) 

D 

(m2 s-1) 

Hennigan 

et al. 

(2010) 

9.62x10-2 6.23x10-3 2.22x 103 10 293.15 5x10-7 3.18x107 2.50x10-5 84x103 2.82x10-2 3x10-3 1.69x103 5x10-6 

Lai et al. 

(2014) 

9.62x10-2 7.09x10-4 1.18x104 40 298.15 2x10-7 9.96x108 1.25x10-4 84x103 2.82x10-2 3x10-3 1.69x103 5x10-6 

9.62 x10-2 7.09x10-4 6.60x103 40 288.15 2x10-7 9.96x108 1.25x10-4 84x103 2.82x10-2 3x10-3 1.69x103 5x10-6 

*The initial gas-phase LEV concentration was determined from its vapor pressure. 
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Appendix III 

Evolution of LEV degradation products and their relative importance 

 

 

 

Figure III-1 Products of LEV degradation in the gas phase (top) and the aerosol phase (bottom). (F = 0.02; 

α = 0.001) (simulated conditions based on Hennigan et al. (2010)). Concentration of products (ppmv) is 

displayed on the secondary y-axis. 
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Figure III-2 Products of LEV degradation in the gas phase (top) and the aerosol phase (bottom). (F = 0.03; 

α = 0.001) (simulated conditions based on Hennigan et al. (2010)). Concentration of products (ppmv) is 

displayed on the secondary y-axis. 
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Figure III-3 Products of LEV degradation in the gas phase (top) and the aerosol phase (bottom). (F = 0.004; 

α = 0.001) (simulated conditions based on Lai et al. (2014)). Concentration of products (ppmv) is displayed 

on the secondary y-axis. 

 

 

 

 

 

 



 

208 

 

 

 

Figure III-4 Products of LEV degradation in the gas phase (top) and the aerosol phase (bottom). (F = 0.002; 

α = 0.001) (simulated conditions based on Lai et al. (2014)). Concentration of products (ppmv) is displayed 

on the secondary y-axis. 
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Appendix IV 

Supplement Information for Chapter 4 

 

 

Figure IV-1 The Houston-Galveston-Brazoria (HGB) region (grey) and the TCEQ monitoring sites (yellow 

dots) used in this work. 
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Figure IV-2 Statistics of data availability and replacement by the hourly median for the sites used in this 

work. 
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Figure IV-3 Relationships between meteorological variables and the first component for O3 (a-c) and NOx 

(d-f). Dots represent daytime hours (10 am - 6 pm) in each month. Empty circles are the monthly 8-h 

averages. 
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Figure IV-4 The 6-month trends in background O3 (a) and background NOx (b) for each daytime hour. 

 

 

 

Figure IV-5 Relationship between PCA-estimated background O3 and NOx at both 1-h and 8-h levels. Dots 

represent daytime hours (10 am - 6 pm) in each month. Empty circles are the monthly 8-h averages. 
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Figure IV-6 Relationships between meteorological variables and the second component for O3 (a-c) and 

NOx (d-f). Dots represent daytime hours (10 am - 6 pm) in each month. Empty circles are the monthly 8-h 

averages. 
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Figure IV-7 Relationship between PCA-estimated local O3 and NOx at the 1-h level. Dots represent daytime 

hours (10 am - 6 pm) in each month. Empty circles are the monthly 8-h averages. 

 

 

   
 

Figure IV-8 The 6-month trends of principal components converted to MDA8-O3 (a) and 8-h average NOx 

(b) to help distinguish between regional and local contributions. Points represent the 17-year average 

values. The regional contributions are expected to peak in spring and late summer/early fall, and drop in 

mid-summer. The opposite is expected from local contributions. 
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Figure IV-9 Relationship between regional background O3 and NOx (Approach A). 

 

 

Figure IV-10 Relationship between local O3 and NOx (Approach A). 
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Figure IV-11 Example of a “NOx-T” site (Aldine) where temperature (a) and NOx (b) explain the variation 

in PC1 scores. 
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Figure IV-12 Example of an “O3-NOx-WS” site (Bayland Park) where O3 (a), NOx (b) and WS (c) explain 

the variation in PC1 scores. 
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Figure IV-13 Partition of O3 (a), NOx (b), WD (c), WS (d) and T (e) between the two components (PC1 in 

yellow and PC2 in blue). 
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Figure IV-14 Measured hourly median O3 (average of 16-19 sites) vs. estimated background O3 from PCA. 

 

 

Figure IV-15 Measured hourly median NOx (average of 15-18 sites) vs. estimated background NOx from 

PCA. 
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Figure IV-16 Measured MDA8-O3 (average of 5 sites) vs. background O3 derived from PCA  

(Approach A). 

 

 

Figure IV-17 Measured 8-h average NOx (average of 5 sites) vs. background NOx from PCA  

(Approach A). 
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Figure IV-18 Measured MDA8-O3 (average of 5 sites) vs. background O3 derived from PCA  

(Approach B). 

 

 

Figure IV-19 Measured 8-h average NOx (average of 5 sites) vs. background NOx from PCA  

(Approach B). 
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Figure IV-20 Measured MDA8-O3 (average of 10 sites) vs. background O3 derived from PCA 

 (Approach C). 

 

 

Figure IV-21 Measured 8-h average NOx (average of 10 sites) vs. background NOx from PCA  

(Approach C). 
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Background NOx 

1. Considerations for potential biases in background NOx 

Background NOx estimates in this study may be subject to two biases: the time-

averaging scale and the overdetection of NOx by the measuring instrument. Both biases 

lead to overestimation of background NOx.  Thus, our estimate provided an upper bound 

of background NOx. In the following sections we discuss, estimate and use these biases to 

quantify the long-term averages and temporal trends in lower bound background NOx. 

Because we subtract these biases from the previously determined background NOx (aka 

upper bound), our new estimate of background NOx is a lower bound.  

1.1 Bias due to time-averaging 

The 8-h averaging of NOx may not adequately capture background NOx.  This 

could occur because the temporal variability in NOx and O3 are different. For our PCA 

approach in which we co-varied chemistry and meteorology, it was necessary that the 

averaging of NOx, WS, WD and T occur over the same time period as for MDA8 O3 to 

match the analysis time scale for all the variables at which their covariance would be 

meaningful. For instance, O3 and T vary over larger temporal scales compared to NOx 

and WS. However, because O3 and NOx have different temporal dynamics, this may 

introduce bias. In our study, we selected the maximum 8-h average O3 value which, 

therefore, drove our selection of the corresponding 8-h average NOx, WD, WS and T 

values, potentially biasing high our background NOx estimate and its temporal trends. 

To determine how much we may have overestimated background NOx due to 

time-averaging, we have compared the season-scale 8-h and 1-h background NOx values 

(Figure 4.5). We found that due to differing temporal dynamics of O3 and NOx the 
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analytical focus on the time of MDA8 O3 occurrence may lead to an overestimation of 

the 8-h background NOx of approximately 18%.” 

1.2 Bias due to overdetection of NOx by the measuring instrument 

The combined chemiluminescence/molybdenum conversion method used to measure NOx 

also detects other reactive nitrogen (NOy) species (PAN, HNO3, organic nitrates/nitrites, 

etc.) as NOx (Winer et al. 1974). Because NO2 is determined by difference from total 

NOx (after its conversion to NO) and NO (measured by chemiluminescene prior to the 

conversion of other NOy species to NO), NO2 is actually not measured by this method, 

preventing us from using it in the analysis of background NOx or using the Ox metric. 

Although there is a variation in the instrument conversion efficiency for 

individual species, we assume 100% conversion for all species to generate an upper-

bound estimate of error, allowing us to use published field studies to determine the 

potential error in overdetecting NOx. A two-month field study (Luke et al. 2010) 

individually measured NOx species (NO, NO2) and NOz species (HNO3, PAN, HONO 

and p-NO3
-) during daytime at the top of the Moody Tower (University of Houston).  The 

dominant NOz species, representing fractions of NOy during the most photochemically 

active window (11 am - 5 pm), were HNO3 (17-19.5 %) and PAN (12-14.8%), while 

other species (HONO and p-NO3
-) showed minor contributions (<1-1.5%). Based on the 

total NOz fraction and assuming that NOz would be detected as NOx in the TCEQ 

instruments, we inferred that the overdetection of NOx by the 

chemiluminescense/molybdenum conversion method was at most approximatively 30%. 

This estimate is likely to be high for two reasons. First, as described above, instrument 

conversion of PAN, HNO3 and higher nitrogen oxides is not likely to be 100%. Second, 



 

225 

 

the extrapolation of this error estimate to the season-scale (May-Oct.) includes periods of 

time when photochemistry is not as active as the summer, leading to less production of 

NOz species. 

1.3 Corrections of background NOx for overall bias 

Based on these two potential errors and using error propagation, we estimated a 

maximum overall bias of 35%. By applying this overall bias to the upper bound of 

background NOx (the one uncorrected for biases), we obtained a lower estimate of the 

background, which we refer to as the lower bound of 8-h background NOx (see Table 

4.5). Using the bias due to the measurement method only, we estimated the lower bound 

of 1-h background NOx (Table 4.5). Given that the bias due to overdetection of NOx was 

based on late summer only, a period highly representative of significant photochemistry, 

we hypothesize that the actual season-scale (May-Oct.) ground-level background NOx 

falls in between these two bounds. The lower bound of background NOx is shifted to 

lower ranges compared to the uncorrected values by approximately 2 ppb. Likewise, the 

regression coefficients (slope and intercept) decreased proportional to the overall bias (by 

ca. 35%). Figure IV-22 shows the lower bound of 8-h background NOx trends for all 

approaches (A-C). The long-term averages and trend parameters for these estimates are 

summarized in Table 4.5. 
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Figure IV-22 Temporal trends in lower bound of background NOx. 
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