


 
 

 

ABSTRACT 

 Mechanistic representation of soil nitrogen emissions in atmospheric 
modeling  

by 

Quazi Ziaur Rasool 

Soils are a major and long overlooked source of reactive nitrogen emissions 

below our feet. These emissions include species like nitric oxide (NO), nitrous acid 

(HONO), nitrous oxide (N2O), and ammonia (NH3). Their prevalence in the summer 

ozone season (growing season) may become increasingly important as fertilizer use 

grows and fossil fuel combustion sources of nitrogen decline. Most air quality models, 

including the Community Multiscale Air Quality (CMAQ) model, use outdated 

parametric emissions schemes that neglect HONO, tend to underpredict soil NO, and 

misrepresent variability in time and space.  

This work introduces a mechanistic, process-oriented representation of soil 

emissions of N species (NO, HONO, N2O, and NH3) in a regional air quality model. The 

mechanistic scheme accounts for biogeochemical processes for soil N transformations 

such as mineralization, volatilization, nitrification, and denitrification. The rates of these 

processes are influenced by soil parameters, meteorology, land use, and mineral nitrogen 

availability. We account for spatial heterogeneity in soil conditions and biome types by 

using a global dataset for soil carbon and nitrogen across terrestrial ecosystems to 

estimate daily mineral N availability in non-agricultural soils, which was not accounted 

for in earlier parametrizations for soil NO. Our mechanistic scheme also uses daily year-



 
 

 

specific fertilizer data from the Environmental Policy Integrated Climate (EPIC) 

agricultural model. A soil map with sub-grid biome definitions was used to represent 

conditions over the continental United States. CMAQ modeling for May and July 2011 

shows that the mechanistic scheme improves model performance for simulating Ozone 

Monitoring Instrument (OMI) satellite-observed NO2 columns for regions where soils are 

the dominant source of NO emissions. We also assess how the new scheme affects model 

performance for NOx (NO+NO2), nitrate (NO3) fine particulate matter, and ozone relative 

to various ground-based monitoring networks. Soil NO emissions in the new mechanistic 

scheme tend to fall between the magnitudes of the previous parametric schemes and 

display much more spatial heterogeneity. The enhanced representation of soil 

biogeochemical processes introduced here could enable future studies to explore how 

agricultural practices and climate change impact soil emissions and air quality. 
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Chapter 1 

Introduction  

1.1. Importance of Soil Nitrogen and its sources 

Nitrogen (N) is the basic building block for life in terrestrial ecosystems required 

in greatest amounts after carbon, oxygen, and hydrogen (Epstein and Bloom, 2005). 

Increasing N inputs into terrestrial ecosystems through soil affects both plant and 

associated soil microbial communities. Plant uptake of soil N is directly related to its 

growth, for which it competes with soil microbes that control the entire N 

biogeochemical cycling (Geisseler and Scow, 2014). Higher crop yields and high plant N 

content have been correlated with N-rich soil, also impacting plant canopy structure. For 

instance, high root-to-shoot length ratio and decreased leaf growth are exhibited by plants 

or crops under low soil N (Pilbeam, 2018).   

Dinitrogen gas (N2) is the most dominant constituent of the atmosphere at nearly 

78%. This atmospheric reservoir is however not directly usable by either plants or 
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microbes because of a highly stable triple bond (N≡N) that requires enormous energy 

(147 kcal mol−1) to break. Biological Nitrogen Fixation (BNF) is the natural process by 

which soil N is made available for biogeochemical transformations by microbes and plant 

uptake. Soil microbes fix atmospheric N2 into ammonium (NH4
+) during BNF. Another, 

alternative process is atmospheric N fixation of N2 to nitric acid (HNO3) by lightning, 

and subsequent deposition to soil by rain as nitrate (NO3
−). Once atmospheric N2 is 

naturally fixed into NH4
+ or NO3

−, they participate in biogeochemical cycles, 

transforming to soil organic or inorganic N pools before eventually returning to the 

atmosphere (Bloom, 2015; Fowler et al., 2015). Higher soil N levels can impact 

biodiversity (Phoenix et al., 2006) and the competition among organisms for the available 

soil N (Hernández et al., 2016). Higher soil N availability either naturally or by renewal 

from other sources is one of the major factors responsible for higher soil N emissions 

(Butterbach-Bahl et al., 2013; Ludwig et al., 2001). 

Soil N availability via natural fixation from the atmosphere is not sufficient and 

often limits the productivity of natural and managed ecosystems. Recent estimates from 

Fowler et al. (2013) show agricultural processes (mostly through fertilizer application) to  

be the leading source of soil N fixation globally; anthropogenic NOx from fossil fuel 

combustion deposited to soil is also a significant source (Table 1). 
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Source Agricultural Fuel 
Combustion 

BNF 

(non-
agricultural) 

Lightning Total 

Tg-N yr-1 180 30 58 5 273 

Table 1 – Global soil N Budget: Major Sources (Fowler et al. 2013) 

Over the past century, abundant N fertilizer application to soil has boosted food 

production (Galloway et al., 2014). Without the current rate of N fertilizer applied to 

agricultural fields, food demand for nearly half of the world’s population would not be 

sustained (Erisman et al., 2008). Since the advent of fertilizers as a source, N fixed 

averaged across all soils has increased by a factor of 2-3 as compared to pre-industrial 

levels (Galloway et al., 2008).  

Global food production and fertilizer use are projected to double in this half-

century in order to meet the demand from growing populations (Frink et al., 1999; 

Tilman et al., 2001). N fertilizer consumption globally has increased from 0.9 to 7.4 g N 

per m-2 cropland yr-1 between 1961-2013, with the U.S. still among the top five N 

fertilizer users in the world (Lu and Tian, 2017). Increasing N fertilization to meet food 

demand has been accompanied by increasing soil N emissions across the globe, including 

in the United States (Davidson et al., 2011; Good and Beatty, 2011). U.S. N fertilizer use 

increased from 0.28 to 9.54 g N m-2 yr-1 during 1940 to 2015. In the past century, 

hotspots of N fertilizer use have shifted from the southeastern and eastern U.S. to the 
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Central California, Midwest and the Corn Belt region of the Great Plains, making it a 

hotspot of soil N and resultant N emissions (Cao et al., 2017). Demand for corn for 

biofuel production has accentuated this hotspot (Secchi et al., 2011). 

Meanwhile, NOx emissions from fossil fuel combustion have dramatically 

accelerated nitrogen deposition to soils, especially in Asia and polluted regions of North 

America and Europe (Vitousek et al., 1997; Fowler et al., 2005; Holland et al., 1999; Bell 

and Treshow, 2002; Fowler et al., 2004).  

To summarize, naturally occurring N fixation, N fertilizer, and wet or dry N 

deposition are the sources of soil N. These different forms of soil N inputs subsequently 

undergo biogeochemical transformations generating N emissions, among other 

aforementioned losses.  These biogeochemical transformations and the intermediate N 

emissions from them are affected by land use, soil and meteorological properties (Sutton 

et al., 2013). The main sinks of soil N are plant uptake and emissions in addition to 

leaching and surface runoff mostly in rain-fed or irrigated agricultural soils (Hart et al., 

1994).  Figure 1 gives a conceptual schematic of the N sources and sinks to soil and the 

accompanying biogeochemical transformations, which are discussed further in the next 

section. 
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1.2.  Soil N emissions and biogeochemical processes that 

generate them  

1.2.1.  Biogeochemical processes transforming different N forms 

Soil N is present in varied forms that undergo transformations to yield soil N 

emissions. Organic matter, including organic N is already present or added as fertilizer, 

plant material/residue, fungi and humus to soil. ‘Microbial/active N’ or N in microbial 

biomass is the N reservoir converted by soil microbes from organic matter for further 

transformation to inorganic N. Soil microbial biomass is defined holistically (C and N 

forms) as the living component of soil organic matter; i.e. all microorganisms (e.g., 

bacteria, fungi, and protozoa etc.) actively involved in biogeochemical processes that 

occur in soil microniches. These processes include organic matter decomposition, 

microbial oxidation and reduction, and cycling of N, C, and other plant nutrients 

(Inubushi, and Acquaye, 2004). Mineral or inorganic-N forms include NH4
+, NO3

- and 

low concentrations of nitrite (NO2
−) in soil solution, and are either supplied from 

fertilization, deposition, or transformation from microbial biomass (Cameron et al., 2013; 

Manzoni and Porporato, 2009). Nitrogen turnover from organic matter to mineral-N is 

strongly related to corresponding carbon turnover and dependent on soil properties and 

competing assimilation from plants (Priesack and Gayler, 2009; Manzoni and Porporato, 

2009; Batlle-Aguilar et al., 2011). The sources, losses and transformations between 

various N forms within the soil/plant system affect the net availability of N to soil and the 

transfer of N into the wider environment including gaseous N emissions, which are the 

focus of this work (Figure 1).  
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Figure 1 – Conceptual schematic of nitrogen sources (denoted by +), losses 

(denoted by -) and accompanying biogeochemical transformations between 

different forms of nitrogen: organic N, NH4+, and NO3- (all in green) 

Soil N is made available in different forms as organic N, NH4
+, and NO3

− (Bloom, 

2015). Natural fixation, fertilizer, deposition, and returning organic plant or crop residues 

widely used as a sustainable source of fertilizing soil add to the soil organic N, NH4
+

 and 

NO3
-
 pools  (Chen et al., 2014; Kesik et al., 2006; Redding et al., 2016; Schindlbacher et 

al., 2004). Soil microbes tend to prefer organic N over inorganic NH4
+ and NO3

− (Hodge 

et al., 2010; Luque-Almagro et al., 2011; Ohashi et al., 2011). By contrast, plant roots 

uptake soil organic N or NH4
+ or NO3

− in proportion to their relative availability in the 

soil solution (Britto and Kronzucker, 2013; Epstein and Bloom, 2005). Hence, plants 

often cannot successfully compete with soil microbes for organic N (Jones et al., 2013; 
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Kuzyakov and Xu, 2013; Näsholm et al., 2009). When, soil microbes uptake the organic 

N to the microbial biomass, it undergoes ‘mineralization,’ which is the conversion of N in 

microbial biomass to NH4
+ (Hart et al., 1994; Manzoni and Porporato, 2009). 

Similarly, fierce competition for soil NH4
+ between plants and soil microbes 

happens, where the microbial conversion of NH4
+ to NO3

− called ‘nitrification’ happens 

frequently and at a high rate, which produces intermediate gaseous nitrogen oxide 

products (Stark and Hart, 1997). Therefore, NO3
− is a major N source for higher plants in 

agricultural and forest biomes (Epstein and Bloom, 2005; Marschner and Rengel, 2012). 

Even in low soil NO3
- concentrations in the rhizosphere (i.e., the plant-root interphase) 

(Hartmann et al., 2008), some crops can perform its symbiotic N- fixation through root 

nodules (Cabeza et al, 2014). ‘Immobilization’ of soil NO3
− back to microbial N by 

microbes, however, competes with plant uptake of NO3
− in the absence of organic N or 

NH4
+ to maintain mass balance (Bloom, 2015; Hart et al., 1994; Manzoni and Porporato, 

2009).  Plants end up expending a disproportionately large amount (~ 25%) of their total 

energy on NO3
− uptake during both day and night (Asensio et al., 2015; Rachmilevitch et 

al., 2004).  This also happens in crops like rice that grow in wetland soils and develop 

aerenchyma — air channels in the leaves, stems and roots. These air channels supply 

oxygen to rhizosphere and promote nitrification on root surfaces generating a large 

amount of NO3
− that can be immediately absorbed by the roots (Kronzucker et al., 2000; 

Li et al., 2008). However, the NO3
- produced in such conditions and in general is subject 

to loss by leaching and microbial conversion of NO3
− to NO2

- called ‘denitrification’, 

which ultimately produces N2 and intermediate gaseous nitrogen oxide products 

(Rubinigg et al., 2002; Zhu et al., 2003). 
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1.2.2. N emissions from soil 

Soil NH4
+ not utilized by the soil-plant system can be lost as gaseous NH3 to the 

atmosphere through volatilization (Cameron et al., 2013; Sommer et al., 2004). About 

28% of the N applied in the U.S. is estimated to be lost from agricultural fields via NH3 

volatilization and other hydrological losses, such as surface runoff and leaching or lateral 

sub-surface flow. NH3 volatilization makes up around half of these losses (Potter et al., 

2006).  

Besides the ammonia losses, NOx, HONO, N2O and N2 are also produced from 

soil N cycling (Figure 1), predominantly as intermediates of nitrification and 

denitrification (Medinets et al., 2015; Parton et al., 2001; Pilegaard, 2013; Su et al., 

2011). These species are emitted from both agricultural and non-agricultural soils. 

However, in agricultural systems, plant N uptake or assimilation and nutrient removal in 

drainage water through leaching or surface runoff also influence the N mass balance 

(Butterbach-Bahl et al., 2013; Cameron et al., 2013; Medinets et al., 2015). 

 

1.3. Factors controlling soil N emissions 

Nitrification is oxidation of NH4
+ to NO3

- where intermediate species such as NO 

and HONO are emitted along with relatively small amounts of N2O as byproducts. 

Denitrification is reduction of soil NO3
-; it produces some NO, but predominantly 

produces N2O and N2 (Firestone and Davidson, 1989; Gödde and Conrad, 2000; Laville 

et al., 2011; Medinets et al., 2015). The fraction of N emitted as NO and HONO relative 
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to N2O throughout nitrification and denitrification depends on several factors: soil 

temperature; water filled pore space (WFPS), which in turn depends on soil texture and 

soil water content; gas diffusivity; and soil pH. HONO is exclusive to nitrification and in 

the atmosphere photolyzes to NO and OH (Butterbach-Bahl et al., 2013; Conrad, 2002; 

Ludwig et al., 2001; Oswald et al., 2013; Parton et al., 2001; Venterea and Rolston, 

2000).  

Whether N2O or N2 becomes dominant during denitrification depends on WFPS, 

soil gas diffusivity, bulk density and the availability of soil NO3
- relative to available 

carbon (C). Bulk density is the dry weight of soil divided by its volume and is an 

indicator of soil compaction and aeration by O2. Denitrification rates are quite low even 

at high soil N concentrations if there is insufficient soil C. However, the presence of high 

NO3
- concentrations with sufficient available C is the inhibiting factor for conversion of 

N2O to N2, keeping N2O emissions dominant during denitrification (Weier et al., 1993; 

Del Grosso et al., 2000). Denitrification N2O emissions are also found to increase with a 

decrease in soil pH in the range of 4.0 to 8.0 generally (Liu et al., 2010).  

1.3.1. Soil moisture and wetting/re-wetting events  

Soil moisture content is the strongest determinant of nitrification and 

denitrification rates and the relative proportions of various N gases emitted by each. 

Increasing soil water content due to wetting events such as irrigation and rainfall can 

stimulate nitrification and denitrification. Nitrification rates peak 2-3 days after wetting, 

when excess water has drained away and the rate of downward water movement has 

decreased. Denitrification rates accelerate and nitrification rates become much slower in 
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wetter soils. This is also influenced by soil texture; for instance, denitrification is favored 

in poorly drained clay soils and nitrification is favored in freely draining sandy soils 

(Barton et al., 1999; Parton et al., 2001). 

WFPS is a metric that incorporates the above factors. Relative proportions of NO, 

HONO, and N2O emissions vary with WFPS. Dry aerobic conditions (WFPS ~ 0-55%) 

are optimal for nitrification, with soil NO dominating soil N gas emissions at WFPS ~ 

30–55% (Davidson and Verchot, 2000; Parton et al., 2001). HONO emissions have been 

observed up to WFPS of 40% and dominate N gas emissions under very dry and acidic 

soil conditions (Maljanen et al., 2013; Mamtimin et al., 2016; Oswald et al., 2013; Su et 

al, 2011). Nitrification influences N2O production within the range of 30–70% WFPS, 

whereas denitrification dominates N2O production in wetter soils. Denitrification N2O is 

limited by lower WFPS in spite of sufficient available NO3
- and C (Butterbach-Bahl et 

al., 2013; Del Grosso et al., 2000; Hu et al., 2015; Medinets et al., 2015; Weier et al., 

1993). As a result, NO and HONO emissions tend to peak at an intermediate water 

content, whereas N2O emissions increase at higher water content subject to available 

NO3
- and C (Parton et al., 2001; Oswald et al., 2013).  

Extended dry periods suppress NO emissions by limiting substrate diffusion while 

water-stressed nitrifying bacteria remain dormant, allowing N substrate (NH4
+ or organic 

N) to accumulate (Davidson, 1992; Jaeglé et al., 2004; Hudman et al., 2010; Scholes et 

al., 1997). Re-wetting of soil by rain reactivates these microbes, enabling them to 

metabolize accumulated N substrate (Homyak et al., 2016). The resulting NO pulses can 

be 10–100 times background emission rates and typically last for 1–2 days. Such events 
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are termed ‘pulsing’ events (Yienger and Levy, 1995; Hudman et al., 2012; Leitner et al., 

2017). 

1.3.2. Soil temperature  

Higher soil temperature is critical in increasing NO emissions during nitrification 

under dry conditions. However, N2O generated in denitrification positively correlates 

with soil temperature only when WFPS and N substrate availability in soil are not the 

limiting factors (Machefert et al., 2002; Robertson and Groffman, 2007). Recently, a 

nearly 38% increase in NO emitted was observed under dry conditions (~ 25-35 % 

WFPS) in California agricultural soils when soil temperatures rose from 30-35 to 35-40 

°C (Oikawa et al., 2015). Temperature-dependent soil NOx emissions may strongly 

contribute to the sensitivity of ozone to rising temperatures (Romer et al., 2018).  

1.3.3. Soil pH 

The concentration of NH4
+ in soil and NH3 in air is dependent on the soil-

vegetation interactions and soil pH, with high pH favoring ammonia volatilization 

constrained by the competition between soil microbes and plants for NH4 (Cooter et al., 

2010; Nemitz et al., 2001). Naturally alkaline calcareous (i.e. naturally occurring high 

lime content) soils with a high pH are known to emit significant amounts of NH3. NH3 

emission rates can spike after anhydrous ammonium-based and urea fertilizers are 

applied to non-calcerous soil, temporarily raising its pH (Bouman et al., 1995; Sommer et 

al., 2004). Emissions subside after soil pH decreases and nitrification consumes NH4
+ 

(Cameron et al., 2013). 
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1.3.4. Canopy reduction 

Soil NO can be converted to NO2 within the plant canopy and then deposited, 

reducing the amount of NOx emissions entering the atmosphere beyond the canopy 

(Ludwig et al., 2001). This process depends on land use type where deposition is 

occurring, along with the interaction between the vegetation canopy and gaseous species 

being deposited influenced by meteorological factors. 

1.4. Importance of soil N emissions to air quality 

Soils can emit both NH3 and gaseous N oxide products as stated. Nitrogen oxides 

(NOx = NO + NO2) drives the formation of tropospheric ozone and contributes to a 

significant fraction of both inorganic and organic particulate matter (PM) (Seinfeld and 

Pandis, 2012; Wang et al., 2013). NOx indirectly impacts Earth’s radiative balance by 

modulating concentrations of OH radicals, the dominant oxidant of certain greenhouse 

gases such as methane (IPCC, 2007; Steinkamp and Lawrence, 2011). HONO upon 

photolysis releases OH radicals along with NO, driving tropospheric ozone and 

secondary aerosol formation (Pusede et al., 2015). NH3 also contributes to a large fraction 

of airborne fine particulate matter (PM2.5) (Kwok et al., 2013). NH3 gaseous emissions 

also impact the nucleation of new particles (Holmes, 2007). Air quality models represent 

the bidirectional NH3 exchange between the atmosphere and soil-vegetation, analyzed 

under various soil, vegetative and environmental conditions, while lacking in such 

physical representation for soil NOx. N2O is another major soil N emission, which is a 
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potent greenhouse gas that contributes to depletion of the stratospheric ozone layer 

(Portmann et al., 2012).  

NOx and NH3 worsen air quality and threaten human health directly (NO2 being a 

criteria pollutant) and indirectly by contributing to the formation of other pollutants (PM 

and Ozone). Short or long term exposure to high concentration of NO2 can have impacts 

ranging from irritated respiratory tracts to aggravated respiratory diseases, particularly 

asthma and other respiratory infections (Kampa and Castanas, 2008). PM is responsible 

for one in eight premature deaths worldwide as reported by the World Health 

Organization (Neira et al., 2014). Long-term exposure of ozone is responsible for around 

1 million respiratory deaths globally in adults (Malley et al., 2017). The premature deaths 

are a result of the link of these secondary pollutants to cardiovascular and chronically 

obstructive pulmonary (COPD) diseases, asthma, cancer, birth defects, and sudden infant 

death syndrome. These adverse health impacts have been shown to worsen with the rising 

rate of reactive N emissions from soil N cycling (Kampa and Castanas, 2008; Townsend 

et al., 2003). Elevated levels of PM2.5 are linked to various adverse cardiovascular 

ailments such as irregular heartbeat and aggravated asthma that cause premature death 

(Pope et al., 2009), and also contributes to visibility impairment through haze (Wang et 

al., 2012). 

 



 28 

 

1.5. Soil N emissions relative to anthropogenic N emissions and 

trend analysis 

Most recent inventories indicate the majority of global and U.S. (80% or more) 

NH3 emissions to be associated with commercial crop and livestock production in the 

agricultural sector (Paulot et al., 2014; Reis et al. 2009). The 2011 U.S. Environmental 

Protection Agency (EPA) National Emissions Inventory (NEI), which also introduced 

seasonality in NH3 emissions attributed to variable fertilizer application 

(https://www.epa.gov/air-emissions-inventories/2011-national-emissions-inventory-nei-

data), reports that 83% of total NH3 is from agriculture. In particular, 34% of agricultural 

NH3 emissions originate from soils receiving commercial nitrogen fertilizer applications. 

Agricultural emissions in general are rarely regulated and thus they are expected to 

increase proportionally with increases in area cultivated and livestock population 

(Westcott, 2010). 

Soil NOx emissions accounts for ~15-40 % of the tropospheric NO2 column over 

the continental United States. The contribution can be up to 80% in some highly N 

fertilized, warmer remote and rural areas like the Sahel region of Africa (Hudman et al., 

2012). Vinken et al. (2014) estimate nitric oxide (NO) emitted from soils to contribute 

nearly 20 % of the total global NOx budget of 51.4 Tg N yr-1 (Table 2). 
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Source Anthropogenic Biofuel Biomass 
Burning 

Soil 
Emissions Lightning 

TgN/year 30 0.7 4.8 9.6 5.8 

Table 2 – Global NOx Budget Major Sources (Vinken et al. 2014) 

There has been a 10% increase in NH3 emissions and 41% decrease in 

anthropogenic NOx emissions across the U.S. from 1990 to 2010, according to EPA’s 

emissions trends data (https://www.epa.gov/air-emissions-inventories/). The increase in 

NH3 is contributed by the agricultural sector, including regional growth in livestock 

numbers. The reduction in NOx results from increased regulation of anthropogenic NOx 

from fossil fuel combustion using controls such as selective catalytic reduction for power 

plants and catalytic converters for cars. Some of the continued regulatory efforts meant 

for reducing anthropogenic NOx and its contribution to O3, PM2.5, and acid deposition 

include EPA’s revised National Ambient Air Quality Standard (NAAQS) for ozone, the 

Cross-State Air Pollution Rule, and reductions in mobile source emissions. Unlike 

combustion sources of NOx, agricultural NOx and NH3 emissions are not regulated in the 

United States. In 2006, U.S. NH3 emissions were estimated at 2.8 Tg-N yr-1; they are 

projected to rise up to 4.2 Tg-N yr-1 by 2050, mainly due to increases in N fertilizer 

application and livestock (Ellis et al., 2013; Li et al., 2016). 

A significant slowdown in reductions of US NOx emissions has been observed in 

satellite and surface measurements from 2011–2015 compared to earlier periods (Jiang et 
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al., 2018). This contradicts the expected NOx reduction trend from U.S. EPA bottom-up 

inventories and makes it improbable to comply with proposed local and federal agency 

air-quality goals. Besides less than expected reduction in anthropogenic sources, expected 

increases in soil NOx predominantly from agricultural sector might be contributing to this 

slowdown in US NOx reductions.  

The relative contributions of reduced (NH4) and oxidized (NO3) to total N 

deposition and their spatial patterns can be impacted by increasing soil NH3 and NOx and 

declining anthropogenic NOx. Historically, National Atmospheric Deposition Program 

(NADP) National Trends Network (NTN) measurements have shown the nitrogen isotope 

(δ15N) footprint in wet NO3
- deposition to be predominantly related to anthropogenic NOx 

from power plants and vehicular emissions across the Midwestern and northeastern U.S. 

NOy deposition has decreased by up to 60 % in eastern North America from 1996 to 

2014, showing a robust sensitivity to decreases in anthropogenic NOx emissions (Geddes 

and Martin, 2017). However, this anthropogenic influence is dominant during January-

February contributing to higher total NOy deposition then, but not during growing season 

especially, May-July when soil N emissions from agricultural sources are expected to be 

dominant (Elliot et al., 2007).  

 

1.6. Importance of soil NOx to simulating O3 and PM 

Stohl et al. (1996) carried out one of the earliest efforts to investigate how soil NO 

emissions affect the photochemical formation of ozone. Soil NO was parameterized as an 



 31 

 

empirical function of land use, fertilization rate of agricultural areas, and soil 

temperature. They found that soil NO influenced ozone most strongly on peak summer 

days, with impacts up to 4 ppb. They also, found that soil NO emissions make ozone less 

sensitive to anthropogenic sources of NOx. 

Soil NOx may provide an important link between temperatures and surface ozone 

concentrations in rural and remote regions. Romer et al. (2018) combined measurements 

from a focused ground campaign in summer 2013 with a long-term record for a forested 

site in the rural southeastern United States, to examine how temperature affects O3 

production. Nearly half of increased ozone concentrations is attributable to temperature-

driven increases in emissions of nitrogen oxides (NOx), most likely by soil microbes 

causing O3 to increase at a rate of 2.3 ppb ℃-1. The increase of soil NOx emissions with 

temperature could become increasingly important as the climate warms (Oikawa et al., 

2015), even as anthropogenic NOx emissions decrease continuously due to stricter 

regulatory actions. 

Other studies found the impact of soil NOx emissions from non-agricultural 

regions on ozone to be insignificant compared to anthropogenic NOx (Davidson et al., 

1998). However, the relative importance of non-agricultural soil as a source of NOx and 

precursor to O3 has become crucial, due to recent reductions in anthropogenic NOx 

emissions and recently observed higher estimates for forest soil NOx emissions in the 

U.S. (Hickman et al., 2010). Non-agricultural soil NOx emissions may now account for 

nearly a third of total soil NOx emissions and significantly contribute to regional ozone 

production in the summertime for the heavily forested southeastern U.S. (Travis et al., 

2016). 
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Unlike fossil fuel NOx, agricultural emissions are not regulated in the U.S. (U.S. 

EPA, 2005).  Pinder et al. (2007) showed that agricultural NH3 reductions applied in a 

cost-effective manner can reduce inorganic PM2.5 by about 20% in some non-attainment 

areas of the eastern U.S. Similarly, unregulated agricultural NOx emissions may 

contribute more to PM2.5 in the future. 

 

1.7. Mitigating soil N emissions: brief discussion on control 

strategies  

Controlling agricultural N emissions can improve the nitrogen use efficiency of 

crops and thus reap both environmental and economic benefits. Potential strategies to do 

so include: tillage; controlled irrigation; injection of fertilizer at lower soil depths; 

avoiding excessive feeding or manure/fertilizer application by matching it to plant N 

demand; nitrification/urease inhibitors; and low-emission fertilizers.  

No tillage strategy is employed for soil C storage to reduce CO2 and CH4. 

However, no tillage show increased NH3 volatilization as compared to tilled or plowed 

soils (Rochette et al., 2009). N2O emissions are low in well-aerated plowed soils but high 

in no-till soils which have restricted aeration and drainage creating anaerobic conditions. 

Increased N2O losses hence offset the benefits from reduced CO2 and CH4 with no 

tillage, especially in poorly-drained, fine-textured agricultural soils. NO emissions on the 

other hand are reduced with no tillage (Liu et al., 2005; Rochette, 2008). This can be 

explained by decreased O2 availability and increased soil water content in no-till soils, 
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which inhibit nitrification while promoting denitrification (Davidson, 1993; McTaggart et 

al., 2002).  

A wide range of studies suggest injection or deep N placement at soil depths > 10 

cm to be an effective option for reducing NH3 and N2O emissions, irrespective of 

whether soils are plowed (tilled) or untilled. Surface applied or broadcast fertilizer exhibit 

much higher ammonia and N oxide emissions under the same scenarios (Deppe et al., 

2016; Hou et al., 2015; Liu et al., 2006; Nash et al., 2012). Some recent studies indicate 

the possibility of some increase in N2O with injected N as compared to broadcasted, 

caused by anaerobic conditions favoring denitrification. However, this loss of N2O from 

total N was insignificant as compared to NH3 loss from surface application (Duncan et 

al., 2017). Also, NO emissions were recently shown to increase for no-till injected N as 

compared to no-till broadcasted. This was explained by more available NH4
+ in soil 

resulting in higher nitrification rates post injection. This also explains the lower NH3 

losses when fertilizer is injected rather than surface applied (Miller et al., 2016). 

Livestock and crops often receive nitrogen in excess; therefore, reductions in 

nitrogen inputs in animal feeds or applying manure on crops to match plant N 

requirement are feasible with little or no reduction in yield (Fixen and West, 2002; 

Powers and van Horn, 2001). Crops that have high N use efficiency such as corn, 

soybeans and some cereal are fed to livestock, but when this animal feed gets recycled as 

manure to be applied on crops it results in lower N use efficiency for the crop–livestock 

production system due to losses as N emissions (Powell and Rotz, 2015). One way 

suggested for sustainable N management is designing animal feed that gets recycled as 

manure to be made from lower N content crops to reduce excess N and invest in 
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interdisciplinary research to device such control strategies that do not compromise crop 

productivity (Zhang et al., 2015). Another strategy under development to reduce NO and 

N2O emissions is engineering root phenology of crops to manipulate plant N uptake in 

the rhizosphere and thus reduce the need for fertilizers (Beatty and Good, 2011; Thomson 

et al., 2012). 

Use of nitrification and urease inhibitors is another way to reduce N2O emissions 

(Smith et al., 2014). These inhibitors slow down NH3 oxidation in soil, reducing its 

conversion to NO3
− and thus the possibility of NO3 leaching as well (Qiao et al., 2015). It 

has been effective for decreasing NO and N2O emissions, possibly due to reduced 

nitrification and decreased soil NO3
- concentrations observed with application of 

inhibitors (Sanz-Cobena et al., 2012; Smith et al., 2012). WFPS is a major controller of 

intermediate N oxide emissions from nitrification, after urease inhibitors are applied to 

soils. Controlled irrigation to prevent wetter soils after application of fertilizers or urea 

with respective inhibitors helps in mitigating emissions of NO and N2O (Zaman et al., 

2009). Some inhibitors cause higher NH3 volatilization, but a combination of inhibitor 

and controlled irrigation can reduce both NH3 and oxidized N emissions (Lam et al., 

2017; Zaman et al., 2009). Polymer coated urea/fertilizers also inhibit nitrification, 

providing a way to match fertilizer N input with plant N demand to reduce both leaching 

and gaseous N losses (Venterea et al., 2011). 

Biochar is an example of a low-emission fertilizer. It is an intentionally produced 

charcoal, made through low oxygen heating of organic materials. Used as a soil 

amendment, biochar improves soil carbon storage and agricultural productivity 

(Lehmann, 2007; Marris, 2006). Biochar’s properties such as high porosity, high surface 
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area, and high cation exchange capacity have generated interest in other benefits it may 

offer such as reducing NO3 leaching and increasing soil productivity (Atkinson et al., 

2010; Ding et al., 2010; Sohi et al., 2010). In the context of this work, a major benefit of 

biochar is its influence on N dynamics in fertilized soils (Clough and Condron, 2010). 

The effect of biochar on N cycling in soil depends on the feedstock used to produce the 

biochar, the pyrolysis conditions, and soil type (Cantrell et al., 2012; Chan et al., 2008; 

Novak et al., 2009).  

Biochar impacts factors such as soil pH, water content, and plant N uptake that 

influence soil emissions (Obia et al., 2015; Saarnio et al., 2013). Biochar can mitigate 

NH3 volatilization by absorbing NH4-N and making it bioavailable (Taghizadeh-Toosi et 

al., 2012). Although biochar’s impact on mitigating soil N2O has been extensively 

investigated (Cayuela et al., 2014; Taghizadeh-Toosi et al., 2011), its effect on soil NO 

fluxes has been far less studied. Measurements of biochar’s impact on soil NO emissions 

range from nearly no effect (Xiang et al., 2015) to up to 67% reduction in NO emission 

from fertilized soils (Nelissen et al., 2014). Thus, further work is needed to understand 

the impact of biochar on N emissions.  

All of these potential strategies for mitigating soil N emissions also impact crucial 

soil properties like soil moisture and gas diffusivity. More mechanistic modeling of soil 

biogeochemical processes is needed to better simulate the impacts of these options. 

Hence, the focus of this research is to assimilate process-based mechanistic approaches 

from contemporary biogeochemical models into an air quality modeling framework, 

setting the stage for deeper examination of these mitigation options in the future. 
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1.8. Modeling of soil N emissions: Parametric and mechanistic 

approaches 

Mechanistic process models of C-N mineralization and resultant soil N emissions, 

such as DAYCENT (daily version of Century model), already exist and are used in the 

earth science and soil biogeochemical modeling community (Del Grosso et al., 2000; 

Manzoni and Porporato, 2009; Parton et al., 2001). However, photochemical models like 

the Community Multiscale Air Quality (CMAQ) model have been using a mechanistic 

approach only for NH3 (Bash et al., 2013), while using simpler parametric approaches for 

NO (Rasool et al., 2016). This lack of mechanistic representation has led air quality 

models to misrepresent satellite derived soil NOx (Bertram et al., 2005; Davidson and 

Kingerlee, 1997; Yienger and Levy, 1995; Jaeglé et al., 2005; Steinkamp and Lawrence, 

2011; Miyazaki et al., 2012; Stavrakou et al., 2013; Vinken et al., 2014). Hence, accurate 

and consistent representation of all soil N is needed to address uncertainties in their 

estimates. 

Other N oxide emissions like HONO and N2O are absent from parametric 

schemes used in CMAQ, which can also explain their uncertain estimates (Butterbach-

Bahl et al., 2013; Heil et al., 2016; Su et al., 2011). Variability in soil physicochemical 

properties like pH, temperature and moisture along with nutrient availability strongly 

controls the spatial and temporal trends of soil N compounds (Medinets et al., 2015; 

Pilegaard, 2013).  

CMAQ currently uses the Yienger-Levy (YL) scheme, which adjusts soil NO 

emissions to exhibit a linear dependence to fertilizer application during a prescribed 
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growing season: May-August for Continental US (CONUS) in this study or the Northern 

Hemisphere in general and November-February in the Southern Hemisphere (Yienger 

and Levy; 1995). This linear dependence between soil NO and fertilizer application in the 

growing season is also restricted to agricultural areas. The Model of Emissions of Gases 

and Aerosols from Nature (MEGAN) is another commonly used biogenic emission 

model implemented in CMAQ to estimate soil NO. However, MEGAN adjusts 

normalized soil NO emission factors for different land use types only for temperature 

(Guenther et al., 2006; Guenther et al., 2012; Pouliot and Pierce, 2009). The YL scheme 

implemented in CMAQ gives 30–50% higher soil NO than in MEGAN for agricultural 

regions in the Midwest and parts of the Southeast US (Hogrefe et al., 2011; Pouliot, 

2008; Warneke et al., 2010). YL fails to capture the peaking in soil NO that may happen 

at different local growing seasons across regions in CONUS since it applies a linear 

correlation in a broader May-August growing period (Hudman et al., 2012).  

Parametrized schemes currently implemented in CMAQ like YL and the Berkeley 

Dalhousie Soil NO Parameterization (BDSNP) consider only NO expressed as a fraction 

of total soil N available, without differentiating the fraction of soil N that occurs as 

organic N, NH4, or NO3 (Hudman et al., 2012; Rasool et al., 2016; Yienger and Levy, 

1995). Moreover, these parametric schemes classify soil NO emissions as constant 

factors for different non-agricultural biomes/ecosystems, compiled from reported 

literature and field estimates worldwide (Davidson and Kingerlee, 1997; Steinkamp and 

Lawrence, 2011; Yienger and Levy, 1995). These emission factors account for the 

baseline biogenic NOx emissions in addition to sources from deposition and fertilizer 

(Hudman et al., 2012; Rasool et al., 2016). The YL soil NO scheme (Yienger and Levy, 
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1995) applies a canopy reduction factor (CRF) to account for the reduction of soil NO 

emission via stomatal or cuticle exchange. The CRF was set as a function of Leaf Area 

Index (LAI) and Stomatal Area Index (SAI). Recently, implementations of BDSNP in 

CMAQ and GEOS-Chem implemented a more complex CRF as a function of wind 

speed, turbulence, and canopy structure (Geddes et al., 2016; Rasool et al., 2016; Wang et 

al., 1998). Despite their limitations, parametrized schemes do distinguish which biomes 

exhibit low NO emissions (wetlands, tundra, and temperate or boreal forests) from those 

producing high soil NO (grasslands, tropical savannah or woodland and agricultural 

fields) (Kottek et al., 2006; Rasool et al., 2016; Steinkamp and Lawrence, 2011).  

Most recently, U.S. EPA coupled their CMAQ model with United States 

Department of Agriculture’s (USDA) Environmental Policy Integrated Climate (EPIC) 

agro-ecosystem model. This integrated EPIC-CMAQ framework adopts a process-based 

approach for NH3 by modeling its bidirectional exchange (Nemitz et al., 2001; Cooter et 

al., 2010). The coupled model uses EPIC to simulate fertilizer application rate, timing, 

and composition. Then, CMAQ estimates the spatial and temporal trends of the soil 

ammonium (NH4
+) pool by tracking the ammonium mass balance throughout processes 

like fertilization, volatilization, deposition, and nitrification (Bash et al., 2013). Using the 

EPIC-derived soil N pool better represents the seasonal dynamics of fertilizer-induced N 

emissions across CONUS (Cooter et al., 2012). The coupling with EPIC reduces 

CMAQ’s error and bias in simulating total NH3 + NH4
+ wet deposition flux and 

ammonium related aerosol concentrations (Bash et al., 2013). The BDSNP parametric 

scheme implemented in CMAQ also uses the daily scale soil N pool from EPIC agro-

ecosystem model. To summarize, EPIC for agricultural biomes will help in accounting 
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for plant N demand and variable irrigation schedules, as well as hydrological losses like 

NO3 leaching that affect gaseous N losses.  

Our work builds a new mechanistic approach for modeling soil N emissions in 

CMAQ, integrating nitrification and denitrification mechanistic processes that generate 

NO, HONO, N2O, and N2 under different soil conditions and meteorology. We build 

upon the DAYCENT N emissions scheme to compute nitrification and denitrification N 

oxide emissions. One of the advantages of using DAYCENT is its ability to simulate all 

types of terrestrial ecosystems. DAYCENT is one of the rare biogeochemical models 

which not only provides a process-based representation of soil N emissions, but has also 

been calibrated and validated widely for obtaining a better model fit to crop productivity, 

soil carbon, soil temperature and water content, N2O, and soil NO3
- (Necpálová et al., 

2015). Hence, mechanistic models like DAYCENT yield more reliable results by 

applying validated controls of soil properties like soil temperature and moisture, which 

are the key process controls to nitrification and denitrification. There are more recent 

mechanistic models like DNDC, MicNit, ECOSYS and COUPMODEL which are quite 

similar in the representation of nitrification and denitrification process but provide more 

detailed key constrains that control soil N emissions like, bi-directional exchange 

between soil and atmosphere. However, the major issue in implementing them is the lack 

of reliability in their estimates due to very few validations and extensive computational 

requirement (Butterbach-Bahl et al., 2013). DAYCENT provides for a consistency in 

terms of utilizing the same C-N mineralization scheme as used in EPIC, which is the 

CENTURY model. CENTURY has been extensively validated as well like its daily 

version i.e. DAYCENT (Parton et al., 2001). This factor makes it much more convenient 
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for applying DAYCENT on a regional scale in EPIC-CMAQ framework. Also, in their 

original form DAYCENT and other mechanistic models face limitation in terms of 

resources available for model evaluation and application for the gaseous N emissions 

critical to air quality (except for widely validated N2O emissions for its impact on 

climate), as their focus has been more on the biogeochemical, climate and agricultural 

impacts. 

CMAQ provides the opportunity to apply DAYCENT to estimate soil N oxide 

emissions through a process-based approach and then validate their impact on 

atmospheric chemistry. We compare the NO and HONO emissions estimates and 

associated estimates of tropospheric NO2 column, ozone, and PM2.5 with those obtained 

from CMAQ using the YL and BDSNP parametric schemes. For agricultural biomes, our 

mechanistic scheme uses daily soil N pools from the same EPIC simulations. Unlike 

BDSNP, which uses a total weighted soil N, the new mechanistic model tracks different 

forms of soil N pool as NH4, NO3, and organic N for different soil layers and vegetation 

types to be consistent with requirements of nitrification and denitrification modules of the 

mechanistic model. As an update over the constant soil emission factors used in 

parametric schemes for non-agricultural biomes, our new mechanistic scheme uses a 

global soil nutrient dataset in an updated C and N mineralization framework. This enables 

tracking the conversion of organic soil N to NH4 and NO3 pools on a daily scale for non-

agricultural soils.  
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1.9. Overview of rest of thesis 

Chapter 2 describes in more detail the YL and BDSNP parametric schemes 

implemented in CMAQ and the drawbacks of these soil NO parametrizations. These 

drawbacks motivate the need for a more detailed process-based mechanistic approach to 

account for the complex soil N dynamics that generate NO, HONO, and N2O emissions. 

Chapter 3 discusses the details of components of the mechanistic soil N model. 

Mechanistic soil N model accounts for the soil N biogeochemical cycling and the 

variability in N availability and soil parameters that impact them and resultant N 

emissions. 

Chapter 4 discusses modeled soil NO and HONO emissions that impact ozone 

and secondary aerosol chemistry differently in CMAQ. This also includes the evaluation 

of modeled estimates of tropospheric NO2 column, ozone and particulate matter modeled 

across the three schemes (YL, BDSNP and mechanistic) as compared to satellite and 

monitoring network observations. 

Chapter 5 summarizes the conclusions from the overall work with focus on where 

efforts should be directed in the future to keep improving estimates of biogenic soil N 

emissions and their resultant impacts on air quality.  
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Chapter 2 

Parametric soil NO schemes: 
Description and Methods, Application, 

drawbacks and opportunities  

YL (Yienger and Levy, 1995) is the soil NO parametric scheme used in CMAQ, 

with modifications. In addition to YL as default soil NO scheme, an updated soil NO 

parametric scheme, BDSNP, was added in CMAQ. Updates to the original BDSNP 

(Hudman et al., 2012) were made for it to be incorporated into CMAQ, described below 

in details from Rasool et al. (2016). The first adapted version of BDSNP in CMAQ 

(Rasool et al., 2016) was further improved for land use classification for use in latest 

versions of CMAQ and to enable future model developments. 
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2.1. Overview of YL soil NO parameterization in CMAQ  

2.1.1. YL soil NO algorithm  

The YL scheme, based on Yienger and Levy (1995), parametrizes soil NO 

emission, 𝑆  in Equation 1, as a function of biome specific emissions factor (A) and soil 

temperature (𝑇 ).  

𝑆 = 𝑓  𝐴 (𝐵𝑖𝑜𝑚𝑒), 𝑇 𝑃(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛)𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑆𝐴𝐼) 

Equation 1 — Yienger and Levy (1995) Soil NO Algorithm 

The emissions factor depends on whether the soil is wet (Aw) or dry (Ad), with the 

wet factor used when rainfall exceeds one cm in the prior 2 weeks. For dry soils, YL 

assumes NO emissions exhibit a small and linear response to increasing soil 

temperatures. For wet soils, soil NO is zero for frozen conditions, increases linearly from 

0 to 10 ℃, and increases exponentially from 10 to 30 ℃, after which it is constant. In 

agricultural regions, YL assumes wet conditions throughout the growing season (May – 

September for northern hemisphere and CONUS in this case) and assumes 2.5% of the 

fertilizer applied N is emitted as NO, in addition to a baseline NO emissions rate based 

on grasslands. The pulsing term (P(precipitation)) is applied if precipitation follows at 

least two dry weeks. The canopy reduction factor (CRF) is set as a function of leaf area 

index (LAI) and stomatal area index (SAI).  
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2.1.2. YL algorithm implementation in CMAQ 

The updated versions of Biogenic Emissions Inventory System (BEIS): 3.14 and 

3.61 used in current versions of CMAQ (v5.0.2 or higher) estimates NO emissions from 

soils essentially using the same original YL algorithm as in Equation 1, with slight 

updates accounting for soil moisture, crop canopy coverage, and fertilizer application. 

The YL soil NO algorithm in CMAQ distinguishes between agricultural and 

nonagricultural land use types (Pouliot and Pierce, 2009). Key features of the YL 

parametric soil NO scheme are illustrated in Figure 2. 

 

 

Figure 2 – Flowchart of YL soil NO algorithm implemented in CMAQ 
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Adjustments due to temperature, precipitation (Pulsing), fertilizer application, and 

reductions from crop/vegetation canopy coverage are limited to the growing season, 

assumed to be April 1 to October 31 and are restricted to agricultural areas as defined by 

the Biogenic Emissions Landuse Database (BELD).  

Unlike the original YL, CMAQ does not use separate and mutually exclusive wet 

and dry expressions for calculating emissions. CMAQ uses the Pleim-Xiu Land Surface 

Model (PX-LSM) that provides soil temperature (𝑇 ) and soil moisture (𝜃 ). Instead 

of classifying soils as either 'wet' or 'dry' separately, the wet and dry adjustment is 

calculated at each grid cell.  A linear interpolation between the wet and dry adjustment 

factor is made using the relative amount of soil moisture in the top layer (1cm) as the 

interpolating factor.  The relative amount of soil moisture is determined by dividing 

available soil moisture by the saturation value defined for each soil type in the version of 

CMAQ using PX-LSM.  

Also, CMAQ tracks daily rainfall, unlike the bi-weekly rainfall in original YL 

algorithm. The daily rain rate in CMAQ determines the pulsing factor for YL regardless 

of whether or not the soil has a dry period in the last 2 weeks. The pulsing factor is still 

calculated as per the YL algorithm.  

Agricultural soil NO emissions are increased by an additional fertilizer term 

besides the baseline grassland NO, depending on the date in a year. Before the growing 

season, this additional factor is 0; during the first month (April) of the growing season it 

is 1; and from there it declines linearly to 0 at day 214 of the growing season (October 

31). This 0 should not be interpreted to mean 0 emissions; it just indicates that the land 

will emit as grassland, which is how original YL also treats off-season agricultural 
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emissions. The growing season is defined as April-October in CMAQ-YL, rather than 

being allowed to vary by latitude (original YL) or by a satellite driven analysis of 

vegetation (original BDSNP). A summary of the modified YL algorithm is presented 

below for growing season agricultural emissions (Equation 2).  

𝑆 ,     = 𝑓( 𝐴(𝐵𝑖𝑜𝑚𝑒), 𝑇 , 𝜃 ) 

                                              𝑃(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛)𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑆𝐴𝐼)𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟(𝐷𝑎𝑡𝑒)  

Equation 2 — CMAQ-Modified YL Growing Season NO Emissions 

For non-growing season or non-agricultural areas throughout the year, soil NO 

emissions are assumed to depend only on temperature and the base emissions for 

different biomes as provided in BEIS. CMAQ still uses the base emission for both 

agricultural and non-agricultural land types with adjustments based solely on air 

temperature as done in BEIS2 (Equation 3). 

𝑆 ,      

= (𝐵𝑎𝑠𝑒 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛) 𝑒( . ∗    . ) 

Equation 3 — CMAQ-Modified YL Non-Growing Season NO Emissions 
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2.2. Overview of advanced BDSNP parameterization in CMAQ  

The original implementation of the BDSNP scheme in CMAQ v5.0.2 was 

described by Rasool et al. (2016), also laid out in the following section. Here, we update 

that code for CMAQv5.1, but the formulation remains the same. Soil NO emissions, 𝑆 , 

are computed in Equation 4 as the product of biome specific emission rates 

(𝐴 (𝑁 )) and adjustment factors to represent the influence of ambient 

conditions. The biome specific emission rates have background soil NO for 24 MODIS 

biome types from literature (Stehfest and Bouwman, 2006; Steinkamp and Lawrence, 

2011). Fertilizer and deposition emission rates based on an exponential decay after input 

of fertilizer and deposition N are added to background soil NO emission rates for 

respective biomes. BDSNP accounts for total N from fertilizer and deposition obtained 

from EPIC. EPIC provides the N available from crop-specific fertilizer soil N pool in 

different forms as: NH4, NO3, and organic N. A final weighted total soil N pool is used 

by weighting the different N forms by the fraction of each crop type at each modeling 

grid. The soil temperature response f(T) is an exponential function of temperature (in K). 

Unlike YL that solely depends on rainfall, BDSNP has a Poisson function 𝑔(𝜃) based on 

soil moisture (𝜃) that increases smoothly first until a maximum and then decreases when 

soil becomes water-saturated. BDSNP also differentiates between wet and dry soil 

conditions under various climate conditions. f(T) and g(𝜃) give a more non-linear 

correlation of soil NO with considered soil parameters and correcting the overestimation 

of wet soil NO in YL. BDSNP provides more detailed representation than YL of pulsing 

following precipitation and of the CRF (described in section 2.5.4). Key features of the 

BDSNP parametric soil NO scheme are illustrated in Figure 3. 
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𝑆 =  𝐴 (𝑁 ) 𝑓(𝑇)𝑔(𝜃)𝑃 𝑙 𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒)         

Equation 4 — BDSNP Soil NO Algorithm 

 

Figure 3 – Flowchart of BDSNP soil NO algorithm implemented in CMAQ 

 

Key differentiating features of YL, original BDSNP scheme and our updated 

BDSNP scheme in CMAQ are NO emission response to biome, temperature and 

moisture, along with deposition and fertilizer. Rasool et al. (2016) applied CMAQ with 

three sets of soil NO emissions: a) YL soil NO scheme, b) BDSNP scheme with Potter et 

al. (2010) fertilizer data set and biome mappings from GEOS-Chem, and c) BDSNP 

scheme with EPIC 2011 data and new biome mappings (Table 3). 
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 Features 

 

YL BDSNP 
(Potter with 
old biome) 

BDSNP (EPIC 
with new 

biome) 

1) NO emission 
response to 
biome 

A generalized 
biome 
classification by 
grouping 36 NASA 
Global Vegetation 
Indexes to 11 
broad biome 
types. Ice, desert 
and snow are 
attributed zero 
NO emission. The 
rest of biomes use 
emission factors 
adjusted by soil 
temperature, 
moisture, pulsing, 
canopy reduction 
(Yienger and Levy, 
1995). 

Biome 
emission 
factors for 40 
NLCD land 
use 
categories, 
based on a 
coarse grid 
definition 
from GEOS-
Chem LSM 
(Hudman et 
al., 2012).  

Biome 
emission 
factors 
regrouped 
from NLCD 40 
to 24 MODIS 
land use types 
(Steinkamp 
and Lawrence, 
2011) with 
Köppen 
climate 
definitions 
(Kottek et al., 
2006) to be 
consistent with 
finer grid 
resolution 
used by Pleim-
Xiu LSM in 
CMAQ. 

2) NO emission 
response to 
soil 
temperature 
and moisture 

Biomes use 
emission factors 
that are empirical 
function of soil 
temperature (T) 
behaving 
differently for dry 
and wet soils.  
Linear variation 
with soil T for dry 
soil, exponential 
response for wet 
soils (Yienger and 
Levy, 1995). 

Non-linear 
response to 
soil T and 
moisture (θ), 
expressed as 
Poisson 
function. 

Non-linear 
response to 
soil T and θ, 
expressed as 
Poisson 
function. 
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3) NO emission 
response to 
deposition 

Deposition not 
accounted for as a 
source of soil N.  

Deposition 
contributes 
to soil N pool. 

Deposition N 
provided in 
FEST-C/EPIC-
CMAQ 
contributes to 
soil N pool.  

4) NO emission 
response to 
Fertilizer 

Considers planting 
date and a decline 
over the course of 
the growing 
season.  

Potter et al. 
(2010) long-
term average 
fertilizer 
estimates 
used. 

Daily fertilizer 
estimates from 
FEST-C/EPIC, 
accounting for 
meteorology 
and farm 
practices 
(Cooter et al. 
2012). 

 

Table 3 – Summary of differences between YL, and the two applications of 

BDSNP (Rasool, Q. Z. et al., 2016) 
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2.3. BDSNP soil NO parameterization in CMAQ: Description and 

Methods 

This section is reproduced in part under Creative Commons Attribution 3.0 

License, Copyright with Author(s) from “Rasool, Q. Z., Zhang, R., Lash, B., Cohan, D. S., 

Cooter, E. J., Bash, J. O., and Lamsal, L. N.: Enhanced representation of soil NO 

emissions in the Community Multiscale Air Quality (CMAQ) model version 5.0.2, 

Geosci. Model Dev., 9, 3177-3197,https://doi.org/10.5194/gmd-9-3177-2016, 

2016”. [Attribution as Rasool, Q. Z. et al., 2016] 

2.3.1. Formulation of BDSNP soil NO scheme in CMAQ 

Figure 4 provides the flow chart of the BDSNP scheme implementation, which 

has the option to run in-line with CMAQ, or as an offline emissions parameterization. 

Static input files in Hudman et al. (2012) BDSNP implementation (labelled as ‘old’ in 

Figure 4) such as those giving soil biome type with climate zone and global fertilizer pool 

are needed to determine the soil base emission value at each modeling grid. The 

Meteorology-Chemistry Interface Processor (MCIP) (Otte and Pleim, 2010) takes outputs 

from a meteorological model such as Weather Research and Forecasting (WRF) 

meteorological model (Skamarock et al., 2008) to provide a complete set of 

meteorological data needed for emissions and air quality simulations.  
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Figure 4 – Flowchart of BDSNP Soil NO emissions modeling framework as 

implemented offline or in CMAQ (inline). “Old” refers to the Hudman et al. 

(2012) implementation in GEOS-Chem. “New” refers to our implementation in 

CMAQ (Rasool, Q. Z. et al., 2016) 

 

Our implementation of the BDSNP soil NO emission, 𝑆  in CMAQ multiplies a 

base emission factor (A) by scaling factors dependent on soil temperature (T) and soil 

moisture (𝜃), i.e., f(T), g(𝜃) and a pulsing term (P) (Equation 4). The base emission 

factor depends on biome type under wet or dry soil conditions. The pulsing term depends 

on the length of the dry period, rather than the accumulated rainfall amount considered by 
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YL. The CRF term estimate the fractional reduction in soil NOx flux due to canopy 

resistance. 

Fertilizer and deposition both contribute to modifying the 𝐴  emissions 

coefficients for each biome. Available nitrogen (Navail)  at time t from fertilizer and 

deposition is multiplied by emission rate, Ē, based on the observed global estimates of 

fertilizer emissions (~ 1.8 Tg-N yr-1) by Stehfest and Bouwman (2006) and added to 

biome specific soil NO emission factors (Abiome) from Steinkamp and Lawrence (2011) to 

give the net base emission factor (𝐴  ). The resulting Aʹ is multiplied by the 

meteorological scaling or response factors: f(T), g(𝜃), and P(ldry) as in Equation 4. The 

soil temperature response or scaling factor f(T) is simplified to be exponential 

everywhere. NO flux now depends on soil moisture (𝜃) instead of rainfall, and it 

increases smoothly to a maximum value before decreasing as the ground becomes water 

saturated. In Equation 5, F is fertilization rate (kg ha-1), D is the wet and dry deposition 

rate (kg ha-1) considered as an additional fertilization rate, and τ is decay time, which is 4 

months for fertilizer (𝜏 ) and 6 months for deposition (𝜏 ) (Hudman et al., 2012).  

BDSNP uses a Poisson function to represent the dependence of emission rates on 

soil moisture (𝜃), where the parameters ‘a’ and ‘b’ vary for different climates such that 

the maximum of the function occurs at 𝜃 = 0.2 for arid soils and 𝜃 = 0.3 otherwise 

(Hudman et al., 2012). We adopt the same approach in CMAQ, as described in Equation 

5. 
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𝑆  𝐹𝑙𝑢𝑥(
𝑛𝑔 𝑁

𝑚 𝑠
)

=  𝐴 (𝑁 ) × 𝑓(𝑇) × 𝑔(𝜃) × 𝑃 𝑙

× 𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) 

𝐴′ =  𝐴 +  𝑁 × Ē                         

𝑁 (𝑡) =  𝑁  (0) × 𝑒 + 𝐹 × 𝜏 × 1 − 𝑒 +  𝑁  (0) ×

𝑒 +  𝐷 × 𝜏 × (1 − 𝑒 )   

𝑓(𝑇) ∗ 𝑔(𝜃) =  𝑒 . ∗ ∗ 𝑎 ∗ 𝜃 ∗ 𝑒 ∗              

The pulsing term depends on the length of the dry period (ldry) and a change in 

soil moisture instead of on the amount of precipitation (Hudman et al., 2012).  

The pulsing term for emissions when rain follows a dry period is:  

𝑃 𝑙 , 𝑡 = 13.01 ∗ ln 𝑙 −  53.6 ∗ 𝑒 ∗                   

In this equation, ldry is the length of the dry period that preceded the rain and c = 

0.068 hour-1 defines the exponential decay of the pulse. 

Equation 5 — Details of BDSNP Soil NO Algorithm in CMAQ (Rasool, Q. Z. 

et al., 2016) 
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Beyond this basic implementation of the above stated BDSNP framework into 

CMAQ, there were major modifications (highlighted as ‘new’ in Figure 4) in the form of: 

a) updating biome map consistent with CMAQ, b) incorporating year- and location- 

specific fertilizer data using EPIC outputs and c) development of an offline BDSNP 

module. Aforementioned modifications are discussed in detail in the sub-sections to 

follow. There are seven key input environment variables and two key output environment 

variables in our implementation of BDSNP. Table 4 lists their names and corresponding 

functionalities (Rasool, Q. Z. et al., 2016). 

 

   

Environment 
Variable 

Description Note (*new) 

LANDFRACFILE [Input file]: soil biome map for 
model domain, 24 category 
based on GEOS-Chem and 
Köppen climate zone 

*can be replaced by 24 
category based on NLCD40 
and re-gridded Köppen 
climate zone, see section 
2.3.2 

CLIMAFILE 

CLIMNAFILE 

[Input file]: arid and non-arid 
region in model domain 

 

FERTRESFILE 

 

[Input file]: fertilizer map for 
model domain 

*can be replaced by EPIC 
(Environmental variable: 
EPICRESFILE) results, see 
section 2.3.3 

NDEPRES [In-line with CMAQ]: nitrogen 
deposition from CMAQ 
simulations by including N 

*For offline-currently uses 
2005 CMAQ results on 12km 
CONUS domains, see section 
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species in the deposition 
schemes and by calling them in 
the BDSNP module source code  

2.3.4 i.e. nitrogen 
deposition from benchmark 
CMAQ run provided via a 
restart file (SOILINSTATE) 

GRIDDESC  [Input file]: set the domain size 
and projection information, 
already part of CMAQ package 

*provided explicitly for 
offline BDSNP 

METCRO2D [Input file]: meteorology fields 

in NetCDF format from MCIP for 

model domain, which include 

the parameters: 

TMEP2-surface temperature 

RGRND-solar radiation 

PRSFC-surface pressure 

SOIM1-soil moisture 

SOIT1-soil temperature 

SNOCOV-snow cover 

WSPD10-10m wind speed 

CFRAC-cloud fraction 

LAI-leaf area index 

 

*soil condition including 

moisture and temperature 

must be diagnosed by 

choosing Pleim-Xiu LSM 

model (2003) in WRF runs 

*provided explicitly for 
offline BDSNP 

SOILINSTATE/SOILOUT [Input (restart)/Output file]: 
Restart file provides the pulsing 
factor, dry period, soil moisture 
and deposition for continuous 
model run as well as other 
model diagnostic parameters. 
Also a standard diagnostic 
output file 
 

*Refer to ‘NOTES’ for list of 
variables in SOILINSTATE file 
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B3GTS_S [Output file]: hourly soil NO 
emission in ‘g/s’ or ‘mol/s’ 
simulated from BDSNP  

*BDSNP just updates soil NO 
in B3GTS_S, among other 
outputs used for estimating 
secondary pollutant 
concentration 

 

Table 4 – List of key input and output environment variables in BDSNP module 

(Rasool, Q. Z. et al., 2016) 

 

2.3.2. Soil biome map over CONUS 

The original implementation of BDSNP used the global soil biome data from 

GEOS-Chem, with emission factors for each biome under dry/wet conditions taken from 

Steinkamp and Lawrence (2011) (Appendix A, Table A1). Our implementation in 

CMAQ uses a finer resolution (12 km) soil biome map over CONUS. The map is 

generated from the 30-arc-second (approximately 1 kilometer) NLCD40 (National Land 

Cover Dataset) for 2006, with 40 land cover/land use classifications. A mapping 

algorithm table (Appendix A, Table A2) was created to connect the land use category to 

soil biome type (Table A1) based on best available knowledge. For the categories with 

identical names, such as ‘evergreen needleleaf forest’, ‘deciduous needleleaf forest’, 

‘mixed forest’, ‘savannas’ and ‘grassland’, the mapping is direct. Categories in NLCD40, 

which are subsets of the corresponding biome category, are consolidated into one 

category by addition. For example, ‘permanent snow and ice’ and ‘perennial ice-snow’ in 

NLCD40 are combined to form ‘snow and ice’; ‘developed open space’, ‘developed low 

intensity’, ‘developed medium intensity’, and ’developed high intensity’ are added to 
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form ‘urban and built-up lands’. For the categories appearing only in NLCD40, the 

mapping algorithm is determined by referring to the CMAQ mapping scheme, available 

in Cross-Section and Quantum Yield (CSQY) data files in the CMAQ coding. One such 

case is to map ‘lichens’ and ‘moss’ in NLCD40 to the category ‘grassland’ in soil biome. 

Furthermore, a model resolution compatible Köppen climate zone classification (Kottek 

et al., 2006) was added to allocate different emission factor for the same biome type e.g. 

to account for different altitudes of ‘grassland’ at different locations. There are five 

climate zone classifications, namely A: equatorial, B: arid, C: warm temperature, D: 

snow, E: polar. A 12 km CONUS model resolution climate zone classification map (see 

Figure 5) was created using the Spatial Allocator based on the county level climate zone 

definition as the surrogate based on a dominant land use, (http://koeppen-geiger.vu-

wien.ac.at/data/KoeppenGeiger.UScounty.txt).   

Figure 5 compares the 24 soil biome map with 0.25 degree resolution from the 

GEOS-Chem settings to the new 12 km resolution soil biome map we created here for 

CMAQ. Table A1in Appendix A gives the biome type names with corresponding climate 

zones. 

The classification of simulation domain into arid and non-arid region with 

consistent resolution is also included in our implementation. Figure 6 shows the 

distribution of arid (red) and non-arid (blue) regions. For the modeling grid classified as 

‘arid’, the maximum moisture scaling factor corresponds to the water-filled pore space 

(θ) value equal to 0.2; while for the ‘non-arid’ modeling grid, the  maximum moisture 

scaling factor corresponds with θ=0.3 as per Hudman et al. (2012) (Rasool, Q. Z. et al., 

2016). 
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Figure 5 – Biomes from GEOS-Chem (0.25° x 0.25°; top) and CMAQ MODIS 

NLCD40 (12 km x 12 km; bottom) regrouped to match the classifications for 

which emission factors are available from Steinkamp and Lawrence (2011). 

See Tables A1 and A2 (right) for the mappings between classifications. The 

color-bar legends for classifications are as per NLCD definitions 

(http://www.mrlc.gov/nlcd11_leg.php) (Rasool, Q. Z. et al., 2016). 
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Figure 6 – Arid (red) and non-arid (blue) region over Continental US (12km 

resolution) (Rasool, Q. Z. et al., 2016) 

 

2.3.3. Representation of fertilizer N  

We implemented two approaches for representing fertilizer N in Rasool et al. 

(2016). The first approach regrids fertilizer data from the global GEOS-Chem BDSNP 

implementation (Hudman et al. 2012) to our 12 km resolution CONUS domain. That 

scheme uses the global fertilizer database from Potter et al. (2010) and assumed 37% of 

fertilizer and manure N is available (1.8 Tg-N yr-1) for potential emission. Figure 7 

provides the day-by-day variation of total N remaining due to fertilizer application over 

CONUS during a year, and shows the typical cycle between growing season and non-
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growing season. The Potter data, however, are a decade old and at coarse resolution for 

county-level in US. 

 

 Figure 7 – Daily variation of total N from fertilizer application (from Potter et 

al. (2010)) processed from BDSNP to establish timing over continental US 

throughout 2011 (Rasool, Q. Z. et al., 2016) 

 

Our second approach uses the EPIC model as implemented in the Fertilizer 

Emission Scenario Tool for CMAQ (FEST-C, https://www.cmascenter.org/fest-c/) 

(Cooter et al., 2012) to provide a dynamic representation of fertilizer applications for 

crop specific growing season. FEST-C (v1.1) generates model-ready fertilizer input files 

for CMAQ. Use of FEST-C/EPIC instead of soil emissions from YL scheme has been 

shown to improve CMAQ performance for nitrate and ammonia in CONUS (Bash et al., 

2013). The BELD4 tool in FEST-C system was used to provide the crop usage fraction 
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over our CONUS domain. We summed FEST-C data for ammonia, nitrate and organic: 

T1_ANH3, T1_ANO3 and T1_AON respectively in kg-N/ha, to give a total soil N pool 

for each of 42 simulated crops (CMAS, 2015). This daily crop-wise total soil N pool was 

then weighted by the fraction of each crop type at each modeling grid to get a final 

weighted sum total soil N pool usable in BDSNP. CMAQ v.5.0.2 can be run with in-line 

biogenic emissions, calculated in tandem with the rest of the model. Since the EPIC N 

pools already include N deposition, we designed our soil NO emissions module to be 

flexible in recognizing whether it is using fertilizer data such as Potter et al. (2010) that 

does not include deposition or EPIC that does. 

Figure 8 compares the FEST-C derived N fertilizer map and the default coarser 

resolution long-term average fertilizer map from Potter. While the spatial patterns are 

similar, EPIC provides finer resolution and more up-to-date information (Rasool, Q. Z. et 

al., 2016). 

 

Figure 8 – Potter (left) and EPIC (right) annual fertilizer application (Kg N/ha). 

EPIC models only for U.S., Potter et al. (2010) is used in both cases to 

represent Canada and Mexico (Rasool, Q. Z. et al., 2016) 
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2.3.4. Offline (standalone) BDSNP soil NO module  

The major difference between our in-line (with CMAQ) and offline 

implementations is the approach to deal with nitrogen deposition. For the in-line BDSNP 

scheme, dry or wet deposition process considered in CMAQ will continuously update the 

available nitrogen from the atmosphere to the ground. For the offline module, the 

nitrogen available from wet or dry deposition cannot be calculated instantaneously 

through the air quality model but needs to be determined offline from pre-computed files. 

For the offline model, soil condition from the last hour of previous day’s run and the 

daily nitrogen pool from archived deposition fields are used. Since the soil N pool needs 

a long time to reach the quasi-steady state in the model, a new series of inputs are needed 

in the offline model to provide the generic daily variation of N deposition. Hence, we 

performed a full year (2005) CMAQ simulation over the 12 km continental U.S. domain 

using the emission and meteorology files provided by EPA. We recorded daily data on 

the flux of N to the soil reservoir resulting from deposition. These deposition fields were 

archived as the restart files for the 2011 run. Simulating soil NO emissions for a region 

outside North America or for a period with sharply different N deposition rates from 

2005 will require development of new deposition fields by this or other means (Rasool, 

Q. Z. et al., 2016). The merit of such an offline version is reducing computational burden 

while analyzing the sensitivity of emissions to varied inputs. A limitation of the offline 

version is that changes in soil N emissions do not influence the deposition file.  
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2.4. Application of BDSNP parametric scheme: Valuing the air 

quality effects of biochar reduction on soil NO  

The emergence of biochar as a soil amendment and recent evidence of it 

mitigating soil emissions, especially N2O and in some cases NO emissions (described in 

Section 1.7), is of immense interest owing to the resultant air quality and health impacts it 

can yield. There are just a handful of studies that report the possible changes in NO 

emissions due to biochar application in agriculture. Xiang et al. (2015) observed no 

impact of biochar amendment on soil NO emission in a rice-wheat rotation system in 

China. However, Nelissen et al. (2014) showed that amendment of woody and crop-based 

biochars to silt loam soil in a primarily nitrogenous fertilized environment of the U.S. 

Corn Belt can reduce soil NO emission by 47% to 67%. While the reported range of 

reduction in soil NO emissions from biochar use is large, we considered the full range of 

observed values (0-47% and 0-67%) to make a first estimate of the magnitude of 

potential air quality improvements and reduced health risks associated with biochar 

application (Pourhashem et al., 2017). 

Previous integrated assessments of the costs and benefits of biochar have focused 

on its production costs, mitigation of carbon emissions and profit to farmers from 

increased productivity (Dickinson et al., 2015; Galinato et al., 2011; Zheng et al., 2017). 

The economic returns due to potential biochar-mediated air quality and health benefits 

from reduced soil NO emissions were not considered in those assessments. We 

demonstrated in Pourhashem et al. (2017) an approach to monetizing the air quality 

benefits associated with agricultural biochar application.  
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Our approach integrated the BDSNP soil NO emissions model in CMAQ and a 

health cost model. First, we modeled the changes in O3 and PM2.5 that would result if 

biochar indeed reduces soil NO emissions, considering scenarios of 47% and 67% 

reduction resulting from biochar application. We imagined biochar application across all 

U.S. agricultural soils as a sensitivity test. Then we modeled the annual health care cost 

savings of these two scenarios to identify hotspots where biochar could have the greatest 

impacts on air quality and health though soil NO reductions. Findings of our work in 

Pourhashem et al. (2017) include the potential scale of benefit to air quality and health 

that biochar-driven soil NO mitigation can generate. The impacts were up to reductions 

of 1-2.4 ppb for MDA8 O3 and 0.1-0.36 μg/m3 for PM2.5 across the agricultural regions in 

Midwest and San Joaquin valley in California. This work also highlighted the need for 

more research on biochar-driven changes in soil N emissions and N cycling. The lack of 

data quantifying the impact of biochar on soil N dynamics limited our analysis to a 

scaling of emissions rather than a process-based mechanistic representation of how 

biochar affects soils. The details of the methodology used and results of Pourhashem et 

al. (2017) are provided in Appendix B. 

2.5. Drawbacks of parametric schemes and updates for the new 

mechanistic soil N scheme 

2.5.1. Biome classification over CONUS 

CMAQ uses the National Land Cover Dataset with 40 classifications (NLCD40) 

to represent land cover, which is used by the YL parametric scheme. However, 
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Steinkamp and Lawrence (2011) provide soil NO emission factors (𝐴 (𝑁 )) for 

only 24 MODIS biomes in the BDSNP parametric scheme. Thus, the initial 

implementation of BDSNP in CMAQ by Rasool et al. (2016) introduced a mapping 

between MODIS 24 and NLCD40 biomes to set an emission factor for each NLCD40 

biome type (see Appendix A, Table A2). Factors were then adjusted using Köppen 

climate zone classifications (Kottek et al., 2006). Whereas the original implementation of 

BDSNP by Rasool et al. (2016) treated each grid cell based on its most prevalent biome 

type, our update of BDSNP for CMAQv5.1 and our mechanistic model use sub-grid 

biome classification, accounting for the fraction of each biome type in each cell.  

The latest Biogenic Emissions Landcover Database version 4 (BELD4), generated 

using the BELD4 tool in the SA Raster Tools system, is used to represent land cover 

types consistently across both the FEST-C v1.2 and the WRF-CMAQ framework. BEIS 

v3.61 within CMAQ integrates BELD4 with other data sources generated at 1-km 

resolution to provide fractional crop and vegetation cover. U.S. land use categories are 

based on the 2011 NLCD40 categories. FEST-C provides tree and crop percentage 

coverage for 194 tree classes and 42 crops (https://www.cmascenter.org/sa-

tools/documentation/4.2/Raster_Users_Guide_4_2.pdf). For determining fractional crop 

cover, the 2011 NLCD/MODIS data were used for Canada and the US in the BELD4 data 

generation tool of FEST-C. Tree species fractional coverage is based on 2011 Forest 

Inventory and Analysis (FIA) version 5.1. MODIS satellite products are used where 

detailed data are unavailable outside of the U.S. 
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2.5.2. N Fertilizer  

The YL scheme set fertilizer-driven soil NO emissions to be proportional to 

fertilizer application during a prescribed growing season: May-August for the Northern 

Hemisphere and November-February for the Southern Hemisphere (Yienger and Levy, 

1995) or April-October for adapted YL in CMAQ. Our implementations of both BDSNP 

parametrization and mechanistic soil N schemes into CMAQ are designed to enable the 

use of year- and location- specific fertilizer data with daily resolution. We use FEST-C to 

incorporate EPIC fertilizer application data into our CMAQ runs. EPIC estimates daily 

fertilizer application based entirely on simulated plant demand in response to local soil 

and weather conditions, using linkages with the WRF via FEST-C. The FEST-C interface 

also ensures EPIC simulations are spatially consistent with CMAQ’s CONUS domain 

and resolution through the Spatial Allocator (SA) Raster Tools system 

(http://www.cmascenter.org/sa-tools/). 

Because EPIC covers only the U.S., outside U.S. BDSNP use fertilizer data 

regridded from Hudman et al. (2012), which scaled Potter et al. (2010) data for fertilizer 

N from 1994-2001 to global fertilizer levels in 2006. Our mechanistic scheme uses a 

more recently compiled and speciated soil N and C dataset for non-U.S. agricultural 

regions regridded from Xu et al. (2015). 
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2.5.3. N Deposition 

N deposition serves as a significant addition to the soil mineral N (inorganic N: 

NH4
+ and NO3

-) pool and hence influences soil N emissions. The YL scheme does not 

explicitly represent nitrogen deposition but instead sets soil emissions based on biome 

type.  In our implementation of both updated BDSNP and new mechanistic soil N 

schemes, hourly wet and dry deposition outputs for both reduced and oxidized forms of 

N, provided by CMAQ simulation, are added to the NH4
+ and NO3

- soil pools. 

 

2.5.4. Canopy reduction factor (CRF) 

CRF is used to calculate above canopy NO and HONO (gives NO on photolysis), 

assuming that some fraction of NO is converted to NO2 and absorbed by leaves. Earlier 

global scale GEOS-Chem simulation with BDSNP, had a monthly averaged CRF that 

reduced total soil NOx from 10.7 Tg-N yr-1 above soil to 9 Tg-N yr-1 above canopy; i.e., a 

16% reduction (Hudman et al., 2012).  

The original YL soil NO scheme (Yienger and Levy, 1995) and the in-line BEIS 

in CMAQ applied a CRF set as a function of LAI and SAI. Recently, implementations of 

BDSNP in CMAQ and GEOS-Chem implement CRF as a more complex function of 

wind speed, turbulence, and canopy structure (Geddes et al., 2016; Rasool et al., 2016; 

Wang et al., 1998). 
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Here, we compute CRF using equations from Wang et al. (1998) for both BDSNP 

and the new mechanistic scheme using spatially and temporally variable land-surface 

parameters: surface (2 m) temperature, solar radiation (W/m2), surface pressure, snow 

cover, wind speed (𝑉 ), cloud fraction, canopy structure, vegetation coverage (LAI 

and canopy resistances), gas diffusivity and deposition coefficients.  The final reduction 

factor (𝐶𝑅𝐹(𝐿AI, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒)) for primary biogenic NO soil emissions is 

based on two main factors: bulk stomatal resistance (𝑅 ), and Land-Use specific 

ventilation velocity of NO (𝑉 , ), calculated based on above mentioned parameters 

(Equation 6). 

𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) =
𝑅

𝑅 +  𝑉 ,
 

Ventilation velocity of NO (𝑉 , ) is calculated by adjusting a normalized day 

and night specific Ventilation velocity of NO from Wang et al.: 10-2 and 0.2*10-2 m/s 

respectively. The adjustments are based on biome-specific LAI and canopy wind 

extinction coefficients (𝐶 ); 𝐶   is the canopy wind extinction 

coefficient for tropical rain forest biome on which most of the canopy uptake studies for 

NOx are based. 

𝑉 , =  𝑉 ,

𝑉

3

7

𝐿𝐴𝐼
 

𝐶  

𝐶
 

Equation 6 — Canopy Reduction factor based on Wang et al. (1998) 
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𝑅  is a combination of various canopy resistances in series and parallel: 

internal stomatal resistance, cuticle resistance, and aerodynamic resistance which have 

biome specific normalized values for the MODIS 24 biomes also available in the dry 

deposition scheme of CMAQ. These normalized values of individual resistances are 

subsequently adjusted and dependent on multiple conditions for solar radiation, surface 

temperature, pressure, deposition coefficients and molecular diffusivity of NO2 in air in 

this case. The calculation of 𝑅   based on Wang et al. (1998) has been well 

documented and shared in the open source BDSNP code repository (canopy_nox_mod.F) 

for the purpose of reproducibility, available at https://daac.ornl.gov/cgi-

bin/dsviewer.pl?ds_id=1351.  
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Chapter 3 

Mechanistic soil N scheme: Description 
and Methods 

3.1. Overview of mechanistic soil N scheme in CMAQ  

Our new mechanistic scheme computes soil emissions of NO, HONO, and N2O 

by specifically representing both nitrification and denitrification (Equation 7 gives an 

overview: all functions are described in detail in Section 3.4, 𝑃 𝑙  same as in 

Equation 5, 𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) is described in section 2.4.5). Soil NH3 

emission is calculated based on the bi-directional exchange scheme (Bash et al., 2013) in 

CMAQ. Briefly, we note that nitrification rates depend on the available NH4 pool, soil 

temperature, moisture, gas diffusivity, and pH adjustment factors. Meanwhile, 

denitrification rates depend on relative NO3 to C availability, soil temperature, gas 

diffusivity, and moisture adjustment factors.  
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𝑆 =
𝑁 −  𝑆  

+
𝐷

 

≡
𝑓(𝑁𝐻 , 𝑇 , 𝜃 , 𝐷𝑟, 𝑝𝐻)𝑃 𝑙

+
𝑓(𝑁𝑂 𝑡𝑜𝐶, 𝑇 , 𝜃 , 𝐷𝑟)

𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) 

𝑆

= 𝑓(𝐵𝑖𝑜𝑚𝑒, 𝑂𝑝𝑡𝑖𝑚𝑢𝑚 𝐻𝑂𝑁𝑂 𝑖𝑛 𝑡𝑜𝑡𝑎𝑙 𝑁 , 𝜃  𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) 

𝑆 =
𝑁

+
𝐷

 ≡
𝑓(𝑁𝐻 , 𝑇 , 𝜃 , 𝐷𝑟, 𝑝𝐻)

+
𝑓(𝑁𝑂 𝑡𝑜𝐶, 𝑇 , 𝜃 , 𝐷𝑟)

 

 

Equation 7 – Mechanistic Soil N scheme overview for soil emissions of NO, 

HONO, and N2O, detailed algorithm in section 3.4 

 

Our new mechanistic soil N model tracks the NH4, NO3 and organic C and N 

pools in soil separately, in contrast to the total N pool of BDSNP, and estimates NO, 

HONO and N2O rather than just NO and NH3 (Figures 3 and 9). It uses the DAYCENT 

(Daily version of CENTURY model) biogeochemical scheme (Del Grosso et al., 2001; 

Parton et al., 2001) to represent both nitrification and denitrification. For agricultural 

biomes, we use speciated N and C pools from EPIC to drive DAYCENT. For non-

agricultural biomes, we use a C-N mineralization framework (Manzoni and Porporato, 

2009) to estimate the inorganic N and C pools for DAYCENT. Key features of the new 

mechanistic soil N scheme are illustrated in Figure 9 and its differentiating features from 

YL and BDSNP (most updated version) parametric schemes are listed in Table 5. 
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Figure 9 – Flowchart of mechanistic soil N scheme implemented in CMAQ 

    

 YL Parametric 
Model 

BDSNP Parametric Model Mechanistic 
Model 

Approach Yienger and Levy 
equations for NO 
 

Hudman et al. equations for 
NO 
 

DAYCENT sub-
model representing 
nitrification, 
denitrification, and 
mineralization for 
NO, HONO, and 
N2O 
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Species 
Emitted/Output 

NO NO NO, HONO, NH3, 
N2O 

Biome/Land 
use 
classification 

CMAQ default 
NLCD40 

Sub-grid biome classification;  
MODIS 24 mapped from 
NLCD40 

Sub-grid biome 
classification from 
NLCD40 

Soil N Data 
Source  

Fertilizer N in 
growing season 
wet emission 
factor 

EPIC (Fertilizer N + 
Deposition (wet and dry) N 
from CMAQ) 

EPIC (Fertilizer N 
+ 
Deposition (wet 
and dry) N from 
CMAQ); Xu et al. 
(2015) for non-
agricultural soil 

Agricultural 
biome 

Biome specific 
NO emission 
factors 

NO emissions derived from 
total EPIC N 

EPIC C and N 
pools used in 
DAYCENT 
scheme to compute 
Nitrification NO, 
HONO and N2O 
and 
Denitrification NO 
and N2O  

Nonagricultural 
biome  

Biome specific 
NO emission 
factors 

Biome specific NO emission  
factors 

Schimel and 
Weintraub 
equations for N 
and C pools used 
in DAYCENT to 
compute 
nitrification and 
denitrification 
emissions 

 
Variables 
Considered 

Soil T, rainfall, 
and biome type 

Total soil N, soil T, soil 
moisture, rainfall, and biome 
type 

Soil water content 
(irrigated and 
unirrigated), T, 
NH4

+, NO3
−, gas 

diffusivity, and 
labile C by soil 
layer  
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Pulsing 𝑓(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛) 𝑓 𝑙 , with exponential 
decay with change in soil 
moisture 

Same as BDSNP 

CRF 𝑓(𝐿𝐴𝐼, 𝑆𝐴𝐼 ) 𝑓(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) Same as BDSNP 

 

Table 5 – Comparison of approaches of the parametric and mechanistic soil N 

emissions models 

3.2. Agricultural regions  

In agricultural regions, we use EPIC to derive organic N, NH4, NO3, and carbon 

pools updated on a daily scale. EPIC follows the same approach used in the Century 

model (Parton et al., 1994), but uses an updated crop growth model and considers the 

effect of sorption of water on soil water content which impacts leaching losses and 

surface to sub-surface flow of N. In contrast, Century used monthly water leached below 

30-cm soil depth, annual precipitation, and soil composition (Izaurralde et al., 2006).  

In EPIC, organic N residues added to the agricultural soil surface or belowground 

from plant/crop residues, roots, fertilizer, deposition and manure are split into two broad 

compartments: microbial or active biomass, and slow or passive humus. Slow or passive 

humus is essentially recalcitrant and non-living in nature with very slow turnover rates 

ranging from centuries to even thousands of years and makes up most of the organic 

matter. N uptake by soil microbes from organic matter also called ‘microbial biomass or 

microbial/active N’ is the living portion of the soil organic matter, excluding plant roots 
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and soil animals larger than 5 x 10-3 µm3. Although, microbial biomass constitutes a 

small portion of organic matter ~ 2%, but it is central in microbial activity i.e. conversion 

to inorganic N (Cameron and Moir, 2012; Ley et al., 2001; Manzoni and Porporato, 

2009). The transformation rates of organic N to microbial N is controlled by relative C 

and N contents in microbial biomass, soil temperature and water content, soil silt and clay 

content, organic residue composition, bulk density, oxygen and inorganic N availability 

with soil depth, and tillage enhancing residue decomposition. Microbial N has quicker 

turnover times ranging from days or weeks compared to hundreds of years for slow or 

passive organic matter. Hence, microbial biomass is the main clearing house and driver 

of C and N cycling in EPIC. Whether net mineralization of organic N to NH4
+ occurs or 

net immobilization of NO3
− to microbial N depends strongly on the relative C and N 

contents in microbial biomass. Higher N content supports net mineralization, whereas 

higher C content supports net immobilization. Carbon and N can also be leached or lost 

in gaseous forms (Izaurralde et al., 2012). 

We then estimate gaseous N emissions by using the organic N, NH4, NO3, and 

carbon pools provided from EPIC/FEST-C along with relevant soil properties for 

agricultural biomes from the DAYCENT nitrification and denitrification sub-model, as 

described in Section 3.4 and illustrated in Figure 10. 
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Figure 10 – Schematic for N transformation to estimate soil pools of NH4 and 

NO3 and resultant nitrification and denitrification N emissions in the 

mechanistic model 

3.3. Non-agricultural regions  

We adapt the framework for linked C and N cycling from Schimel and Weintraub 

(2003) for non-agricultural regions, where EPIC is not applicable. This framework 

accounts for the mineralization of organic N by considering which element is limiting 

based on relative C to N ratio in microbial biomass. If N is in excess, then net 

mineralization happens giving us the required NH4
+, consistent in temporal and spatial 

scales to the EPIC agricultural pool. If C is in excess, it results in an overflow metabolism 

that results in elevated C respiration rates that are not associated with microbial growth.  
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To ensure mass balance, enzyme production and recycling mechanisms that 

replenish microbial biomass C are crucial. Similarly, net immobilization is assumed as 

was done in EPIC, when we approach C saturated conditions with time to replenish 

microbial N. Without such mechanisms, there is a danger to always predict N saturation 

in microbial biomass and incorrectly predict a C-limited state for microbes and vice 

versa. Also, some proportion of the microbial biomass is utilized for maintenance of 

living cells (only C demand), while the rest accounts for decay and regrowth (both C and 

N demands) (Schimel and Weintraub, 2003; Manzoni and Porporato, 2009). Fractions of 

C and N in dying microbial biomass are recycled into the available microbial C and N 

pools.  

We represent spatial heterogeneity in soil C and N by using the Schimel and 

Weintraub (2003) algorithm with sub-grid land use fractions from NLCD40 to estimate 

the different parameters for specific non-agricultural biomes in Equation 8. That allows 

us to account for inter-biome variability in soil properties and organic/microbial biomass. 

𝑅  (𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑒𝑛𝑧𝑦𝑚𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) = ((1 − SUE)(𝐸𝑃 ) 𝑆𝑈𝐸)⁄  

𝐸𝑃  (𝐸𝑛𝑧𝑦𝑚𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑠 𝐶 𝐿𝑜𝑠𝑠/𝑆𝑖𝑛𝑘) = K (𝐴𝑊 )                       

𝐸𝑃  (𝐸𝑛𝑧𝑦𝑚𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑠 𝑁 𝐿𝑜𝑠𝑠/𝑆𝑖𝑛𝑘)

=  𝐸𝑃 3  (𝑊ℎ𝑒𝑟𝑒, 3 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒𝐶: 𝑁 𝑟𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑝𝑟𝑜𝑡𝑖𝑒𝑛)                       ⁄  

𝐶𝑌  (𝑅𝑒𝑐𝑦𝑐𝑙𝑒  𝑓𝑟𝑜𝑚 𝐶 𝑚𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) = K K (𝐴𝑊 ) 

𝐶𝑌  (𝑅𝑒𝑐𝑦𝑐𝑙𝑒 𝑓𝑟𝑜𝑚 𝑁 𝑚𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) =      𝐶𝑌 /𝐶: 𝑁    

𝑅  (𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒, 𝑜𝑛𝑙𝑦 𝐶) =  K (𝐴𝑊 ) 

𝐻  (𝐶 𝐷𝑒𝑎𝑡ℎ/𝑑𝑒𝑐𝑎𝑦  ) = K (1 − K )(𝐴𝑊 ) 
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𝐻  (𝑁 𝐷𝑒𝑎𝑡ℎ/𝑑𝑒𝑐𝑎𝑦) =  𝐻 /𝐶: 𝑁  

Mineralized N pools generated as NH4 in this adapted framework are calculated 

eventually as a function of microbial biomass and the varied aforementioned associated 

microbial processes and parameters driving the net mineralization.  

If C limited or N in excess: 

𝐴𝑊 < 𝑅 + (𝐸𝑃 𝑆𝑈𝐸⁄ ) + (𝐴𝑊 − 𝐸𝑃 )(𝐶: 𝑁 𝑆𝑈𝐸⁄ )  

𝑅  (𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑔𝑟𝑜𝑤𝑡ℎ, 𝐶 𝑙𝑖𝑚𝑖𝑡𝑒𝑑)

= (1 − SUE)(𝐴𝑊 − (𝐸𝑃 𝑆𝑈𝐸⁄ ) − 𝑅 ) 

𝑅  (𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑚) = 0 

𝑁𝐻  (𝐹𝑟𝑜𝑚 𝑛𝑒𝑡 𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑚𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒) =  

(𝐴𝑊 − 𝐸𝑃 − ((𝐴𝑊 − (𝐸𝑃 𝑆𝑈𝐸⁄ ) − 𝑅 )(𝑆𝑈𝐸 𝐶𝑁⁄ ))) 

Equation 8 – Schimel and Weintraub Algorithm for non-agricultural 

regions 

Schimel and Weintraub (2003) provide values for parameters that quantify the 

above discussed growth and decay processes: Fraction of Biome C to exoenzymes (Ke) = 

0.05; microbial maintenance rate (Km) = 0.01 d-1; Substrate Use Efficiency (SUE) = 0.5 

(fraction); Proportion of microbial biomass that dies per day (Kt) = 0.012 d-1; Proportion 

of microbial biomass (C or N) for microbial use (Kr) = 0.85.   

We map a global organic C and N pool dataset (Xu et al., 2015) onto our CONUS 

domain, using biome-specific fractions from 12 different biome types for conversion of 

these organic pools into microbial biomass pools (Xu et al., 2013). We map these 12 

broader biome types to the 24 MODIS biome types by the mapping shown in Table A3 
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(See Appendix A). To ensure consistency with the sub-grid biome fractions for the 40 

NLCD biome types (section 2.5.1), we map the MODIS 24 biome-specific 

microbial/Organic C and N fractions to NLCD 40 (A_Cmic(XX) and A_Nmic(XX), XX 

from 01 to 40 representing the different NLCD biomes) by the mappings shown in Tables 

A2 and A4 (See Appendix A). We calculate area-weighted microbial C and N pools 

(AWSMC and AWSMN) using A_Cmic(XX) and A_Nmic(XX) that account for the inter-

biome variability in availability of soil microbial biomass. Also, spatial heterogeneity in 

terms of vertical stratification is crucial as emission losses from N cycling primarily 

happen in the top 30 cm layer. Hence we incorporate the Xu et al. (2015) data for the top 

30 cm for organic nutrient pool and microbial C:N ratio (C:Nm) along with other soil 

properties (soil pH). This framework (Figure 10) enables us to estimate soil NH4, NO3, 

and C pools from area-weighted microbial biomass as consistently as possible with the 

pools that EPIC provides in agricultural regions.  

3.4. DAYCENT representation of soil N emissions  

The final part of the mechanistic framework is formed by using a nitrification and 

denitrification N emissions sub-model adapted from DAYCENT along with nitrification 

and denitrification rate calculations adapted from EPIC. It should be noted that the 

coupled carbon–nitrogen decomposition module in the EPIC terrestrial ecosystem model 

is similar to that of DAYCENT (Izaurralde et al., 2012; Gaillard et al., 2017). EPIC 

simulated agricultural NH4 and NO3 soil pools are generated as described in Section 3.2, 

whereas the non-agricultural NH4 and NO3 soil pools are calculated by the methods 

described in Section 3.3. NH4 and NO3 soil pools drive nitrification and denitrification as 
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shown in Equation 9, where variability in terms of soil conditions influencing N 

emissions in nitrification and denitrification are introduced through the rates at which 

NH4 is nitrified (𝑅 ) and NO3 is denitrified (𝑅 ) respectively (Equation 9). 

The nitrification rate (𝐾 ) is estimated based on regulators from the soil water 

content, soil pH, and soil temperature according to Williams et al. (2008), consistent with 

the bi-directional NH3 scheme in CMAQ (Bash et al., 2013). The nitrification soil 

temperature regulator (𝑓 ) accounts for frozen soil with no evasive N fluxes the bi-

directional NH3 estimation module in CMAQ adopts a similar approach. The nitrification 

soil water content regulator (𝑓 ) accounts for soil water content at saturation, wilting 

point and field capacity. 𝑓  𝑎𝑛𝑑 𝑓 , both get their dependent variables from 

Meteorology-Chemistry Interface Processor (MCIP) (Otte and Pleim, 2010) derived land-

surface outputs. However, for nitrification soil pH regulator (𝑓 ), soil pH (𝑝𝐻) for 

agriculture soil is from EPIC and for non-agricultural soil it is from a separate global 

dataset (Xu et al., 2015), available at both 0.01 m (near surface) and 1 m (deep soil) 

depths to maintain consistency with MCIP outputs. Denitrification rate (𝐾 ) is regulated 

by soil temperature, 𝑊𝐹𝑃𝑆 acting as a proxy for O2 availability and soil moisture 

(𝜃  ), and relative availability of NO3 and C determining N2O or N2 emissions during 

denitrification (Williams et al., 2008). Note that upper limits are set for both 𝐾  and 𝐾 , 

respectively (Equation 9).  

𝑁𝑂 (𝑘𝑔 − 𝑁 ℎ𝑎⁄ , 𝑎𝑓𝑡𝑒𝑟 𝑁𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛)  =  𝑁𝐻  ( 1.0 −  𝑒 ( )) 

𝑁𝐻  (𝑘𝑔 − 𝑁 ℎ𝑎⁄ , 𝑎𝑓𝑡𝑒𝑟 𝑁𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛) =  𝑁𝐻   𝑒 ( ) 

𝑅  (𝑘𝑔 − 𝑁 ℎ𝑎⁄  𝑝𝑒𝑟 𝑠)  =  𝑁𝐻  ( 1.0 −  𝑒 ( ))/𝑑𝑡 



 82 

 

𝑅  (𝑘𝑔 − 𝑁 ℎ𝑎⁄  𝑝𝑒𝑟 𝑠)  =   𝑁𝑂  ( 1.0 − 𝑒 ( ))/𝑑𝑡 

𝐾  (𝑠 ) =  𝑚𝑖𝑛 0.69, (𝑓  ) (𝑓 )(𝑓 )  

Nitrification soil temperature regulator (𝑓 ): 

𝑓  =  𝑚𝑎𝑥( 0.041( 𝑇  −  278.15 ), 0.0 ) 

Nitrification soil water content regulator (𝑓 ): 

𝑤𝑔25 =  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 + 0.25 (𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡) 

𝐼𝑓 ( 𝜃  ≤  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡): 

 𝑓  =  0.1 

         𝐼𝑓 ( 𝑤𝑔25 >  𝜃  >  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 ): 

            𝑓 =  max ( 0.1,  

0.1 +  0.9 
( 𝜃  −  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 )

(𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡)
  , 

 
( 𝜃  −  𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 )

0.25 (𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡)
 ) 

         𝐼𝑓 ( 𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 >  𝜃  ≥  𝑤𝑔25  ): 

𝑓  =  1.0 

         𝐼𝑓 ( 𝜃  >  𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ) 𝑇ℎ𝑒𝑛 

            𝑓𝑆𝑊𝑔 =  𝑚𝑎𝑥( 0.1, 1.0 −  
( 𝜃  −  𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 )

( 𝜃 (𝑎𝑡 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛) −  𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 )
 ) 

Nitrification soil pH regulator (𝑓 ): 

        𝐴𝑐𝑖𝑑𝑖𝑐 𝑠𝑜𝑖𝑙 −  𝐼𝑓 ( 𝑝𝐻 <  7 ): 

 𝑓  =  0.307( 𝑝𝐻)  −  1.269 
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         𝑁𝑒𝑢𝑡𝑟𝑎𝑙 𝑠𝑜𝑖𝑙 − 𝐼𝑓 ( 7.4 > 𝑝𝐻 ≥  7 ): 

𝑓  =  1.0 

         𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 − 𝐼𝑓 ( 𝑝𝐻 ≥ 7.4): 

 𝑓 =  5.367 −  0.599( 𝑝𝐻) 

𝐾  (𝑠 )  =  𝑚𝑖𝑛(0.01, 𝑓(𝑊𝐹𝑃𝑆, 𝑇 , 𝑁𝑂  𝑡𝑜 𝐶 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦)) 

𝑓(𝑊𝐹𝑃𝑆, 𝑇 , 𝑁𝑂  𝑡𝑜 𝐶 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦)

=  (𝑓 , ) (𝑓 , ) (
1.4 (𝐿𝑖𝑎𝑏𝑙𝑒𝐶)(𝑁𝑂 )

(𝐿𝑖𝑎𝑏𝑙𝑒𝐶 + 17 )(𝑁𝑂 + 83)
) 

 𝑓 ,  = min 1.0,
4.82

14( /(  .  (  )  ) 
 

         𝑓 ,     =  𝑚𝑖𝑛(1.0, 𝑒( . ( / . /( . )))) 

Equation 9 – Mechanistic scheme nitrification and denitrification rates 

 

Equation 10 gives a set of equations on which DAYCENT soil N emissions sub-

model operates in the mechanistic scheme. DAYCENT partitions N emissions as NOx 

and N2O based on relative gas diffusivity in soil compared to air (𝐷𝑟).  𝐷𝑟 is calculated 

based on the Moldrup et al. (2004) algorithm also applied in NH3 bi-directional scheme 

in CMAQ, accounting for soil water content, soil air porosity, and soil type. Also, 𝐷𝑟 and 

hence the ratio of NOx to N2O (𝑅 / ), accounts for soil texture by quantifying pore 

space, being highest in coarse soil and is variable for nitrification and denitrification. 

DAYCENT assumes 2% of nitrified N (𝑅 ) is lost as N2O. 𝑅  is the ratio of NOx 

(both NO and HONO, which photolyses rapidly to NO) to N2O emissions. These 

emissions are susceptible to pulsing after re-wetting of soil in arid or semi-arid conditions 
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(𝑃 𝑙 , explained in section 2.3.1).  Denitrification NO is also calculated using the 

overall 𝑅  ratio as an inversion or asymptotic tangent (𝐴𝑇𝐴𝑁) function of gas 

diffusivity developed after extensive calibration from field estimates, but does not 

experience pulsing (Parton et al., 2001). 

𝑅  =  15.2 +  
35.5 𝐴𝑇𝐴𝑁 0.68  𝜋 (10.0 𝐷𝑟) − 1.86

𝜋
 

𝑁   (𝑁𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑁 𝑂, 𝑔 𝑁/ℎ𝑟) =  0.02 (𝑅 )(𝐺𝑟𝑖𝑑 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎) 

𝑁 (𝑁𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑁𝑂 , 𝑔 𝑁 ℎ𝑟⁄ ) =  𝑅 (𝑁 ) 𝑃 𝑙  

𝐷  (𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑁𝑂, 𝑔 𝑁 ℎ𝑟⁄ )   = 𝑅  (𝐷 ) 

N2O from denitrified NO3 (𝑅  ) is calculated utilizing the partitioning function 

derived by Del Grosso et al. (2000). The ratio of N2 to N2O emitted as an intermediate to 

denitrification (𝑅 ) is dependent on WFPS and the relative availability of NO3 

substrate and C for heterotrophic respiration (𝑁𝑂3𝑡𝑜𝐶). The C available for 

heterotrophic respiration in the surface soil layer (𝐿𝑎𝑏𝑖𝑙𝑒𝐶) is taken from EPIC for 

agricultural biomes and from Xu et al. (2015) for non-agricultural biomes. 𝑓(𝑁𝑂3𝑡𝑜𝐶) is 

controlled by variability in soil texture, accounted by a factor 𝑘, which depends on soil 

diffusivity at field capacity as estimated in Del Grosso et al. (2000). Also, the NO3 pool is 

updated at each time step, when denitrification happens. 

𝐷  (𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑁 𝑂, 𝑔 𝑁/ℎ𝑟) = (
𝑅  

 1.0 +  𝑅
) (𝐺𝑟𝑖𝑑 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎) 

𝑅  =  𝑓(𝑁𝑂3𝑡𝑜𝐶) 𝑓(𝑊𝐹𝑃𝑆) 
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 𝑓(𝑁𝑂3𝑡𝑜𝐶) =
 𝑚𝑎𝑥 0.16 (𝑘), (𝑘)𝑒

.   
  , 𝑖𝑓 𝐿𝑎𝑏𝑖𝑙𝑒𝐶 > 0    

0.16 (𝑘)                     ,   𝑖𝑓 𝐿𝑎𝑏𝑖𝑙𝑒𝐶 ~ 0
 

𝑓(𝑊𝐹𝑃𝑆)   =  𝑚𝑎𝑥  0.1, (0.015 (𝑊𝐹𝑃𝑆(𝑎𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) − 0.32))  

𝑁𝑂  (𝑘𝑔 − 𝑁 ℎ𝑎⁄ , 𝑎𝑓𝑡𝑒𝑟 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛) =
𝑅  

𝐾
+ 𝑁𝑂 −

𝑅

𝐾
(𝑒 ( )) 

Equation 10 – DAYCENT soil N emissions sub-model 

 

HONO is emitted as an intermediate during nitrification, and has been reported in 

terms of optimum values emitted relative to NO for 17 ecosystems by Oswald et al. 

(2013). In this mechanistic scheme, the proportion of HONO relative to total NOx for 

these 17 biomes were mapped to the closest 24 MODIS type biome categories (Table A3) 

and then to the NLCD 40 types (𝐴 ) by the mappings in Tables A2 and A4. This 

allows consistency with sub-grid land use fractions from NLCD40. HONO emissions 

from soil (𝑆 ) are further adjusted to reflect their dependence on WFPS (Oswald et 

al., 2013). The adjustment factor 𝑓  reflects observations that HONO emissions rise 

linearly up to 10% WFPS and then decrease from there until they are negligible around ~ 

40% (Su et al., 2011; Oswald et al., 2013) (Equation 11). Subsequently, total NO 

emission is a sum of nitrification NO emission that is a difference of 𝑁  and 𝑆  , 

and denitrification NO (Equation 11). Similarly, total N2O is a sum of 𝑁  and 𝐷 . 

The canopy reduction factor (section 2.5.4) is then applied to both 𝑆  and 𝑆  

(Equation 11). Finally, sub-grid scale emission rates are aggregated for each grid cell. 

Soil water content adjustment factor to compute HONO (𝑓 ): 
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𝐼𝑓 ( 𝑊𝐹𝑃𝑆 ≤  0.1): 

         𝐴𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑙𝑖𝑛𝑒𝑎𝑟 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑡𝑖𝑙𝑙 10% 𝑊𝐹𝑃𝑆: 

 𝑓  =
(𝐴 )(𝑊𝐹𝑃𝑆)

0.1
          

𝐼𝑓 ( 𝑊𝐹𝑃𝑆 ≤  0.40 ): 

          𝑓𝑆𝑊𝐶 = (𝐴 ) (0.4 − 𝑊𝐹𝑃𝑆)/(0.4 − 0.1) 

𝐼𝑓 ( 𝑊𝐹𝑃𝑆 >  0.40 ): 

          𝑓𝑆𝑊𝐶 =  0 

  𝑆 = (𝐴 )(𝑁 ) (𝑓 )𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒)  

𝑆 = 𝑁 −  (𝐴 )(𝑁 ) (𝑓 )  + 𝐷    

𝐶𝑅𝐹(𝐿𝐴𝐼, 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑦, 𝐵𝑖𝑜𝑚𝑒) 

Equation 11 – Total soil NO and HONO emissions in Mechanistic Scheme 

3.5. Model configurations  

We obtained from U.S. EPA a base case WRFv3.7-CMAQv5.1 simulation for 

2011 with the settings and CONUS modeling domain described by Appel et al. (2017), 

who thoroughly evaluated its performance against observations. Here, we simulate only 

May and July to test sensitivity of air pollution to soil N emissions during the beginning 

and middle of the growing season. Each episode is preceded by a 10-day spin-up period.  
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Table 6 summarizes the WRF-CMAQ modeling configurations settings. The 

simulations use the Pleim-Xiu Land Surface Model (PX-LSM) (Pleim and Xiu, 2003) 

and the Asymmetric Convective Mixing v2 (ACM2) Planetary Boundary Layer (PBL) 

model. The modeling domain for CMAQ v5.1 covers the entire CONUS including 

portions of northern Mexico and southern Canada with 12-km resolution and a Lambert 

Conformal projection. Vertically, we use 35 vertical layers of increasing thickness 

extending up to 50 hPa. Boundary conditions are provided by a 2011 global GEOS-Chem 

simulation (Bey et al., 2001).  

WRF simulations employed the same options as Appel et al. (2017) (Summarized 

in Table 6). WRF outputs for meteorological conditions were converted to CMAQ inputs 

using MCIP version 4.2 (https://www.cmascenter.org). Gridded speciated hourly model-

ready emissions inputs were generated using Sparse Matrix Operator Kernel Emissions 

(SMOKE; https://www.cmascenter.org/smoke/) version 3.5 program and the 2011 

National Emissions Inventory v1. Biogenic emissions, including the YL scheme were 

processed in-line in CMAQ v5.1 using BEIS version 3.61 (Bash et al., 2016). All the 

simulations employed the bidirectional option for estimating the air–surface exchange of 

NH3.  We applied CMAQ with three sets of soil NO emissions: a) Standard YL soil NO 

scheme in BEIS, b) updated BDSNP scheme for NO (Rasool et al., 2016) with new sub-

grid biome classification and c) Mechanistic soil N scheme for NO and HONO. 
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WRF/MCIP         

Version: ARW V3.7 
Shortwave 
radiation: 

RRTMG Scheme 

Horizontal 
resolution: 

CONUS 
(12kmX12km) 

Surface layer 
physic: 

PX LSM 

Vertical 
resolution: 

35layer 
 

PBL scheme: ACM2 

Boundary 
condition: 

NARR 32km Microphysics: Morrison double-moment scheme 

Initial 
condition: 

NCEP-ADP 
Cumulus 
parameterizati
on: 

Kain-Fritsch scheme 

Longwave 
radiation: 

Rapid Radiation 
Transfer Model 
Global (RRTMG) 
Scheme 

Assimilation: 
Analysis nudging above PBL for 
temperature, moisture and wind 
speed 

BDSNP         
Horizontal 
resolution: 

Same as WRF/MCIP 
Emission 
factor: 

Steinkamp and Lawrence (2011) 

Soil Biome 
type: 

 
Sub-grid biome 
fractions from 
WRFv3.7 

Fertilizer 
database: 

EPIC 2011 based from FEST-C v1.2 
  

CMAQ         

Version: 5.1 
 

Anthropogenic 
emission: 

NEI 2011 v1 

Horizontal 
resolution: 

Same as WRF/MCIP 
Biogenic 
emission: 

BEIS v3.61 in-line 

Initial 
condition: 

Pleim-Xiu (MET) 
GEOS-Chem (CHEM) 

Boundary 
condition: 

Pleim-Xiu (MET) 
GEOS-Chem (CHEM) 

Aerosol 
module: 

AE6 
 

Gas-phase  
mechanism: 

CB-05 

Simulation Case Arrangement (in-line with CMAQ) 
 YL: WRF/MCIP-CMAQ with standard YL soil NO scheme 
 BDSNP  (EPIC 

with new 

Biome ): 

WRF/MCIP-BDSNP-CMAQ with EPIC and new sub-grid biome fractions 

Mechanistic 

Scheme: 

WRF/MCIP-Mechanistic soil N-CMAQ with EPIC (agricultural US) and Xu 
et al. (2015) (non-US agricultural and all non-agricultural in CONUS), 
new sub-grid biome fractions 
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Simulation Time Period 

 
May and July 1-31, 2011 (with 10 day spin-up for each) for CMAQ simulation 
with in-line YL, BDSNP and Mechanistic modules 

  
Model Performance Evaluation 
USEPA Clean Air Status and Trends Network (CASTNET) and AQS data for ozone 
Interagency Monitoring of Protected Visual Environments (IMPROVE ) and Chemical Speciation 
Network (CSN) (Malm et al., 1994) for PM2.5 Nitrate 
AQS and SEARCH for NOx concentrations 
OMI NO2 satellite retrieval product as derived in Lamsal et al., 2014 for NO2 column 

 

Table 6 – Modeling configuration used for the WRF-CMAQ CONUS domain runs 

 

3.6. Observational data for model evaluation 

To evaluate model performance for each of the three soil N cases, we employed 

regional and national networks:  

 EPA’s Air Quality System (AQS; 2086 sites; https://www.epa.gov/aqs) for hourly 

NOx and O3;  

 Interagency Monitoring of Protected Visual Environments (IMPROVE; 157 sites; 

http://vista.cira.colostate.edu/improve/) and Chemical Speciation Network (CSN; 

171 sites; https://www3.epa.gov/ttnamti1/speciepg.html) for PM2.5 nitrate 

(measured every third or sixth day);  

 Clean Air Status and Trends Network (CASTNET; 82 sites; http:// 

www.epa.gov/castnet/) for hourly O3 and weekly aerosol PM species; and  

 SEARCH network measurements (http://www.atmospheric-

research.com/studies/SEARCH/index.html) of NOx concentrations in remote areas.  
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 NO2 was also evaluated against tropospheric columns observed by the Ozone 

Monitoring Instrument (OMI) aboard NASA’s Aura satellite (Bucsela et al., 

2013; Lamsal et al., 2014).  
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Chapter 4 

Results and Discussion 

4.1. Spatial distribution of soil NO and HONO emissions  

Figure 11 compares the spatial distribution of soil N oxide emissions from the 

three schemes. The incorporation of EPIC fertilizer in BDSNP results in soil NO 

emission rates up to a factor of 1.4-1.5 higher than in YL, consistent with the findings of 

Rasool et al. (2016). Hudman et al. (2012) found nearly the same gap between BDSNP 

and YL in GEOS-Chem; BDSNP soil NO estimates being higher than YL by a factor of 

1.2-1.4. The slightly higher difference in case of updated BDSNP compared to YL could 

be a result of using updated and higher EPIC fertilizer N estimates (Figure 8). The 

mechanistic scheme (Figure 11c) generates emission estimates that are closer to the YL 

scheme but with greater spatial and temporal heterogeneity, reflecting its more dynamic 

soil N and C pools. The agricultural plains extending from Iowa to Texas with high 

fertilizer application rates have the highest biogenic NO and HONO emission rates, with 

obvious temporal variability between May and July (Figure 11). In all of the schemes, 
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soil NO (and HONO) represents a substantial fraction of total NOx emissions over many 

rural regions, especially in the western half of the country (Figure 12). However, the 

aggregated budget of soil NO is much less than anthropogenic NOx, than what appears to 

be in Figure 12, because anthropogenic emissions are concentrated in a limited number of 

urbanized and industrial locations. The percentage contribution of soil NO to total NOx 

aggregated across the CONUS domain varied for May-July between: 15-20% for YL, 20-

33% for updated BDSNP and, 10-13% for Mechanistic schemes respectively. 
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Figure 11 – Soil N oxide emissions on a monthly average basis for May (left) 

and July (right) 2011 for: a) YL scheme (NO), b) Parametrized BDSNP scheme 

(NO) and c) Mechanistic scheme (NO + HONO) 
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Figure 12 – Percentage contribution of soil NO + HONO to Total NOx (NO + 

NO2) + HONO emissions on a monthly average basis for May (left) and July 

(right) 2011 for: a) YL scheme, b) Parametrized BDSNP scheme and c) 

Mechanistic scheme. Note: only the mechanistic scheme estimates HONO in 

addition to NO 

 

Direct observations of soil emissions are sparse and most were reported decades 

ago. Overall, the mechanistic scheme produces emissions estimates that are roughly 

consistent with these observations from fertilized fields and unfertilized grasslands. In 
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contrast, BDSNP tends to overestimate soil NO compared to these observations, and does 

not exhibit the spatial variability in case of high estimates, as shown in July 2011 (Table 

7).  

 

      

Location 
(Study) 

Observed 
peak 
summertime 
monthly 
mean soil 
NO 

 

Modeled 
peak                    

May 2011 
mean 

Modeled 
peak          

July 2011 
mean 

YL  
peak soil NO 

mean 

BDSNP peak 
soil NO 
mean 

NO HONO NO HONO May 
2011 

July 
2011 

May 
2011 

July 
2011 

Iowa fertilized 
fields 

(Williams et 
al., 1992) 

18 13.6 3.5 9.3 3.7 8.2 11.4 20.1 41.7 

Montana 
fertilized 

fields* 
(Bertram et 

al., 2005) 

* as derived 
from 

SCIAMACHY 
NO2 columns 

6-12 6.8 1.0 11.4 2.8 7.1 12.9 9.8 42.3 

South Dakota 
fertilized 

fields  
(Williams et 

al., 1991) 

10 9.0 2.7 7.3 2.7 8.0 13.9 18.4 54.6 
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Texas grasses 
and fields 
(both 
fertilized) 

(Hutchinson 
and Brams, 

1992) 

12-43 47.4 5.1 40 5.0 15.0 15.9 54.1 60.3 

Colorado 
natural 
grasslands 

(Parrish et al., 
1987; 

Williams et 
al., 1991; 

Martin et al., 
1998) 

0.2-10 5.6 2.3 8.3 3.2 9.7 15.3 18.6 33.2 

Table 7 – Comparison of CMAQ modeled (with YL, updated BDSNP and 

Mechanistic schemes) peak mean monthly soil NO and HONO (ng-N m−2 s−1) for 

May and July 2011 with soil nitric oxide (NO) observations recorded in 

agricultural and grassland dominant sub-domains for CONUS. HONO 

accounted in Mechanistic scheme only 

 

4.2. Impact of different BDSNP inputs on soil NO in CONUS 

For offline BDSNP, sensitivity of the model in terms of soil NO emissions for 

different inputs was analyzed for July 2011 in Rasool et al. (2016). Our offline BDSNP 

module allows us to quantify the sensitivities of soil NO emissions that can occur by 
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switching between the ‘old’ (Potter and old GEOS-Chem based biome) and ‘new’ (EPIC 

and new NLCD40 biome; both global and North American) datasets. The sensitivity 

analysis gives quick diagnostic information about the changes in soil NO (on a monthly 

mean basis for July 2011) to different inputs without being computationally extensive. 

From Figure 13, for the 3 cases in offline BDSNP for July 2011: a) Change from old 

GEOS-Chem biome to new NLCD40 biome (with global geometric mean EF, EF1 in 

Table A1) shows drop in total soil NO in the north-west and south-west domains by 39 

and 75 tonnes/day respectively. These drops are due to the characterization in finer 

resolution biome map showing lower EF biome type in those regions than what was there 

in old biome map. b) Shift from Potter et al. (2010) to EPIC 2011 dataset showed an 

increase in soil NO for all sub-domains with the mid-west being highest at 251 

tonnes/day for July 2011 mean, due to the increased N input in 2011 as exhibited by 

FEST-C outputs as compared to decade old Potter et al. (2010) data. c) Shift to North 

American (NA) biome EFs from global values (EF1 to EF3, see Table A1) exhibits drops 

in mid-west and south west for monthly mean soil NO up to 88 and 86 tonnes/day 

respectively. These drops are attributed to the fact that croplands in North America in 

mid-west and south-west (Sacramento and San Joaquin valleys in California) have shown 

to exhibit lower soil NO emissions than those in Asia or Africa (Stehfest and Bouwman, 

2006).  
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Figure 13 – Comparison of the 3 offline BDSNP cases in terms of impact on soil 

NO (monthly mean) in tonnes/day due to changes in different input data sets 

in the test period of July 2011 (Rasool, Q. Z. et al., 2016) 

 

4.3. Impact of soil N schemes on NOx and secondary impacts 

May and July correspond to the months of peak summertime soil NOx that can 

contribute from 15-40% of total tropospheric NO2 column in the United States (Williams 

et al., 1992; Cooter et al., 2012; Bash et al., 2013; Hudman et al., 2012; Rasool et al., 

2016). These peak May-July soil NOx are detrimental as they happen in a peak time for 

ozone photochemistry as well (Cooper et al., 2014; Strode et al., 2015). 
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4.3.1. Impact of different soil N schemes on NOx 

Use of the mechanistic scheme in place of YL changes soil N emissions by less 

than 25 ng-N m-2 s-1 in most regions, corresponding to NOx concentration changes of less 

than 1 ppb (Figure 14).  

 

Figure 14 – Total NOx (NO + NO2) concentration sensitivity (right) to changes 

in soil NOx emissions (left) on a monthly average basis for May (top) and July 

(bottom) of 2011, when switching from YL scheme (NO) to Mechanistic 

scheme (NO + HONO) 

Use of the updated BDSNP scheme in place of YL changes (mostly increase) soil 

N emissions by 10-25 ng-N m-2 s-1 or more in most regions, corresponding to NOx 

concentration changes of around 1 ppb or more (Figure 15).  



 100 

 

 

 

Figure 15 – Total NOx (NO + NO2) concentration sensitivity (right) to changes 

in soil NOx emissions (left) on a monthly average basis for May (top) and July 

(bottom) of 2011, when switching from YL scheme (NO) to updated BDSNP 

scheme (NO) 

 

4.3.2. Secondary impacts 

Use of the mechanistic scheme in place of YL changes maximum daily 8-hourly 

average (MDA8) O3 in the regions that showed sensitivity to soil N emissions and 
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corresponding NOx concentration by more than 1 ppb, more so in July than May (Figure 

16). 

 

 

Figure 16 – OH (left) and Maximum daily 8-hourly average (MDA8) O3 

concentration (right) sensitivity to changes in soil NOx emissions on a monthly 

average basis for May (top) and July (bottom) of 2011, when switching from 

the YL scheme (NO) to the Mechanistic scheme (NO + HONO) 

 

 Use of the updated BDSNP scheme in place of YL changes MDA8 O3 in the 

regions that showed sensitivity to soil N emissions and corresponding NOx concentration 

by much more than 1 ppb, more so in July than May (Figure 17). BDSNP results in 
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increase of NOx and Mechanistic scheme results in reduction of NOx with respect to YL 

respectively, in rural agricultural regions across CONUS. Since the changes in NOx occur 

in NOx-limited agricultural regions, OH concentration changes and Ozone changes are 

positively correlated with the soil NO emissions changing across schemes (Figures 14, 

15, 16 and 17). 

 

 

Figure 17 – OH (left) and Maximum daily 8-hourly average (MDA8) O3 

concentration (right) sensitivity to changes in soil NOx emissions on a monthly 

average basis for May (top) and July (bottom) of 2011, when switching from 

YL scheme (NO) to updated BDSNP  scheme (NO) 

Most of the changes in PM2.5 are from its nitrate (NO3) component, when 

mechanistic or updated BDSNP soil N schemes are used in place of YL (Figures 18 and 
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19). Also, the increases in PM2.5 is much more widespread across the eastern U.S. in case 

of switch from YL to updated BDSNP soil N scheme (Figure 19), as compared to more 

spatial variability in changes when the mechanistic scheme is compared to YL (Figure 

18). 

 

Figure 18 – Total PM2.5 (left) and PM2.5 NO3 component (right) sensitivity to 

changes in soil NOx emissions on a monthly average basis for May (top) and 

July (bottom) of 2011, when switching from YL scheme (NO) to Mechanistic 

scheme (NO) 
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Figure 19 – Total PM2.5 (left) and PM2.5 NO3 component (right) sensitivity to 

changes in soil NOx emissions on a monthly average basis for May (top) and 

July (bottom) of 2011, when switching from YL scheme (NO) to updated 

BDSNP  scheme (NO) 

 

Our new mechanistic scheme predicts less soil NO emissions than BDSNP in 

most of the sensitive regions, possibly due to the lower wet biases and use of speciated C 

and N as compared to higher wet soil NO (low WFPS threshold) and total N used by 

BDSNP, among other reasons. However, it should be carefully considered that soil 

moisture conditions over these regions during these episodes (May and July, 2011) are at 

levels (Figure 20) that led to very different results across the schemes. This could give 

very different results during different parts of the years or during severe drought. For 
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instance, Texas experienced severe to extreme drought, while parts of Pacific northwest 

and northeast U.S. were extremely wet during May-July of 2011 

(http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/regional_monitoring/palme

r/2011/). This can explain the highest soil NO observed in the mechanistic scheme around 

these extremely dry conditions. Arid soils or dry season soils with adequate soil N due to 

asynchrony between soil C mineralization and nitrification have been shown to shut 

down the plant N uptake causing NO emissions to increase (Evans and Burke, 2013; 

Homyak et al., 2016). High soil NO observed in BDSNP in the extremely wet conditions 

could be due to its high wet soil NO bias. The mechanistic scheme estimates lower soil 

NO than BDSNP for extremely wet soils by accounting for the possible hindrance to NO 

gas diffusivity and higher plant N uptake limiting nitrification in such conditions 

(Homyak et al., 2014). 
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Figure 20 – Soil moisture (m3/m3) on a monthly mean basis (May and July 

2011) for CONUS 



 107 

 

4.4. Evaluation with PM2.5, ozone and NOx observations 

Model results with the three soil N schemes are compared with observational data 

from IMPROVE and CSN monitors for the PM2.5 NO3 component, AQS (also for NOx), 

and CASTNET monitors for ozone. Both YL and the new mechanistic schemes exhibit 

similar ranges of biases for these pollutants (see Figures 21, 22, 23, 24 and 25). 

 

Figure 21 – Comparison of average monthly (May 2011) MB for CMAQ O3 (ppb) 

using YL (a) and Mechanistic schemes (b) compared to AQS O3 observations 
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Figure 22 – Comparison of average monthly (May 2011) MB for CMAQ NOx (NO 

+ NO2) (ppb) using YL (a) and Mechanistic schemes (b) compared to AQS NOx 

observations 

 

Figure 23 – Comparison of average monthly (May 2011) MB for CMAQ O3 (ppb) 

using YL (a) and Mechanistic schemes (b) compared to CASTNET O3 

observations 

 

Figure 24 – Comparison of average monthly (May 2011) MB for CMAQ PM2.5 

NO3 (µg/m3) using YL (a) and Mechanistic schemes (b) compared to IMPROVE 

PM2.5 NO3 observations 
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Figure 25 – Comparison of average monthly (May 2011) MB for CMAQ PM2.5 

NO3 (µg/m3) using YL (a) and Mechanistic schemes (b) compared to CSN PM2.5 

NO3 observations 

The differences in mean bias (MB) across the schemes, though slight, allow for 

detailed analysis. For comparison with AQS O3, the aforementioned maximum relative 

difference in MB is ~ 1.5 ppb of the total maximum MB observed as ~ 10 ppb in models 

(Figure 26 and 21).  For AQS NOx, it shows about ~ 0.4 ppb as maximum difference of 

the maximum observed MB of ~ 10 ppb (Figure 27 and 22). For CASTNET O3, being 

comprised of more remote sites as compared to AQS this relative change in MB can 

reach a maximum of ~ 1.5 ppb of the total 6 ppb maximum MB (Figure 28 and 23). 

Similarly, for IMPROVE PM2.5 NO3 as a result of more remote sites for comparison, 

maximum relative changes in BDSNP and mechanistic from YL comes around ~ 0.06 

μg/m3 of the total observed maximum MB of 0.4 μg/m3 between models and observations 

(Figure 29 and 24). CSN mostly has urban sites, hence PM2.5 NO3 shows a maximum MB 

difference of ~ 0.1 μg/m3 out of a high total maximum MB observed up to ~ 50 μg/m3 

due to the urban anthropogenic NOx (Figure 30 and 25). Similar trends are observed for 

both May and July as illustrated in Figures 26-30. 
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Figure 26 – Comparison of average monthly changes in mean bias (MB) 

compared to AQS O3 observations for May (top) and July (bottom) 2011 when 

switching between Mechanistic (a) and BDSNP (b) schemes from YL 
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Figure 27 – Comparison of average monthly changes in MB compared to AQS 

NOx observations for May (top) and July (bottom) 2011 when switching 

between Mechanistic (a) and BDSNP (b) schemes from YL 
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Figure 28 – Comparison of average monthly changes in MB compared to 

CASTNET O3 observations for May (top) and July (bottom) 2011 when 

switching between Mechanistic (a) and BDSNP (b) schemes from YL 
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Figure 29 – Comparison of average monthly changes in MB compared to 

IMPROVE PM2.5 NO3 observations for May (top) and July (bottom) 2011 when 

switching between Mechanistic (a) and BDSNP (b) schemes from YL 
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Figure 30 – Comparison of average monthly changes in MB compared to CSN 

PM2.5 NO3 observations for May (top) and July (bottom) 2011 when switching 

between Mechanistic (a) and BDSNP (b) schemes from YL 

 

Overall, the mechanistic scheme tends to reduce CMAQ’s positive biases using 

YL for pollutants across the Midwest and eastern US, whereas BDSNP worsens 

overestimations there for both May and July 2011 (Figures 26-30). One reason for the 

differences is that the mechanistic scheme recognizes dry conditions in unirrigated fields 

in these regions, whereas the low WFPS threshold in BDSNP (θ = 0.175 (m3/m3)) treats 

most of these regions as wet and thus higher emitting.  
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4.4.1. Evaluation with South Eastern Aerosol Research and 

CHaracterization (SEARCH) Network NOx measurements 

We analyzed how the choice of soil NO parameterization affects the changes in 

NOx concentration in non-agricultural regions by using SEARCH network measurements 

(http://www.atmospheric-research.com/studies/SEARCH/index.html). Six SEARCH sites 

located in the southeastern U.S. are evaluated for May and July 2011: Gulfport, 

Mississippi (GFP) coastal site ∼1.5 km from the shoreline, Pensacola – outlying (aircraft) 

landing field (OLF) remote coastal site near the Gulf ∼20 km inland, Atlanta, Georgia–

Jefferson Street (JST) and North Birmingham, Alabama (BHM); both urban inland sites, 

and Yorkville, Georgia (YRK) and Centreville, Alabama (CTR), remote inland forest 

sites.  

 

Across the southeastern U.S. during these episodes, BDSNP estimated higher 

emissions than YL and the mechanistic scheme estimated lower emissions (Figure 11). 

Also, CMAQ with each scheme overestimated NOx observed at each SEARCH site 

(Figure 31).  Thus, shifting from YL to BDSNP worsens mean bias (MB) for NOx, while 

the mechanistic scheme reduces MB. The impacts are most pronounced at the rural 

Centerville site (Figure 31).  
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Figure 31 – Comparison of average monthly (May and July 2011) MB for 

CMAQ NOx with (a) YL (b) BDSNP parametrized and (c) Mechanistic schemes 

compared to SEARCH NOx observations  
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4.5. Evaluation with OMI satellite NO2 column observations 

Tropospheric NO2 columns observed by OMI and available publicly at the NASA 

archive: http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omno2_v003.shtml 

(Bucsela et al., 2013; Lamsal et al., 2014) are used to evaluate the performance of CMAQ 

under the three soil NOx schemes. To enable a fair comparison, the quality-

assured/quality-checked (QA/QC), clear-sky (cloud radiance fraction < 0.5) OMI NO2 

data are gridded and projected to our CONUS spatial domain using ArcGIS 10.3.1. 

CMAQ NO2 column densities in molecules per cm2 are generated from CMAQ through 

vertical integration using the variable layer heights and air mass densities in these 

tropospheric layers. These NO2 column densities are then extracted for 13:00-14:00 local 

time across the CONUS domain to match the time of OMI overpass measurements.  

We compared CMAQ simulated tropospheric NO2 columns with OMI product for 

four broad regions for May and July that show highest sensitivity to the soil N schemes. 

For May 2011, Western US and Texas show increases, whereas the rest of the 

agricultural Great Plains exhibit decreases with the new mechanistic scheme relative to 

YL. In July, however, all sensitive regions exhibit decreases but by one order of 

magnitude lower than May (Figure 32). Switching from YL to our updated mechanistic 

scheme improved agreement with OMI NO2 columns in the West US (for May only), 

Montana, North and South Dakota, North and South Carolina-Georgia (July only), and 

Oklahoma-Texas (Red boundaries) but under-predicts column NO2 in the rest of the 

Midwest (Black boundaries) during both May and July (Figures 32 and 33). Outputs for 

regions in the eastern U.S. such as North Carolina, South Carolina and Georgia show 



 118 

 

improved performance in July, but still overestimates as compared to OMI (Table 8). 

This overestimation is exhibited for the eastern U.S. across all soil N schemes and can be 

attributed more to the current anthropogenic emission inventory in CMAQ 

overestimating NO2 vertical column density in this region of CONUS (Kim et al., 2016). 

For North Texas in May, the mechanistic scheme performs better relative to YL but still 

underestimates as compared to OMI following the same trend as other agricultural states 

in the Midwest. For July, the mechanistic scheme estimates are quite closer to OMI NO2 

in sensitive regions of Oklahoma and Texas (Figure 33).  

 

Figure 32 – Impact of switching from YL scheme to Mechanistic scheme on 

CMAQ tropospheric NO2 column density at OMI overpass time (13:00-14:00 

local time) on a monthly average (May and July 2011)  basis 

 



 119 

 

 

Figure 33 – Comparison of average monthly (May and July 2011) OMI NO2 

column densities with CMAQ tropospheric NO2 column density using YL, 

BDSNP, and Mechanistic schemes in regions defined in Figure 32 
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This underestimation may be attributed to the lack of representation of farm-level 

manure N management practices, in which manure application can exceed the EPIC 

estimate of optimal crop demand. Farms in the vicinity of increased concentrated animal 

units often apply N in excess of the crop N requirements as part of the manure 

management strategy, typically increasing the N emissions (Montes et al., 2013). USDA 

has reported for Midwestern agricultural states that increasing confined animal 

units/livestock production correlates with increasing amounts of farm-level excess 

nitrogen (Kellogg et al., 2000; Ribaudo and Sneeringer, 2016).   

Comparing the mechanistic scheme relative to YL, the maximum reduction in 

normalized mean bias (NMB) observed for California and Montana-North Dakota sub-

domains is 14% in May, followed by South Dakota with ~ 12% NMB reduction and 

North Texas with ~ 7% reduction. For July, maximum NMB reduction is ~ 16 % 

observed for Montana-North Dakota, followed by 15% in South Dakota and 3% in 

Oklahoma-Texas (Table 8). 

 

 

 

 

 

     



 121 

 

 Domains Correlation (r2) NMB (%) NME (%)  

 YL BDSNP Mech. YL BDSNP Mech. YL BDSNP Mech. 

 
 
 
 

May 
2011 

California 0.86 0.86 0.85 -18.6 -17 -5.1 35.5 35.4 33.6 

OK-TX 0.19 0.30 0.30 -30.7 -21.7 -23.7 32.2 24.3 25.8 

MT-ND 0.35 0.34 0.34 +24.9 +13.4 +11.1 38.3 35 34.3 

SD 0.15 0.16 0.16 +13.4 +11.8 +0.8 27.5 28.6 25.2 

Great 
Plains 

0.68 0.69 0.68 -11 -8.7 -14.7 27.8 26.8 29.5 

NC-SC-GA 0.65 0.65 0.65 -4.7 -1.3 -7 28.9 27.7 29.9 

CONUS 0.71 0.71 0.70 -10.9 -9.3 -10.6 38.2 37.3 38.6 

 
 
 
 
 
 

July 
2011 

California 0.78 0.78 0.79 -17.4 -11.5 -19 40.8 41.3 41.8 

OK-TX 0.79 0.79 0.79 +3 +9.3 -0.6 17.2 18 18.1 

MT-ND 0.44 0.40 0.43 28.5 41.6 13 31.6 42.9 23.5 

SD 0.25 0.16 0.18 15.5 18.8 0.6 20.1 22.8 16.7 

Great 
Plains 

0.69 0.71 0.69 -16.8 -8.6 -22.8 25.4 20.4 30 

NC-SC-GA 0.55 0.54 0.55 25.4 31.1 20.9 30 33.3 28.8 

CONUS 0.74 0.75 0.72 -12 -5.9 -15 35.7 34.3 37.4 
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Table 8 – Statistical performance of CMAQ modeled (with YL, updated BDSNP 

and Mechanistic schemes) tropospheric NO2 column for May and July 2011 

with OMI NO2 observations for sensitive sub-domains across CONUS 
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Chapter 5 

Conclusions and Future Research 

5.1. Conclusions 

A new mechanistic soil N scheme is presented here for use in a photochemical 

model, as a substantial update from the YL and BDSNP parametric schemes estimating 

soil NO only. The new mechanistic scheme follows a process based approach where 

nitrification and denitrification generate NO, HONO, N2O, and N2. While our 

implementation was conducted for the CMAQ model, it could be adapted to other models 

or for offline use. 

Air quality models like CMAQ use simple parametric models which are easy to 

upscale because the empirical representation of soil NO requires minimal input data. The 

YL soil NO scheme currently in CMAQ fits this description and hence exhibits 

uncertainty in soil NO estimates compared to satellite and field-based observations 

(Hudman et al., 2012; Vinken et al., 2014). The BDSNP was implemented originally by 
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Hudman et al. (2012), and we first adapted it for use in CMAQ in lieu of YL. The 

BDSNP as currently implemented substantially increases the magnitude and variability of 

soil NO emissions compared to YL. The higher variability evident in BDSNP soil NO 

emissions is mostly due to the non-linear variation with soil temperature and moisture 

and daily fertilizer and deposition N inputs, absent in YL. 

Our subsequent updates to BDSNP and our new mechanistic scheme incorporated 

sub-grid, finer-scale representation of land use/biome, soil conditions, and N availability. 

Rasool et al. (2016) examined sensitivities to different input datasets in BDSNP on soil 

NO. Switching from coarser GEOS-Chem biome classifications to finer NLCD40 biomes 

shifted estimates in certain regions. Replacing static and outdated estimates of fertilizer 

use (Potter et al., 2010) with EPIC’s dynamic representation of fertilizer application in 

the 2011 model year increased soil NO, mostly in the Midwest. 

Our updated BDSNP parameterization provided more spatial and temporal 

variability to soil NO. But BDSNP (original or updated) did not physically represent the 

biogeochemical processes or consider emitted species beyond NO.  

Our new mechanistic scheme provides a more process-based representation of soil 

nitrogen than previous parametric schemes. Our new mechanistic scheme predicts less 

soil NO emissions than BDSNP, possibly due to the lower wet biases and use of 

speciated C and N as compared to higher wet soil NO and total N used by BDSNP, 

among other reasons. The new mechanistic scheme implemented in CMAQ also 

represents HONO emissions, tracks nitrification and denitrification processes, and tracks 
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NH4, NO3, and organic C and N pools, all of which were absent in the parametric 

schemes.   

This was achieved in the new mechanistic scheme by internalizing the daily 

speciated soil nutrient reservoirs as input to DAYCENT nitrification and denitrification N 

emission sub-model (Parton et al., 2001). Complicated mechanistic models like 

DAYCENT account for biogeochemical processes in the soil generating emissions of 

various N species. However, until now, these mechanistic models were used only at plot-

scale, not at the much larger scale of regional models. This work integrates the 

DAYCENT mechanistic model into CMAQ as a step towards more physically-based 

estimates of regional NO emissions for CONUS, where input data are available in 

abundance. Speciated soil N and C are used for agricultural soils from EPIC, rather than 

the total N as used in BDSNP. This is accompanied by a major upgrade in the 

mechanistic scheme for non-agricultural soil by utilizing a C-N mineralization framework 

there, as EPIC does not provide speciated soil nutrient data for them. Both YL and 

BDSNP simply use biome specific constant emission factors for non-agricultural regions, 

which contributes to uncertainty in estimating NO emissions. 

We compared tropospheric NO2 column densities output from our CMAQ runs to 

OMI observations over regions sensitive to the switch from YL to our new mechanistic 

scheme. Overall, the mechanistic model slightly improved predictions, though it tended 

to underestimate NO2 in the Midwest and southern agricultural states. One possible 

contributing factor is that the model does not adequately represent the excess N arising 

from livestock in these regions. 
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For the July 2011 episode, Central Texas showed improvement with switch from 

YL to both our BDSNP scheme and to our new mechanistic scheme, but the San Joaquin 

region shows degradation in model performance. Overestimation of simulated NO2 

columns up to twice of OMI values over Midwestern U.S. and the San Joaquin valley for 

summer episodes has been exhibited earlier as well (Lamsal et al., 2014). Several factors, 

such as spatial inhomogeneity within OMI pixels and possible errors arising from the 

stratosphere-troposphere separation scheme and air mass factor calculations, are possible 

causes of this overestimation. Retrieval difficulties in complex terrain may explain the 

discrepancies in NO2 column over the San Joaquin Valley. For the May 2011 episode, the 

mechanistic scheme significantly improved model performance for both the western U.S. 

and Texas but slightly overestimated NO2 columns over California, possibly due to the 

spatial inhomogeneity mentioned before. 

The changes in NOx concentrations, PM2.5 nitrates, OH, and ozone are all 

consistent with respective changes in NO and HONO emissions observed with changes in 

schemes from YL to BDSNP and mechanistic schemes. 

Overall, BDSNP used instead of YL overestimates ozone across the Midwest and 

southern U.S. compared to AQS and CASTNET observations during May and July 2011. 

Similarly for the same regions, PM2.5 nitrate is overestimated in BDSNP used against YL, 

compared to IMPROVE and CSN observations.  Rasool et al. (2016) also showed how 

increased soil NO with EPA prescribed anthropogenic NOx reductions can yield smaller 

than expected reductions in MDA8 O3 by 1-2 ppb. The higher soil NO being under the 

BDNSP soil NO scheme compared to YL, over parts of California and the Midwest. The 
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less than expected ozone reductions can be explained by updated BDSNP schemes with 

higher soil NO in these regions, pushing them toward less strongly NOx-limited regimes.  

Over-predictions of soil NO emissions and ozone in the Midwest and eastern 

U.S., especially in wet conditions, may result from BDSNP taking total N to calculate 

NO and not properly accounting for the differences in irrigated and unirrigated soils. 

Irrigated crops such as alfalfa, hay, grass, and rice experience soil N loss due to tile 

drainage in wet soils, bringing changes in the soil moisture (Gast et al., 1978; Randall et 

al., 1997). Tile drainage results in loss of fertilizer N to water run-off from wet or moist 

soils.  

In comparisons with ground-based observations of ozone and PM nitrate, the 

mechanistic scheme reduced the overprediction biases that had been reported by Rasool 

et al. (2016) for the BDSNP scheme predominantly in the Midwest and eastern U.S. The 

lower bias of the mechanistic scheme relative to BDSNP may be attributed to 

distinguishing the different forms of N, more sophisticated representation of soil moisture 

in irrigated and unirrigated soils, and differentiating between nitrification and 

denitrification. 

The mechanistic scheme uses a more sophisticated approach to represent the 

dependency of soil N on WFPS by utilizing parameters like water content at saturation, 

wilting point, and field capacity and their impact on gas diffusivity (Del Grosso et al., 

2000; Parton et al., 2001). This can be attributed to the reductions in soil NO throughout 

the east and mid-west of CONUS in the mechanistic scheme. However, it should be 

carefully considered that soil moisture conditions over these regions during these 
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episodes (May and July, 2011) are at levels that led to very different results across the 

schemes and this can give very different results during different part of the years or 

during severe drought years. 

We analyzed how the soil NO schemes affect the NOx at non-agricultural forest 

sites like Yorkville, Georgia and Centreville, Alabama by comparing modeled estimates 

with SEARCH NOx measurements. The mechanistic scheme reduced overpredictions of 

NOx at all of these sites. 

Although this work represents the most process-based representation of soil N 

ever introduced to a regional photochemical model like CMAQ, limitations remain. EPIC 

outputs are restricted to the U.S. and do not cover regions of Mexico and Canada, though 

further updates are expected in future versions of EPIC/FEST-C. EPIC also does not 

represent non-agricultural natural soils, as it is essentially an agricultural ecosystem 

model. This warranted adding a separate C-N mineralization framework in our 

mechanistic scheme for such natural soils. Also, treatment of biomes in our updated 

BDSNP and mechanistic schemes still ignores the differences among locations with a 

given same biome. EPIC makes assumptions about optimal fertilizer application based on 

plant demand that might not match actual practice. EPIC still lacks complete 

representation of farming management practices such as excess N applied as part of 

nutrient management from livestock, which can increase soil N pools and associated 

emissions. Also, some aspects of soil biogeochemistry remain insufficiently understood, 

especially as they relate to HONO emissions. Nevertheless, the mechanistic approach 
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introduced here will make it possible to incorporate future advancements in 

understanding C and N cycling processes. 

5.2. Future Research  

Bi-directional exchange modules are already in place for ammonia either as stand-

alone tools (Nemitz et al., 2001) or sub-modules of air quality models (Bash et al., 2013). 

Such modules account for the fact that emission and deposition as upward and downward 

fluxes impact each other depending on a range of environmental and meteorological 

parameters in the soil-plant canopy system. However, air quality models still treat 

emission and deposition of other N emissions and N-based particulates as separate 

processes and independent of each other. Hence, future work could extend the bi-

directional approach to N species beyond NH3. The mechanistic scheme, by tracking 

separate N forms in nitrification and denitrification, provides a stepping stone for this 

work. However, more field measurements are required to better understand the 

underlying mechanisms in the soil-plant canopy system that affect N exchanges (beyond 

NH3) followed by substantial work in developing new model structures to implement 

such findings. Saylor and Hicks (2016) proposed similar efforts both on modeling and 

measurement side in the case of biogenic VOCs by using the experiences of 

implementing bi-directional NH3 fluxes in air quality models like CMAQ and GEOS-

Chem as a lesson.  

For future work, there is a need for more accurate representation of actual farming 

practices in mechanistic models, beyond the generalizations made by the EPIC model. 
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Food security has become a high priority now on the global policy agenda, owing to 

unprecedented seasonal changes (e.g. drought or heat) and nutrient loss in agriculture 

such as C and N emissions. As decarbonization gets prioritized and water becomes 

scarce, scientists and farmers may take a closer look at more sustainable, non-

conventional farming practices (Battisti and Naylo, 2009; Garnett et al., 2013; Van 

Vuuren et al., 2017; Winiwarter et al., 2017). Recently there have been more efforts to 

look at the impact of widely-used management practices like tillage, injection, 

nitrification inhibitors, and controlled irrigation on N emissions (Miller et al., 2016; 

Duncan et al., 2017). Similarly, emerging low emission fertilizers like biochar have been 

shown to reduce NO in some cases (Nelissen et al., 2014). The focus has been more on 

looking at mitigation of N2O and other greenhouse gases (Cayuela et al., 2014). Hence, 

more field observations, especially in long-term studies are needed to increase the sample 

size for evaluation of modeled estimates of soil N emissions including NO that exhibit 

high temporal variability.  

Laboratory and field studies have provided increased knowledge of the 

controlling factors for NO, HONO and N2O emissions from soil (Butterbach-Bahl et al., 

2013; Oswald et al., 2013; Medinets et al., 2015; Su et al., 2011). Clearly, more field and 

laboratory work is needed on how mitigation strategies impact the controlling factors that 

drive the N biogeochemical transformations in soil. This will allow them to be 

incorporated in mechanistic soil N schemes to study the regulatory and health impact of 

associated emissions. This would be specifically of more importance in remote and rural 

regions where soil NO and HONO specifically (through OH it generates after photolysis) 

can most strongly influence the formation of radicals, ozone, and particulate nitrate, with 
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associated implications for climate and the oxidizing capacity of the lower atmosphere. 

Looking at sensitivity analysis of soil NO and HONO in general and specifically through 

different mitigation practices can provide better insight about regulatory measures 

required in such areas where anthropogenic NOx is not the main contributor. 

Reducing computational costs along with providing essential inferences on impact 

of soil N emissions to air quality quickly is a critical need of the modeling community. 

Creating an offline version of the mechanistic model is a step towards that, so that it 

becomes possible to generate an emissions inventory without running the full CMAQ 

model. Offline approaches can also be applied flexibly to generate reactive N soil 

emissions inventory estimates for input into various widely used photochemical models, 

such as CAMx or GEOS-Chem. For instance, offline mechanistic estimates of soil NO 

and HONO emissions can be readily used to analyze the influence on modeled ozone and 

NOx concentrations in regions expected to have significant soil N. The approaches that 

we used to develop an offline version of BDSNP (Rasool et al., 2016) can be utilized to 

develop an offline mechanistic scheme as well. Specifically, this will involve taking 

meteorological data from WRF and deposition data from the outputs of an air quality 

model run.  

Model development should be continued both with respect to: a) better 

constraining of input parameters, such as N sources still ignored for estimating soil N 

emissions in global and regional models, and b) accommodating the detailed knowledge 

of all the unaccounted processes and factors controlling N emission from soil to be used 

in areas where sufficient input data are available.  
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As discussed earlier, N availability is central to both soil microbial 

transformations and terrestrial plant growth and is interlinked with the carbon cycle and 

global climate change. Therefore, accounting for previously ignored sources of soil N, 

explicitly or implicitly, is also pertinent, once their estimates are better established. 

Recently, Houlton et al. (2018) postulated that inorganic N from bedrock 

weathering can be as substantial a source to global terrestrial nitrogen, as the atmospheric 

deposition is. The study yielded convergent estimates from three diverse and independent 

assessments of reactivity of rocks and N mobility, pointing to the equal importance of the 

atmospheric deposition and bedrock as N sources. Accounting for this previously ignored 

source of soil N can increase the unmanaged (preindustrial or non-fertilized) global 

terrestrial N balance from 8 to 26%. 

Weber et al. (2015) also highlighted biological soil crusts (‘biocrusts’) that form 

on dryland surfaces as a potentially significant source of soil N. Biocrusts fix both carbon 

and nitrogen from the atmosphere to soil, while preventing N leaching losses from soil 

erosion. Fixed nitrogen in biocrusts, besides being an unaccounted source in models, also 

undergoes microbial transformation to release both NO and HONO. Emissions from 

biocrusts appear to be quite variable depending on which microbial species dominates. 

Also, based on field and satellite estimates, global biocrust generated soil NO are 

estimated to be approximately 1.7 Tg-N yr−1: 1.1 Tg-N yr−1 of NO and 0.6 Tg-N yr−1 of 

HONO, compared to 9.6 Tg-N yr−1 (Vinken et al., 2014) of total global soil nitrogen 

oxide. 
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Some microbial transformations like ‘anammox’ are not yet quantified in terms of 

factors controlling them and the N emissions they produce. Anammox is an abbreviation 

for anaerobic ammonium oxidation, where NH4
+ and NO2

− form N2, with NO as a 

possible intermediate (Kuenen, 2008). It is observed to happen in marshy lands or peat 

lands and to be hindered by aerated, high pH, and high NH4
+ conditions. However, it is 

not yet clear if anammox bacteria can be significant sources or sinks of NO (Medinets et 

al., 2015).  

Both, sources such as rock weathering and biocrusts that seem to make a 

significant fraction of global terrestrial nitrogen and mechanisms such as anammox, can 

alter the current estimates of soil N emissions, but are still unexplored and unaccounted 

for. Hence, the impacts of these sources and mechanisms should be further quantified and 

included in regional and global models of atmospheric chemistry, biogeochemistry, and 

climate.
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Notes 

List of output variables from SOILINSTATE (restart file): 

    

Output Variable Unit Variable 
Description 

Notes 

PFACTOR 

 

-- 

 

NO emission current 

pulse factor 

 

DRYPERIOD Hours Length of the dry 
period  

used for continuous 
BDSNP run 

NDEPRES ng-N/m2 Soil N reservoir from 
deposition 

used for continuous 
BDSNP run 

SOILMPREV m3/m3 Soil moisture for 
previous time step 

used for continuous 
BDSNP run 

THETA_DIAG -- Moisture WFPS with 
value [0 1] 

diagnostic parameter 

WET_TERM_DIAG -- Moisture scale factor diagnostic parameter 

TEMP_DIAG K Temperature in last 
simulation hour 

diagnostic parameter 

A_DIAG -- Base emission from 
soil biome type 

diagnostic parameter 

NRES_FERT_DIAG -- NRES fertilizer only  diagnostic parameter 
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AFERT_DIAG -- Fertilizer emission 
factor 

diagnostic parameter 

NDEPRATE_DIAG -- Daily average N 
deposition rate 

used for continuous 
BDSNP run 

CRFAVG -- Daily average canopy 
reduction factor 

diagnostic parameter 

PLUSEAVG -- Daily average pulse 
factor 

diagnostic parameter 
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Appendix A 

Table A1 List of 24 soil biome emission factor (EF) from Steinkamp and Lawrence 
(2011) 

ID MODIS 

 land cover 

Köppen 

main 

climate(1) 

EF1 

(world 

geometric 

mean) 

EF2 

(world 

arithmetic 

mean) 

EF3 

(North 

American) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

 

Water 

Permanent wetland 

Snow and ice 

Barren 

Unclassified 

Barren 

Closed shrub land 

Open shrub land 

Open shrub land 

Grassland 

Savannah 

Savannah 

Grassland 

Woody savannah 

Mixed forest 

Evergreen broadleaf forest 

Deciduous broadleaf forest 

Deciduous needle. forest 

Evergreen needle. forest 

Deciduous. broadl. forest 

Evergreen broadl. forest 

Cropland 

Urban and build-up lands 

Cropland/nat. veg. mosaic 

-- 

-- 

-- 

D,E 

-- 

A,B,C 

-- 

A,B,C 

D,E 

D,E 

D,E 

A,B,C 

A,B,C 

-- 

-- 

C,D,E 

C,D,E 

-- 

-- 

A,B 

A,B 

-- 

-- 

-- 

0 

0 

0 

0 

0 

0.06 

0.09 

0.09 

0.01 

0.84 

0.84 

0.24 

0.42 

0.62 

0.03 

0.36 

0.36 

0.35 

1.66 

0.08 

0.44 

0.57 

0.57 

0.57 

0 

0 

0 

0 

0 

0.06 

0.21 

0.21 

0.01 

1.05 

1.05 

0.97 

1.78 

0.74 

0.14 

0.95 

0.95 

0.95 

4.60 

0.13 

1.14 

3.13 

3.13 

3.14 

0 

0 

0 

0 

0 

0.06 

0.05 

0.09 

0.01 

0.62 

0.84 

0.24 

0.37 

0.62 

0.00 

0.36 

0.61 

0.35 

1.66 

0.08 

0.44 

0.33 

0.57 

0.57 

  

(1). A-equatorial, B-arid, C-warm temperature, D-snow, E-polar (see Figure 2 for spatial map) 
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Table A2 Mapping table to create the MODIS 24 soil biome map based on NLCD40 
MODIS land cover categories for updated BDSNP parametrization 

NLCD ID NLCD40 MODIS CATEGORY (40)                        MODIS ID SOIL BIOME CATEGORY (24) 
1  Evergreen Needle leaf Forest               19 Evergreen Needle leaf Forest 
2  Evergreen Broadleaf Forest 16 and 21 Evergreen Broadleaf Forest 
3  Deciduous Needle leaf Forest               18 Dec. Needle leaf Forest 
4  Deciduous Broadleaf Forest 17 and 20 Dec. Broadleaf Forest 
5  Mixed Forests               15 Mixed Forest 
6 Closed shrublands                 7 Closed shrublands 
7  Open shrublands           8 and 9 Open srublands 
8  Woody Savannas               14 Woody savannah 
9  Savannas         11 and 12 Savannah 

10  Grasslands         10 and  13 Grassland 
11  Permanent Wetlands                  2 Permanent Wetland 
12  Croplands                22 Cropland 
13  Urban and Built Up                23 Urban and build-up lands 
14  Cropland-Natural Vegetation Mosaic                24 Cropland/nat. veg. mosaic 
15  Permanent Snow and Ice                  3 Snow and ice 
16  Barren or Sparsely Vegetated                  6 Barren 
17  IGBP Water                  1 Water 
18  Unclassified                  4 Barren* 
19  Fill value                  5 Unclassified* 
20  Open Water                  1 Water 
21  Perennial Ice-Snow                  3 Snow and ice 
22  Developed Open Space                23 Urban and build-up lands 
23  Developed Low Intensity                23 Urban and build-up lands 
24  Developed Medium Intensity                23 Urban and build-up lands 
25  Developed High Intensity                23 Urban and build-up lands 
26  Barren Land (Rock-Sand-Clay)                24 Cropland/nat. veg. mosaic 
27  Unconsolidated Shore                24 Cropland/nat. veg. mosaic 
28  Deciduous Forest         16  and 21 Evergreen Broadleaf Forest 
29  Evergreen Forest                 19 Evergreen Needle leaf Forest 
30  Mixed Forest                 15 Mixed Forest 
31  Dwarf Scrub            8 and 9 Open shrublands 
32  Shrub-Scrub            8 and  9 Open shrubland 
33  Grassland-Herbaceous          10 and  13 Grassland 
34  Sedge-Herbaceous                  14 Woody savannah 
35  Lichens          10 and  13 Grassland 
36  Moss          10 and  13 Grassland 
37  Pasture-Hay                  24 Cropland/nat. veg. mosaic 
38  Cultivated Crops                  22 Cropland 
39  Woody Wetlands                    2 Permanent Wetland 
40  Emergent Herbaceous Wetlands                    2 Permanent Wetland 

*NLCD 18 and 19 were mapped as MODIS 1 (Water) in Rasool et al. (2016), now corrected in most updated BDSNP. 
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 Table A3 List of 24 MODIS soil biome A_Cmic, A_Nmic and A_HONO emission 
factors (%) based on Xu et al. (2013) and Oswald et al. (2013) 
ID MODIS 

 land cover 

Köppen 

main 

climate(1) 

A_Cmic % A_Nmic % A_HONO % 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Water 

Permanent wetland 

Snow and ice 

Barren 

Unclassified 

Barren 

Closed shrub land 

Open shrub land 

Open shrub land 

Grassland 

Savannah 

Savannah 

Grassland 

Woody savannah 

Mixed forest 

Evergreen broadleaf forest 

Deciduous broadleaf forest 

Deciduous needle. forest 

Evergreen needle. forest 

Deciduous. broadl. forest 

Evergreen broadl. forest 

Cropland 

Urban and build-up lands 

Cropland/nat. veg. mosaic 

-- 

-- 

-- 

D,E 

-- 

A,B,C 

-- 

A,B,C 

D,E 

D,E 

D,E 

A,B,C 

A,B,C 

-- 

-- 

C,D,E 

C,D,E 

-- 

-- 

A,B 

A,B 

-- 

-- 

-- 

0 

1.20 

0 

5.02 

0 

5.02 

1.43 

1.43 

1.43 

2.09 

1.66 

1.66 

2.09 

2.09 

1.29 

0.99 

1.16 

1.79 

1.76 

1.16 

0.99 

1.67 

0 

1.46 

0 

2.58 

0 

5.72 

0 

5.72 

2.33 

2.33 

2.33 

4.28 

3.61 

3.61 

4.28 

4.28 

2.8 

2.62 

2.42 

3.08 

4.18 

2.42 

2.62 

2.53 

0 

2.62 

0 

0 

0 

48 

0 

48 

35.5 

41 

41 

22 

41 

41 

22 

41 

13 

9 

11 

8.5 

8.5 

11 

9 

42.9 

0 

43.5 

(1) A-equatorial, B-arid, C-warm temperature, D-snow, E-polar 
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Table A4 Microbial/Organic biomass C and N % mapped to respective NLCD40 
MODIS land-cover categories based on Xu et al. (2013) estimates  
 

NLCD 
ID 

NLCD40 MODIS CATEGORY (40) A_Cmic % A_Nmic 
% 

A_HONO 
% 

1  Evergreen Needle leaf Forest 1.76 4.18 8.5 

2  Evergreen Broadleaf Forest 0.99 2.62 9 

3  Deciduous Needle leaf Forest 1.79 3.08 8.5 

4  Deciduous Broadleaf Forest 1.16 2.42 11 

5  Mixed Forests 1.29 2.80 13 

6 Closed shrublands 1.43 2.33 35.5 

7  Open shrublands 1.43 2.33 41 

8  Woody Savannas 2.09 4.28 41 

9  Savannas 1.66 3.61 41 

10  Grasslands 2.09 4.28 22 

11  Permanent Wetlands 1.2 2.58 0 

12  Croplands 1.67 2.53 42.9 

13  Urban and Built Up 0 0 0 

14  Cropland-Natural Vegetation 
Mosaic 

1.46 2.62 43.5 

15  Permanent Snow and Ice 0 0 0 

16  Barren or Sparsely Vegetated 5.02 5.72 48 

17  IGBP Water 0 0 0 

18  Unclassified 5.02 5.72 48 

19  Fill value 0 0 0 

20  Open Water 0 0 0 

21  Perennial Ice-Snow 0 0 0 

22  Developed Open Space 0 0 0 

23  Developed Low Intensity 0 0 0 

24  Developed Medium Intensity 0 0 0 

25  Developed High Intensity 0 0 0 

26  Barren Land (Rock-Sand-Clay)(1) 0 0 0 

27  Unconsolidated Shore(1) 0 0 0 

28  Deciduous Forest 0.99 2.62 9 

29  Evergreen Forest 1.76 4.18 8.5 

30  Mixed Forest 1.29 2.8 13 

31  Dwarf Scrub 1.43 2.33 41 

32  Shrub-Scrub 1.43 2.33 41 

33  Grassland-Herbaceous 2.09 4.28 22 

34  Sedge-Herbaceous 2.09 4.28 41 

35  Lichens 2.09 4.28 22 

36  Moss 2.09 4.28 22 

37  Pasture-Hay(2) 0 0 43.5 

38  Cultivated Crops(2) 0 0 42.9 

39  Woody Wetlands 1.2 2.58 0 

40  Emergent Herbaceous Wetlands 1.2 2.58 0 
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(1) NLCD classes 26 and 27 constituting of rocks mostly (2) A_Cmic and A_Nmic for US croplands 

classified under NLCD classes 37 and 38 are kept as zero to prevent double counting, as they are 

accounted for by EPIC N data. 
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Appendix B 

Appendix B is “Reproduced with permission from [Pourhashem, G., Rasool, Q. 

Z., Zhang, R., Medlock, K. B., Cohan, D. S., and Masiello, C. A.: Valuing the 

Air Quality Effects of Biochar Reductions on Soil NO Emissions, 

Environmental Science & Technology, 51, 9856-9863, 2017. DOI: 

10.1021/acs.est.7b00748] Copyright [2017] American Chemical Society."  

Author-directed link to article: 

http://pubs.acs.org/articlesonrequest/AOR-fMZiWcS97TR5wKix48tM   

 Methodology  

Goal and Scope 

We use the results of the existing biochar soil NO studies as boundary conditions 

in evaluating biochar’s effect on local air quality. While Xiang et al21 observed an 

insignificant change of soil NO emission in a rice-wheat rotation system, a study by Obia 

et al.17 of rice husk and cacao shell-derived biochars in fertilized, acidic, sandy loam soil 

demonstrated a suppression of net NO production and a reduction of its peak over a broad 

range. Another study by Nelissen et al.22 showed that amendment of woody and crop-

based biochars to silt loam soil in a primarily nitrogenous fertilized environment has 

resulted in 47% to 67% reduction in NO emission. The variation in results reported by 

these studies is consistent with the notion that biochar’s effects on soil microbial 

processes may be specific to biochar chemical properties (e.g. biochar pH) and/or 
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physical properties 28, 29, driven by its biomass of origin, by production process, biochar’s 

C/N ratio, and by the effects of environmental aging.  These factors, in addition to 

changes in meteorological conditions, have been shown to alter nitrogenous gas 

emissions from soils amended with biochar, including N2O 30, 31 primarily by limiting soil 

nitrogen availability and altering the N2O product ratios of both nitrification and 

denitrification18. Because NO is also a product of nitrification and denitrification32, we 

expect that NO emission from soil amended with biochar will also undergo changes in 

response to meteorological conditions. We use the range of 0% to 67% NO reduction for 

lower and upper limits in our study, given that the few available studies present a broad 

range of changes in soil NO emission affected by biochar presence.  We also test a 

scenario where biochar amendment induces a 47% reduction in soil emission to 

demonstrate how a different NO reduction value may affect the health benefit estimates 

of the study (supporting information).  

To estimate agricultural soil NO emission with and without biochar, we apply an 

advanced parametrization method that includes key processes and parameters to represent 

available nitrogen in the soil. We run this model under two conditions: 1) base condition 

(no biochar application, or 0% NO reduction), and 2) biochar application (67% NO 

reduction, consistent with the upper value reported in the current literature22).  

We model altered soil NO emissions for currently fertilized agricultural soils in 

the continental US. Soil NO emissions are estimated for two time periods – one month 

(July 2011) and one full year (2011) as a representative baseline. July NO emission 

changes are used in a photochemical air quality model to simulate changes in air quality. 
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In a given year, July tends to be a month of peak O3 concentrations and is a month when 

NO emissions from fertilized fields can be relatively large.  The NO emission changes 

results we base our analysis on were also measured immediately after fertilization event 

(14 and 8 consecutive days), where majority of fertilizer-related NO emission takes 

place17, 22. Running the air quality model based on July NO results allows testing the 

effectiveness of biochar in O3 and PM2.5 standard attainments of local governments. To 

estimate the annual soil NO changes, our model accounts for timing, frequency and 

spatial variation of the fertilizer application across agricultural regions in the U.S. The 

annual soil NO emission changes are then used in a health effects valuation model to 

associate those NO emission changes with their long-term impacts on O3 and PM2.5 

emission changes and human health. While a previous study has documented an 

increased risk of PM10 emissions from soil biochar amendment 33, we focus on PM2.5 

reduction because: 1) the small sizes of PM2.5 particles cause a stronger risk to health 

(especially mortality) than coarser parts of PM10, and 2) we assume that biochar users 

will follow the best practices in biochar application and the International Biochar 

Initiative (IBI) guidelines in maintaining a minimum biochar moisture level to minimize 

the biochar wind erosion 34, 35.  

The following sections present detailed descriptions of the models used.  

 

Soil NO estimates and O3 and PM2.5 concentration changes 

The Berkeley-Dalhousie Soil NOx Parameterization (BDSNP) estimates NO 

emissions as a function of nitrogen availability, soil temperature, soil moisture, and other 
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factors 26. We apply BDSNP in two ways – an inline version incorporated into the 

Community Multiscale Air Quality (CMAQ) model 8, and a less computationally 

intensive offline version. 

Each version of BDSNP estimates soil NO based on a biome-specific base 

emission factor (𝐴 ) and an available soil nitrogen pool (𝑁 ) originating from 

fertilizer application and nitrogen deposition from the atmosphere. Emission rates are 

modulated based on response functions to soil temperature (𝑓(𝑇)) and soil 

moisture(𝑔(𝜃)), a soil pulsing factor (𝑃) when precipitation follows a dry period (𝑙 ), 

and a canopy reduction factor (CRF) that depends on biome type, leaf area index, and 

meteorology. 

 

𝑆𝑜𝑖𝑙 𝑁𝑂 𝐹𝑙𝑢𝑥 =  𝐴 (𝑁 ) × 𝑓(𝑇) × 𝑔(𝜃) × 𝑃 𝑙 × 𝐶𝑅𝐹   (1) 

 

The inline version computes Navail based on nitrogen deposition computed within 

CMAQ, while the offline version takes deposition fields from an archived CMAQ run. 

Each version uses the global fertilizer database from Potter et al. 36 and assumes that 37% 

of fertilizer and manure N is available for potential emission26. Biome-specific base 

emission factors are taken from Steinkamp and Lawrence 37 using Köppen climate zone 

classifications 38, as described by Rasool et al.8.  

We apply the inline version of CMAQ-BDSNP to simulate one month of the 

growing season (July 2011), and offline BDSNP to simulate full year 2011. CMAQ runs 
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compute the changes in O3 and PM2.5 concentrations in July 2011 under two different 

scenarios – one without biochar and another with biochar soil amendment. The models 

are applied over a domain covering the continental US (CONUS) with horizontal 

resolution of 12 km x 12 km.   

Meteorological fields influencing atmospheric and soil conditions are taken from 

a simulation with the Weather Research and Forecasting (WRF) model 39. Model 

configurations for WRF, BDSNP, and CMAQ are summarized in Table 1.  

In addition, we ran the stand-alone BDSNP in July for five years (2009, 2010, 

2011, 2014 and 2015) with different El Niño/Southern Oscillation (ENSO) index 

conditions (wet or dry year) to bound the variation range of possible soil NO emission 

reduction due to biochar. The results suggest the bias for July 2011 modeling outputs is 

within ± 20% under different meteorological conditions (for more details refer to 

supporting information). 
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Table 1. Configuration of the WRF-BDSNP-CMAQ model used in this study 

WRF/MCIP 

Version ARW V3.7 Shortwave 

radiation 

RRTMG scheme 

Horizontal 

resolution  

CONUS (12 km x 

12 km) 

Surface layer 

physics 

Pleim-Xiu surface 

model 

Vertical 

resolution 

26 layers PBL Scheme ACM2 

Boundary 

condition 

NARR 32 km Microphysics Morrison double-

moment scheme 

Initial 

condition 

NCEP-ADP Cumulus 

parameterization 

Kain-Fritsch scheme 

Longwave 

radiation 

RRTMG scheme Assimilator Analysis nudging 

above PBL for 

temperature, moisture 

and wind speed 

BDSNP 

Horizontal 

resolution 

Same as 

WRF/MCIP 

Emission factor Steinkamp and 

Lawrence (2011) 

Soil Biome type 24 types based on 

NLCD40 

Fertilizer database Potter et al. (2010) 
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CMAQ 

Version V5.0.2 Anthropogenic 

emission 

NEI2011 

Horizontal 

resolution  

Same as 

WRF/MCIP 

Biogenic emission BEIS V3.14 inline 

Initial 

condition 

GEOS-Chem Boundary 

condition 

GEOS-Chem 

Aerosol module AE5 Gas-phase 

mechanism 

CB-05 

 

Simulation Case Arrangement  

Control WRF-BDSNP-CMAQ simulation with 

standard configuration 

Biochar  WRF-BDSNP-CMAQ simulation with the 

soil NO emission scaled down by 67% over 

the regions with N fertilizer application 

Simulation Time Period 

WRF-BDSNP (inline)-CMAQ July 1-30, 2011 for CMAQ simulation with 

inline soil NO BDSNP module 

WRF-BDSNP (standalone)-AP2 Full year (2011) 

WRF-BDSNP (standalone) Time of maximum fertilizer application i.e. 
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July in regions of dominant fertilizer 

application compared for 5 different years 

based on ENSO index: 2009 (0.6, modest El 

Nino year); 2010 (-1.1, Strong La Niña year); 

2011 (-0.5, modest La Niña year); 2014 (0, 

normal year) and 2015 (1.5; strong El Niño 

year)  

 

Estimating the health impact costs of changes in air pollutants through 

concentration-response functions  

We use the AP2 model27, an updated version of the Air Pollution Emission 

Experiments and Policy Analysis (APEEP) model40, to evaluate the health impacts of 

reduced air pollution. The cost module from AP2 uses concentration-response (C-R) 

functions from epidemiological studies, which indicate the susceptibility of population 

age groups to relate changes in O3
11, 41-43 and PM2.5

13, 44, 45 concentrations to morbidity 

and mortality. Impacts on morbidity and mortality rates of local communities are 

quantified by associating the air pollution changes and C-R functions with county-level 

demographic profiles.  

In comparison to US EPA values, AP2  estimates lower health care savings 

associated with air quality changes27. Aside from differences in their air quality models, a 

lower value of statistical life (VSL) assumption in cost module of AP2 may contribute to 

lower damage estimates by this model46. In our study we update the morbidity 
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willingness to pay (WTP) values in AP2 with discounted 2011 values (Table 2) and 

replace mortality cost with the EPA’s VSL reported for 201147.  US Census data48 for 

2011 is used to update the AP2 county-level population input.  

We run AP2 for a baseline condition and a second scenario where biochar reduces 

annual emissions of NO in fertilized agricultural soil in 2011. The differences in 

estimated damages from these runs demonstrate the potential annual health care savings 

of biochar-mediated NO emissions. 

Table 2. Unit values used for VSL and WTP, 2011 dollars 

Basis for estimate Age range Unit value 

VSL  0 - 99 $8,200,0001 

WTP for Asthma 30 - 99 $42,5932 

WTP for Chronic 

Bronchitis 

30 - 99 $442,9553 

1 US EPA47 
2 AP2 WTP for asthma updated for 2011$ with a 3% discount rate 
3 AP2 WTP for chronic bronchitis updated for 2011$ with a 3% discount rate 

 Results and Discussion 

This section describes the effect of biochar application if it reduces 67% of 

fertilized soil NO emission. In addition, we have tested a scenario of 47% NO reduction 
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for a point of comparison, which is presented in supporting information (Figures 1S to 

3S).   

Changes in seasonal and annual NO emissions across US 

We used the offline BDSNP model to estimate a total base soil NO emission of 

648,000 tonnes/year in 2011 (Table S1). Then we estimated the reduction in NO 

emissions that would have occurred in 2011 if biochar had reduced emissions from 

fertilized agricultural soils by 67%, while emissions from other soils remain unchanged 

(Figure 1). The greatest reductions in soil NO emission on a percentage basis occur in 

states with large amounts of fertilized soils such as Kansas (-33.5%), Idaho (-30.0%), 

Ohio (-8.4%), and Iowa (-18.4%). Application of biochar to fertilized soils across the 

continental US would reduce soil NO emissions by 90,000 tonnes/year or -12.3% (Table 

S1), based on the upper level values reported by Nelissen et al.22.  
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Figure 1. Reductions in soil NO in a) July 2011, and b) 2011, if biochar application 

reduces fertilized soil NO emissions by 67%. 

 

Changes in seasonal O3 and PM2.5 concentrations across US 

Running the CMAQ simulations showed reductions in MDA8 O3 of at least 1ppb 

for much of the Midwest and San Joaquin Valley, with a maximum impact of 2.4ppb 

(Figures 2a). These regions had the largest soil NO emissions from fertilized agriculture 

(Figure 1) and tend to have NOx-limited O3 formation49, 50 (NOx=NO and NO2). The 

reduction of 1-2ppb can have meaningful implications mainly for urban areas near 

agricultural areas that require small O3 reductions to comply with the 70ppb standard51. 

For example, as of 2013-2015 data, Chicago, St. Louis, Cleveland, Columbus, and 

Cincinnati all have MDA8 O3 levels of 1-5ppb above the standard52. Thus, reducing NO 
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emission from agricultural soils in these locations can be considered a plausible 

component of their portfolio to manage O3 levels.   

For PM2.5, biochar application reduced concentrations by more than 0.1μg/m3 

over portions of the Midwest in July 2011, with a maximum impact of 0.33μg/m3 (Figure 

2b). The decline in PM2.5 levels occur via reductions in ammonium nitrate aerosol 

formation, and because NO plays a minor role in influencing rates of formation of 

secondary organic aerosols. However, PM2.5 is modeled to slightly increase (< 

0.03μg/m3) in sulfate-rich regions where nitrate competes with sulfate to react with 

ammonium to form PM2.5
53.   
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Figure 2. Absolute change in July monthly mean of a) MDA8 O3 (ppb), and b) PM2.5 

(μg/m3), if biochar application reduces fertilized soil NO emissions by 67%. 

 

Potential health benefits of biochar: regions close to populous cities 

receive the highest health benefits of biochar application 

The economic model used here ( AP227)  predicted that nationwide application of 

biochar to agricultural soils with 67% reduction of their annual NO emissions would 

reduce $660 million of the health impacts of  agricultural air pollution for the entire US. 

Changes in O3 concentration reduced agricultural health impacts by up to 

$335,000/county and improvements in PM2.5 concentrations would result in health 

benefits of up to $4.2 million/county. The median county-level health savings of O3 and 

PM2.5 reductions were $6000 and $97,000 across regions of the US with agricultural 
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activities. These results contain considerable spatial variation, with some regions seeing 

significant benefits, and others none. While many agricultural areas across the US 

showed higher health cost savings, the largest benefits occur in areas such as California’s 

Central Valley (Figure 3) (see the ranking details of county-level savings in Tables S2 

and S3). For example, a few counties in California’s Central Valley saw savings of more 

than $2 million (e.g. Fresno County). Of course, total dollar values should be viewed with 

caution, because they depend on assumptions about the Value of a Statistical Life (VSL) 

and the impact of biochar application on soil NO emissions.  Nevertheless, the results of 

the analysis indicate which regions are likely to see the greatest relative impact, which 

makes them informative to policymakers, the agricultural community and the public on 

the potential local air quality benefits of biochar application.  

There are two primary factors influencing the estimated regional health benefits – 

the level of agricultural activity and demography. In particular, small reductions in O3 or 

PM2.5 resulting from biochar application in agricultural settings near highly populous 

areas result in larger savings (compare Figures 1 and 3). Indeed, our results show that the 

intersection of high agricultural NO reduction upwind of densely populated regions 

drives health benefits from agricultural NO emissions reductions. This can be seen most 

clearly in California and Illinois.  

The savings through reducing PM2.5 were almost 10x larger than those from O3 

reductions (Figure 3a vs 3b). This is because PM2.5 has more potent health impacts than 

O3.  These simulation results show substantial opportunities for reducing health costs that 
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are caused by agricultural activities near populous cities, in particular, in the mid and 

upper Midwest and California54.   

 

 

Figure 3. County-level health cost savings due to a) O3 reduction, and b) PM2.5 

reduction, if biochar application reduces fertilized soil NO emissions by 67%. 
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Improving local air quality: an added biochar benefit 

Agriculture is a major source of ecosystem pollution and is responsible for up to 

one-fifth of air pollution mortality globally55. Through several programs and incentives56, 

57, the U.S. has been promoting farming practices that mitigate agricultural air quality 

issues.  Reducing NO emission from agricultural soils58 may benefit air quality and 

health. However, soil NO emissions have largely been ignored in state strategies for 

attaining O3 and PM2.5 standards, representing an untapped opportunity for mitigation. If 

the Nelissen22 findings of biochar impact on soil NO emissions are representative 

nationally, soil application of biochar may yield tangible air quality and health benefits in 

regions of the U.S. struggling with agriculture-related smog. Our results show that 

biochar soil application may reduce the emission of up to 90,000 tonnes of NO from the 

US agricultural sector during the year of application.  Although NO reduction benefits are 

experienced locally, we estimated that nationwide application of biochar could yield $660 

million in health benefits if biochar indeed reduces fertilized soil NO by 67%. Thus, these 

results make clear the urgent need for analyses of biochar-influenced soil NO changes to 

better understand the air quality value of biochar in agricultural soils.  

Our study helps to identify areas where more information is needed to validate 

biochar performance in reducing soil NO emission. Spatial patterns of reduction in 

emissions of NO (Figure 1) and concentrations of O3 and PM2.5 (Figure. 2) can be used as 

a guide to prioritizing locations for further study or deployment of biochar. California, 

Arizona, and the Midwest are most likely to benefit from reductions in agricultural NO 

emissions (Figure 3).  
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Our analysis demonstrates that there may be a positive value associated with 

biochar application, but realizing that value may require policy incentives that allow 

monetization of NO reduction. Importantly, well-designed policy could stimulate market 

valuation of the avoided externalities associated with biochar application in agricultural 

soils. Biochar’s potential in achieving health benefits through improved air quality is an 

additional value complementing biochar’s other services (e.g. crop yield improvement 

and reduction in nutrient pollution through retention of N and P within agroecosystems). 

Ultimately, decision-making for implementing biochar in a location will require a full 

analysis of all biochar’s variable benefits as well as the costs involved that are also 

dependent on region, feedstock and process design and crop choice.  Hence, quantifying 

the avoided externalities associated with biochar application, and designing market 

mechanisms to dictate the value of biochar’s potential ecosystem services, help to better 

evaluate the opportunities associated with large-scale application of biochar. As such, 

policy can play an important role in achieving these benefits and lead to an increased use 

of biochar.  

Before efficient policy design can be undertaken, however, certain areas require 

deeper investigation. In particular, we need: 1) a better understanding of biochar’s short 

and long-term influence on soil nitrogen dynamics under a variety of meteorological 

conditions, specifically emission of air pollutant precursors like NO, and 2) improvement 

in biogeochemical models or soil NO parametrization schemes that simulate biochar 

presence in soil and linking their simulated results to regional air quality models.  
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Integration of such improved measurements with cost models that estimate the 

regional impacts of agricultural practices will help local communities make informed 

policy decisions regarding agricultural practices and local air quality management.  
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Table S1. Difference of soil NO emission estimates (tonnes/year) due to 

biochar application by state in 2011 by BDSNP scheme 

States Control Biochar Percentage  States Biochar Control Percentage 

 

(tonnes/yr
) 

(tonnes/
yr) diff 

 

 
(tonnes/yr) (tonnes/yr) diff 

KS 11922 7928 -33.5%  OK 30643 34809 -12.0% 

Idaho 10342 7242 -30.0%  TX 101540 115223 -11.9% 

DC 107 76 -29.4%  ND 2927 3318 -11.8% 

MN 12698 8992 -29.2%  WI 3473 3931 -11.6% 
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Ohio 7909 5665 -28.4%  MO 20236 22750 -11.1% 

NM 7181 5331 -25.8%  AZ 4202 4677 -10.2% 

RI 270 202 -25.2%  VA 6479 7148 -9.4% 

NV 2523 1891 -25.1%  FL 11867 13084 -9.3% 

NH 1733 1302 -24.9%  LA 17230 18852 -8.6% 

NJ 3911 2945 -24.7%  VT 918 1000 -8.2% 

DE 197 151 -23.2%  WA 10541 11484 -8.2% 

NY 15733 12302 -21.8%  AR 30340 32972 -8.0% 

MS 12606 9938 -21.2%  MT 17764 19123 -7.1% 

MI 5548 4393 -20.8%  CO 17406 18700 -6.9% 

PA 4650 3733 -19.7%  CA 43465 46644 -6.8% 

SD 12931 10403 -19.5%  SC 9170 9830 -6.7% 

WV 6697 5429 -18.9%  GA 24739 26481 -6.6% 

KY 8093 6604 -18.4%  AL 15498 16438 -5.7% 

IA 27405 22371 -18.4%  WY 5708 5980 -4.5% 

ME 1915 1605 -16.2%  NC 33476 34978 -4.3% 

NE 11659 9881 -15.2%  MA 460 478 -3.9% 

TN 8742 7414 -15.2%  OR 12433 12906 -3.7% 

CT 1189 1025 -13.8%  UT 9204 9442 -2.5% 
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MD 1807 1587 -12.1% 

 CONUS 

sum: 568130 648014 -12.3% 

Table S2. County-level health savings from reduced O3 concentration  

Health Savings  FIPS County Name State Name 2011 Population 

$334,663 6065 Riverside  CA 2,300K 

$159,267 6077 San Joaquin CA 700K 

$131,105 42071 Lancaster  PA 520K 

$112,476 17197 Will IL 680K 

$100,274 12057 Hillsborough FL 1,300K 

$96,885 48157 Fort Bend TX 607K 

$90,737 42029 Bexar  TX 1,750K 

$87,697 6019 Fresno CA 940K 

$82,411 8123 Weld CO 260K 

$81,336 4013 Maricopa  AZ 3870K 

$81,211 6099 Stanislaus  CA 520K 

$76,748 42011 Berks PA 412K 

$74,215 17099 La Salle  IL 113K 

$71,239 6073 San Diego  CA 1,320K 

$69,730 17105 Livingstone IL 180K 

$65,273 17075 Iroquois IL 5K 

$65,256 17113 MacLean IL 170K 

$64,258 39049 Franklin  OH 1,180K 

$63,922 5035 Crittenden  AR 50K 

$61,518 42133 York  PA 437K 
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Table S3. County-level health savings from reduced PM2.5 concentration  

Health Savings  FIPS County Name State Name 2011 Population 

$4,185,155 17197 Will  IL 680K 

$3,689,565 6077 San Joaquin  CA 700K 

$3,282,379 6073 San Diego CA 1,320K 

$2,799,096 6019 Fresno CA 940K 

$2,419,821 8123 Weld  Co 260K 

$2,309,350 6065 Riverside  CA 2,300K 

$2,140,117 17099 La Salle  IL 113K 

$2,052,981 4013 Maricopa  AZ 3,870K 

$1,920,536 17105 Livingston IL 39K 

$1,822,498 48157 Fort Bend  TX 610K 

$1,784,862 6099 Stanislaus  CA 520K 

$1,668,242 17113 McLean  IL 170K 

$1,648,371 17043 Dupage  IL 920K 

$1,604,962 6113 Yolo  CA 200K 

$1,596,378 17141 Ogle IL 53K 

$1,575,959 6095 Solano CA 417K 

$1,525,822 27171 Wright MN 126K 

$1,520,091 17031 Cook  IL 5,200K 

$1,518,732 27053 Hennepin MN 1,170K 

$1,489,965 48491 Williamson   TX 188K 

 

  



 189 
 

 

 

 

 

Figure S1. Reductions in soil NO in a) July 2011, and b) 2011, if biochar 

application reduces fertilized soil NO emissions by 47%. 
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Figure S2. Absolute change in July monthly mean of a) MDA8 O3 (ppb), 

and b) PM2.5 (μg/m3), if biochar application reduces fertilized soil NO 

emissions by 47%.
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Figure S3. County-level health cost savings due to a) O3 reduction, and b) 

PM2.5 reduction, if biochar application reduces fertilized soil NO emissions 

by 47%. 
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