


 
 

ABSTRACT 

Implementing an Enhanced Soil NOx Parameterization in 

the Community Multiscale Air Quality Model based on the 

Berkeley Dalhousie Soil NOx Parameterization and 

Implications for Pollution  

by 

Ben Lash 

Soil NO emissions are critical to accurate atmospheric simulations which inform 

decisions to protect human health. Several studies indicate that the scheme, Yienger and 

Levy 1995 (YL95), underestimates soil NO emissions by a significant amount. The 

Berkeley Dalhousie Soil NOx Parameterization (BDSNP) updates soil NO emissions to 

be more consistent with satellite measurements. This work implements the BDSNP 

algorithm into CMAQ, adapting it to a 12km grid and comparing the resulting ozone, 

particulate, and other pollutants with results from the current YL95 algorithm for 2005 

satellite data. Results show that summer NO emissions over the US double during the 

day, and in some places soil NO exceeds industrial sources. A comparison with satellite 

data, however, does not show strong evidence of the YL underestimation, contrary to 

other published results.   
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Chapter 1 

Introduction and Literature Review 

 

1.1. Introduction and Background  

1.1.1. Introduction 

NO and NO2 (NO+NO2=NOx) emissions contribute to ozone formation (Sillman 

1999), particulate matter formation (Magliano et al. 1999), net cooling of the climate 

(Pinder et al. 2012), N deposition (Fenn et al. 2003), and acid rain (EPA 2006), all of 

which have significant economic, environmental, and human health effects. The 

relationship between ozone, particulate matter, and NOx emissions is non-linear, which 

means that an emissions reduction can increase or decrease ozone or particulate matter 

concentrations, depending on other conditions, the target compounds, and the amount of 

reduction (Sillman 1999). Therefore, in order to accurately model ozone concentrations 
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and devise successful control strategies to protect human and environmental health, both 

the natural and anthropogenic sources must be well characterized. The Community 

Mutiscale Air Quality Model (CMAQ) is a widely used model for this purpose in the 

United States, but the method it uses to calculate soil NO emissions has been shown to 

underestimate those emissions with large uncertainty based on a lack of correlation with 

inverse modeling results from satellite measurements and ground measurements (Jaegle et 

al. 2005, Wang et al. 2007, Hudman et al 2012, Lin et al. 2012, Vinken et al. 2014) This 

work updates the model with a new method which better captures soil NO emissions, a 

significant fraction of global emissions as shown below according to the a priori GEOS-

Chem emissions inventory (Jaegle et al. 2005), and updated by Vinken et al. (2014). 

Table 1 Global NOx Budget Major Sources (Jaegle et al. 2005) 

Source 

Fuel 

Combustion 

Biofuel 

Biomass 

Burning 

Soil 

Emissions 

Lightning Total 

TgN/year 23.3 2.2 5.9 5.3 3.5 36.5 

 

 

 

 

 



13 
 

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

Source Anthropogenic Biofuel 

Biomass 

Burning 

Soil 

Emissions 

Lightning Total 

TgN/year 30 0.7 4.8 9.6 5.8 51.4 

 

This work therefore focuses on the contribution of biogenic NOx from soils, the 

leading source of non-anthropogenic NOx emissions (Yienger and Levy 1995), which 

have historically received less consideration than biogenic volatile organic compounds 

(VOCs). Biogenic NOx is primarily produced by soil bacteria (nitrification and 

denitrification); emissions depend on several conditions, including the type of soil, 

temperature, moisture, and time since last rainfall (Hall et al. 1996). I will analyze the 

implications of an updated soil NOx emissions model on ozone concentrations and 

particulate matter by replacing the Yienger and Levy 1995 soil NO scheme (YL95) with 

an adapted Berkely Dalhousie Soil NOx Parameterization (BDSNP) in CMAQ. 

1.1.2. Background 

Since the 1990s, researchers have been aware that biogenic NOx emissions can 

regionally reach the same magnitude as anthropogenic sources but had previously omitted 

soil emissions entirely in atmospheric models (Hall et al. 1996). Soils produce gaseous 

NO as a byproduct from both nitrification, in which ammonia is oxidized to NO2
-
 or NO3

-
, 

and denitrification, in which NO3
-
 is converted to N2 gas. Denitrification can also produce 
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N2O when NO is used as an electron acceptor. While the exact pathways are unknown, 

some examples are provided by Pilegaard (2013).  

One of the first soil NO models was by Williams et al. (1992) and was used by the 

EPA in the Biogenic Emissions Inventory System (BEIS). This model did not directly 

consider soil moisture or precipitation variations over time. Instead, soil moisture, land 

type and nitrogen levels were characterized for a given region and incorporated into 

emissions coefficients for a simple exponential model. Yienger and Levy (1995) published 

a model for soil NOx emissions (YL95) which considers fertilizer application, soil 

moisture and precipitation. It is still considered standard (with some modifications) for 

application in atmospheric models such as CMAQ.  Their major contributions include 

adding a rain-induced pulsing effect, emissions loss from canopy reactions, and emissions 

attributed to fertilizer. Pulsing or strong emissions occur when rain follows a dry period 

because the water allows bacteria to reactivate. Canopy reduction of NO emissions occurs 

when NO is oxidized to NO2 and taken up by leaves (with some NO uptake, see Jacob and 

Bakwin 1991). Fertilizer enhances background emissions by adding more N to the soil, 

which allows bacteria to produce more NO.  

Hudman et al. (2012) generated the BDSNP to address several issues with YL95, 

including both underestimation of NOx emissions from soils and the timing of emissions 

throughout the year. The BDSNP is currently implemented in GEOS-Chem, a global 3-D 

chemical transport model, but not in CMAQ, a regional air quality model. This work 

implements the BDSNP into CMAQ so that the significant improvements of BDSNP over 

YL95are available to projects using CMAQ. This implementation will also provide a 
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platform to expand the treatment of soil-atmosphere nitrogen interactions to include 

nitrous acid (HONO) emissions (important for atmospheric chemistry) from soil. Su et al. 

(2011) have already provided plausible evidence that HONO emission from soils may be 

significant and are currently trying to develop a parameterization related to NO emissions 

and/or soil N levels and pH. Because the BDSNP already includes a soil N parameter, it 

provides a natural starting point for a HONO or other nitrogen compound 

parameterization. In order to explain the important differences between YL95 and the 

BDSNP, and the changes made here, the algorithm for each case will be presented along 

with a comparison of the algorithm to physical reality as best described in the literature. 

1.2. YL95 Model Algorithms 

The general function adapted from YL95 is  

            

   
 

    
 
                                          

             

Equation 1-1 — YL95 Algorithm 

in which f is a function of base biome emissions factor (A), soil temperature, and 

whether the soil is wet or dry (indicated by w/d); P accounts for pulses and is a function of 

precipitation and CR accounts for the reduction of emissions due to the canopy uptake of 
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NO and depends on leaf area index (LAI ) and stomatal area index (SAI). Each will be 

explained in further detail in the following section.  

1.2.1. Emission Factors 

Fw/d corresponds to wet/dry and is a completely different function of temperature 

depending on whether the soil is wet or dry. “Dry” means less than one cm of rain in the 

past 2 weeks. “Wet” means more than one cm in the preceding two weeks, which is very 

little rain and can overestimate whether soils do indeed have enough moisture for bacteria 

to be active. For wet soils, emissions are 0 when the temperature is below 0, vary linearly 

between 0 and 10 degrees C, exponentially between 10 and 30, and plateau thereafter to a 

constant value. Since there was no accurate model for soil temperature, and there certainly 

was not enough time and money to measure soil temperatures across the plains of the 

world, soil temperature is inferred from air temperature by adding 5°C to the air 

temperature if the soil is dry, or using the formula of Williams et al. (1992). This process 

was simplified (by the EPA) in the CMAQ computational implementation of YL95 to be:  

Equation 2 - Soil Temperature Derived from Air Temperature in CMAQ 

                                                           

This leads to some differences discussed further in the next chapter along with 

other differences between implemented programs and published algorithms. Soil 

temperature and mean NOx emissions (with logarithmic averaging) from small site studies 

too numerous to list here are used to determine the biome specific coefficients (Yienger 
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and Levy 1995). Put together, this means the effect of temperature on wet soils is as 

follows: 

 

                
    

   
                              

                
    

   
                                         

                
    

   
                           

Equation 1-3 – YL95 Wet Emissions Factors 

(Equations adapted from Yienger and Levy 1995 eqs. 7a,b,c) 

For dry soils, emissions vary linearly from 0-30 degrees C, and plateau thereafter, 

except for agricultural emissions, which are somewhat unrealistically always assumed to 

be from wet, irrigated, soils. Besides the linear instead of exponential temperature 

relationship, the dry base biome specific coefficient is typically 1/3 of the wet coefficient, 

meaning that dry soils are essentially insignificant sources (Figure 1).  
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Equation 1-4 – YL95 Dry Emission Factors 

(Equations adapted from Yienger and Levy 1995 eqs. 9a,b) 

 

Figure 1 – YL95 Temperature Emission Factors 

For agricultural soils, the wet soil scheme is used during the growing season 

regardless of rainfall; however, total annual emissions are constrained to 2.5% of all 

fertilizer applications, which limits the variability from day to day and makes the scheme 

extremely dependent on fertilizer measurements or modeled values that are accurate over 
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time and space. This percentage was chosen based on eight other studies (Yienger and 

Levy, 1995). Because of this fertilizer constraint on agricultural emissions, if emissions 

are slightly overestimated during the dry periods, this overestimation will not increase 

model predictions of annual emissions. In other words, this system might predict the 

wrong time for emissions, but will still yield consistent overall amounts. Yienger and 

Levy (1995) make the case that most croplands are irrigated during the growing season, to 

justify their use of the wet scheme. The different water use rates of different crops are not 

considered in this scheme, which categorizes conditions only by “wet” and “dry.” In 

addition, because agricultural nitrogen emissions are constrained by fertilizer application 

(in the model), using the wet scheme only affects the seasonality, but not the absolute 

modeled emissions from croplands. After the growing season, defined consistently across 

the domain as May-August or November-February depending on hemisphere, crops are 

approximated as grasslands with the default division of wet/dry. The equation for growing 

season crop emissions is therefore: 

                
    

   
                

    

   
       

    

        
  

Equation 1-5 – YL95 Agriculture Term 

where S is a factor chosen to meet the 2.5% constraint, f is the fertilizer application 

rate, and A(grassland) is based on experimental observation.  

Improvements to the original YL95 method are driven by the development of 

detailed geophysical soil models, which allow the soil NO algorithm to differentiate 
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between soil types when calculating soil moisture and temperature, rather than being 

forced to roughly extrapolate from air temperature and rainfall. This is especially critical 

when deciding whether or not the bacteria are active, since enough rain to reactivate the 

bacteria after a long dry spell will result in an emissions pulse, explained in more detail in 

the next paragraph. 

1.2.2. Precipitation 

Pulsing occurs when rainfall after a dry spell results in more emissions than when 

rainfall is regular.  Presumably this is because nutrients accumulate over time and are 

released suddenly after water reactivates stressed microbes (Yienger and Levy 1995). 

Yienger and Levy (1995) model this by assuming a pulse will occur after any period of 

two weeks or more with one cm or less of rainfall and the magnitude of the pulse depends 

on how much rainfall ends the dry period.  

P is a scalar multiple characterizing a pulse with an initial increase of a 5, 10, or 15 

fold increase followed by exponential decay over different time periods. For example, a 

“shower” is categorized as 0.5-1.5 cm/day. A precipitation factor is calculated that starts at 

10 and decays to 1 over 7 days. Each day after the rain (t=1 to 7) is multiplied by this 

factor. Further rain or a lack thereof does not affect the pulse decay factor, though it may 

change the base rate by switching between the wet/dry coefficients. Thus dry soils 

receiving rain will immediately increase emissions by a factor of 5-15, unless rainfall is 

too low (<2 cm) in which case there is no effect. Note that the front coefficients are not 5, 

10, 15, because t >=1. 
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Equation 1-6 –YL95 Precipitation Induced Pulsing 

(Adapted from equations 3,4,5,6 from Yienger and Levy 1995) 

 

Figure 2 –YL95 Pulse Emission Factors 
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Tropical emissions do not fit this pulsing scheme well: soils actually emit more 

NO during the dry season than the wet season, and emissions during the wet season do not 

seem to vary with temperature (Yienger and Levy 1995). Therefore, the YL95 method sets 

emissions constant during the wet and dry season (with different emission rates for each 

season). For this reason, areas of the world such as the African savannah and India that 

have dramatic wet/dry seasons have large uncertainty. Susequent research shows that 

emissions are significantly underestimated overall. Taking advantage of a land surface 

model might better account for soil saturation in the wet season and accurately monitor the 

soil moisture throughout the dry season so that emissions will remain high without 

relatively arbitrary forcing, because lower rainfall does not guarantee zero soil moisture.  

1.2.3. Canopy Reduction 

The Canopy Reduction term CR depends on LAI and SAI. CR is used to calculate 

above canopy NO fluxes, assuming that some fraction of NO is converted to NO2 and 

absorbed by leaves. This CR factor was originally about 0.5, such that global simulated 

above canopy emissions were about half of simulated above ground emissions (Yienger 

and Levy, 1995). LAI and SAI are derived from a variety of data but are assumed constant 

by biome but do vary by season.  

Table 3 Canopy Reduction Factor as calculated in YL95 

              
                     

 
 where ks = 8.75 m

2
/m

2
 

and kc = 0.24 m
2
/m

2
 and are derived from canopy geometry.  
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1.3. Shortcomings of the Yienger and Levy 1995 scheme 

While an improvement over previous work, emissions predicted by YL95 still do 

not match satellite and ground measurements. First, the scheme estimates long term 

average soil NOx emissions as only about 60% of the most recent research for worldwide 

emissions but 50% or less in certain regions such as the US as determined but satellite 

inverse modeling studies (Jaegle et al. 2005). Overall underestimation can be attributed to 

inaccurate emissions coefficients, poor soil moisture data, neglected nitrogen deposition, 

and underestimation of fertilizer application rates partly due to increased fertilizer use 

from historical levels. Second, YL95 smoothes the emissions and does not place emissions 

during the correct days or months, leading to timing inaccuracies. Causes of incorrect 

timing of emissions in the model include the way rain pulses are incorporated and the way 

fertilizer is applied. 

These two categories of error within YL95 stem from several sources. In some 

cases, a chosen method might contribute to both general underestimation of the magnitude 

of emissions and timing inaccuracies, such as in Africa where the strong wet/dry season 

magnifies any errors in the soil moisture function. These errors are corrected in the 

BDSNP by utilizing more detailed land surface models, which were developed based on 

data not available at the time YL95 was constructed. For example, data from the NASA 

Goddard Earth Observing System (GEOS-5) provides the necessary data for the BDSNP 

in GEOS-Chem (Hudman et al. 2012) while CMAQ uses the Pleim Xu Land surface 

model (2003).  
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1.3.1. General Underestimation: 

This section describes evidence that YL95 generally underestimates soil NOx 

emissions and highlights formulations in YL95 that may cause that underestimation. 

Several studies using inverse modeling and satellite data to constrain emissions find a 

posteriori emissions to be higher than those generated by YL95 (Jaegle et al. 2005, Wang 

et al. 2007, Lin et al. 2007, and others shown in Tabele 4). There remains significant 

uncertainty among the size of the a posteriori emissions, however. Lin et al. (2007) found 

only half the a posteriori emissions that Wang et al. (2007) did for the same region. 

Different studies may get different results even when they appear extremely similar due to 

the different uncertainties in the associated problem. These inversion models have 

uncertainty in the satellite NO2 retrievals, model columns generated from concentration 

estimates, and inversion algorithm used. 



 

 

Table 4 Summary of Relevant Publications Using Inverse Modeling of Satellite Data Compared to YL95 

Paper: Satellite: Time frame: Location: Model: Result: 
Jaegle et al. 2004 GOME1 2000 Africa GEOS2 2 times YL95 
Jaegle et al. 2005 GOME 2000 Global GEOS 2 times YL95 

Wang et al. 2007 GOME 1997-2000 
China/East 
Asia 

GEOS 3 times YL95 

Boersma et al. 2008 OMI3: NRT4 Mar-06 Mexico/USA GEOS 4.5 times YL95 

Zhao and Y. Wang 2009 
OMI: Average 
NRT/Std. 

2007 East Asia REAM 2.4 times YL95 

Hudman et al. 2010 OMI: DOMINO/Std. Jun-Aug 2005-2008 USA GEOS 
pulsing factor 
validated 

Allen et al. 2011 OMI: Standard Apr-May 2006 USA CMAQ5 2 times YL95 

Hudman et al. 2012 
OMI: 

BEHR6/DOMINO7/Std 
June 2005-2008  Global GEOS 1.5 times YL95 

Lin et al. 2012 OMI: DOMINO 2006 EastAsia GEOS 1.17 times YL95 

                                                        
 

1 Global Ozone Monitoring Experiment 
2 GEOS-Chem atmospheric chemistry model: This model uses the Wang et al., 1998 Canopy Reduction Factor Update to YL95: CRF is 16.2% Globally 
3 Ozone Monitoring Instrument 
4 Near Real TIme 
5 Community Multiscale Air Quality Model: No canopy reduction factor.  
6 Berkeley High Resolution 
7 Derivation of OMI NO(2) Project 
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1.3.1.1. Emission Factors 

Some issues are directly highlighted by Yienger and Levy (1995) as problems for 

which more data are necessary. For example, the soil moisture representation causes the 

model to predict higher emissions during the wet season than the dry season, whereas in 

reality the opposite is true (Yienger and Levy 1995). They also recognize that different 

soils will have different water contents under the same precipitation. More data have 

helped to accurately characterize land types and biome emission factors. The number of 

studies available for use by Hudman et al. (2012) was roughly 10 times larger than the 

number available to Yienger and Levy (1995), especially that of  Steinkamp and 

Lawrence (2011), in which emissions coefficients were updated and the number of 

biomes used was doubled. 

1.3.1.2. Soil Moisture 

These coefficients also depend on the amount of available water in the soil: a 

crucial factor for microbial processes. Without a land surface model, soil water content 

must be inferred from precipitation. This introduces uncertainties based on soil type. A 

particularly porous soil may have a relatively small increase in soil moisture for a given 

rain event, while another soil may become saturated. Furthermore, saturated soils inhibit 

emissions, so a model like YL95 which generally increases emissions with rainfall 

significantly over-predicts emissions during very wet episodes. For example, Florida and 

Louisiana are very wet, so YL95 over predicts emissions there in contrast to its general 



 2 

underestimation. Treating soil moisture as a continuously modeled variable actually 

decreases NOx emissions slightly, mostly due to saturation effects (Hudman et al. 2012).  

1.3.1.3. Deposition 

In order to include nitrogen deposition in the model, the relationship between 

deposition and emission must be known and the deposition rates themselves must be 

accurate. Neither was true for the YL95 implementation. YL95 does not currently include 

nitrogen deposition as a factor, which added 0.5 Tg /yr globally (about 5%) in the 

BDSNP. Li and Wang (2007) compared emissions in two subtropical forests in China to 

16 other measurement studies and identified N deposition as a significant driver of 

emissions. 

1.3.1.4. Canopy Reduction Factor 

The CR factor is not included in the CMAQ implementation of YL95 at all. 

However, Wang et al. (1998) included an updated CR factor as part of their 

implementation of YL95 into GEOS-Chem, and this modified CR factor was used by 

Hudman et al. (2012) in their development of the BDSNP. It also is used in the CMAQ 

BDSNP implementation. Wang et al. (1998) moved to a more physical basis based on 

wind speed, turbulence, canopy structure, deposition constants, and other physical 

variables. They calculated a global average reduction factor of 20% compared to Yienger 

and Levy’s original 50%, meaning that worldwide above canopy emissions were 80% of 

above soil emissions as opposed to 50%. Although removing the CR factor would 

increase emissions and possibly solve at least the general underestimation of soil NOx by 

the CMAQ implementation, Allen et al. (2011) show that CMAQ still underestimates soil 
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NOx. Furthermore, a comparison between YL95 in CMAQ and the BDSNP scheme still 

shows a large increase in soil NO emissions using the BDSNP scheme. 

1.3.1.5. Fertilizer 

Wang et al. (2007) compared GOME satellite measurements of Eastern China 

NOx (using the Wang et al. (1998) CR F\factor update) and found that emissions needed 

to be ~3 times the YL95 predicted output to account for the satellite measurements. 

Fertilizer and the agricultural system are implicated as important factors, but the exact 

contribution is unspecified. It might be that YL95 underestimates fertilizer contributions. 

As mentioned earlier, agricultural N emissions in YL95 are equal to 2.5% of fertilizer N 

applied to the ground annually, distributed evenly over the growing season. However, 

Boersma et al. (2008) use aircraft measurements to show that YL95 soil NOx emissions 

account for only approximately ¼ of the measured value in Mexico, where fertilizer 

uncertainty is particularly high. The BDSNP actually finds a lower percentage of 

fertilizer being emitted than 2.5%. The failure of current YL95 implementations to 

accurately estimate fertilizer emissions might be related to the very rapid rise of industrial 

agriculture fertilizer use worldwide. In their original paper, Yienger and Levy (1995) 

estimate 2 Tg N/yr globally from fertilizer, above canopy, whereas the GEOS-Chem 

implementation of YL95 shown in Hudman et al. (2012) estimates only 0.62 Tg N/yr. No 

explanation is readily available, as the Wang et al. (1998) paper only discusses changes to 

the canopy reduction factor. Nevertheless, the BDSNP in GEOS-Chem uses 3.75 times as 

much fertilizer as the GEOS-Chem YL95 implementation, though the final fertilizer 

global emissions estimates at 1.8 Tg N/yr are still lower than the original YL95 paper 

estimates at 2 Tg N/yr. YL95 emissions could be significantly improved in this respect by 
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using a better fertilizer database. Incredibly, the CMAQ implementation of YL95 does 

not even use a fertilizer dataset, it simply scales emissions on agricultural land (with no 

crop differentiation) based on the date from the base emission factors. This makes it 

impossible to account for increasing fertilizer use, crop type variation, crop changes from 

year to year in the same place, and even growing season variation by latitude in CMAQ’s 

implementation of YL95. The best that could be done would be to change the base 

emission factors generated from land use data by SMOKE for input to CMAQ. 

1.3.2. Timing Inaccuracies 

1.3.2.1. Fertilizer 

The YL95 model also applies fertilizer constantly over a growing season, defined 

as May-August or November-February depending on hemisphere, which causes some 

problems with fertilizer emissions between areas at different latitudes. Furthermore, the 

YL95 algorithm also does not take into account greater fertilizer application at the 

beginning of the local growing season. Lastly, in GEOS-Chem, the fertilizer emissions 

are not modified by the temperature or pulsing, leading to constant fertilizer-induced 

emissions over the growing season. Constant fertilizer emissions omit an important 

phenomenon: applying fertilizer during a dry period when neither plants nor bacteria may 

have the water available to use it may result in a large pulse when the soil is eventually 

wetted. This may prove to be a key insight; reducing fertilizer use during dry periods may 

prevent wasteful application, since any N emitted to the air was not used by plants. Since 

most soil NO emissions are naturally occurring, reducing fertilizer use in general is 

essentially the only way to control soil NO emissions. For example, ammonium nitrate is 
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34% nitrogen, so if 1.5% of applied N is emitted, then 0.51% of applied fertilizer 

becomes emitted N, and so by mass 1.7% of applied ammonium nitrate becomes NO2. As 

of 2010, NOx traded at $325 per ton in the Eastern US (EPA 2012). Therefore, removing 

one ton of ammonium nitrate would be worth $5.5, dwarfed by the cost to buy the ton of 

ammonium nitrate in the first place at about $300 per ton. A similar calculation could be 

done for other types of fertilizer. 

1.3.2.2. Pulsing 

The YL95 algorithm also does not capture grassland pulsing very well. As shown 

in Jaegle et al. (2004, 2005), the African savannah is a prime example. During the warm 

dry season, occasional rainfall leads to very strong, short pulses of NOx emissions related 

to the length of the prior dry period. These pulses are the result of water-stressed bacteria 

reactivating (Hudman et al. 2012). Because pulses do not increase with the length of the 

dry period, the main YL95 model essentially fails on the savannah, where emissions must 

be forced to constant terms during the wet/dry season. Yienger and Levy (1995) 

acknowledge that explicit soil saturation dependence would be much better, but a lack of 

data made this impossible at the time. Now that models such as CMAQ and GEOS-Chem 

include detailed land surface modules, this improvement from rain dependence to actual 

soil wetness is included in the BDSNP and CMAQ version thereof.  

1.4. BDSNP Improvements 

The BDSNP makes several improvements which bring soil NOx emissions up to 

9.0 Tg N/yr above canopy, from 6.2 above canopy and 7.4 above soil (0.16 CRF) as 



 6 

simulated with the most recent version of YL95 (Hudman et al. 2012).   The BDSNP has 

several structural changes, but generally follows the same algorithm structure of YL95, 

which involves taking a base emission factor (A) and multiplying by functions of 

temperature (T), soil moisture (  , and a pulsing term dependent on the length of the dry 

period as opposed to the amount of rainfall which ends the dry period (Hudman et al. 

2012).  

    
          

             
    

    
                  

                          

                            

Equation 1-7 – BDSNP Algorithm 

Fertilizer and deposition both contribute to modifying the A emissions 

coefficients for each biome, and the resulting A’ is multiplied by the meteorology terms 

f(T), g(  , and P(ldry). The temperature factor f(T) is simplified to be exponential 

everywhere. NOx flux now depends on soil moisture (   instead of rainfall, and it 

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

saturated. The pulsing term now depends on the length of the dry period and a change in 

soil moisture instead of on the amount of precipitation. The canopy reduction factor is the 

same as that used in Wang et al. (1998). Although this was not included in the original 

published paper (Hudman et al 2012), it is included in the final implementation. This 

reduces the flux by about 16%, from 10.7 above soil to 9 Tg N/yr above canopy. 
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1.4.1. Fertilizer 

Based on the work of Stehfest and Bouwman (2006), later revisions to YL95 as 

implemented in GEOS-Chem had fertilizer contributing to additional emissions on top of 

the base emissions, and these emissions were set equal to 1.8 Tg N yr
-1

 (Hudman 2012 et 

al). Based on the work of Sheldrick et al. (2003), Hudman et. al. (2012) make 37% of 

fertilizer and manure N available for potential emission, and use a fertilizer database from 

Potter et al. (2010). Below canopy emissions from YL95 are .8 Tg N/yr  (2.5% of 

fertilizer), but Hudman et al. (2012) place fertilizer emissions at only 1.5% of applied 

fertilizer. Therefore, based on the given emissions totals and the percentage of applied 

fertilizer assumed, the Potter et al. 2010 dataset being used represents four times as much 

fertilizer as the Food and Agriculture Organization of the UN dataset used by YL95. 

While Hudman et al. chose to fix their fertilizer emissions as a total amount and thus 

derive the percentage of applied fertilizer emitted; it would also make sense to take 

literature values for the percentage of applied fertilizer emitted (such as 0.91% from 

Stehfest and Bouwman 2006) and a fertilizer database to generate fertilizer induced 

emissions. Unfortunately, which method would lead to more accurate emissions is 

currently unclear.   

Regardless, without updating, any parameterization of soil NO based on fertilizer 

will be out of date within a decade. The integration of the BDSNP and the Environmental 

Policy Integrated Climate EPIC (Cooter et al. 2012) fertilizer model in CMAQ, to be 

completed as future work, is intended to go a long way towards making this process 

easier and more accurate for end users.  
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In the model of available nitrogen, F is fertilization rate or deposition rate, and τ is 

a decay time, which is 4 months for fertilizer (  ) and 6 months for deposition (  ). 

Notice that as t approaches infinity, the available nitrogen approaches           if F 

and D are constant (Hudman et al. 2012).  

                           
 

 
            

 
 
    

                 
 

 
             

 
 
    

                            

Equation 1-8 – Nitrogen Reservoir Emission Factor 

Adapted from Equation 5, 6, Hudman et al. 2012 

The emission scale factor E is set by Hudman et al. (2012) to 0.68% (0.0068), in 

order to scale fertilizer emissions after meteorology to 1.8 Tg N/yr, or 1.5% of applied 

fertilizer. Allowing this larger fertilizer database to be modified by meteorology as 

originally formulated in YL95 vastly increases variability as well as the magnitude of 

emissions, which brings estimated emissions more in line with measurements.  

1.4.2. Moisture and Temperature Dependency 

The unrealistic discontinuity between “wet” and “dry” soils in YL95 means that at 

high temperatures there are large uncertainties in emissions from relatively small 

uncertainties in rainfall. It also neglects the saturation effect, which is a significant reason 
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(recognized in the paper) why YL95 has difficulty accurately modeling regions with 

strong wet/dry seasons. Hudman et al. (2012) show this clearly by graphing NOx 

emissions as a function of temperature and rainfall (YL95) and soil moisture (their work).  

They use a Poisson function to represent the moisture (theta) dependence (Hudman et al. 

2012), with a and  b varying for different climates such that the maximum of the function 

occurs at       for arid soils and       otherwise.  

                              
 

Equation 1-9 – BDSNP Moisture and Temperature Factors  
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Figure 3 - Temperature and Soil Mousture Combined Emission Factor 

Comparison: YL95 vs BDSNP (Hudman et al. 2014) 
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1.4.3. Pulsing 

The pulsing term, by depending on the logarithm of the length of the dry period, 

also increases overall emissions estimates and improves seasonality. In concert with the 

saturation effect of the soil moisture dependence, the same model algorithm can now 

correctly replicate the higher NOx emissions during the dry season over the wet season of 

the savannah and other places. As in the YL95 model, the pulse is allowed to decay over 

a few days, with the constants chosen to parameterize the results of four field studies 

(Hudman et al. 2012). 

                                        

Equation 1-10 – BDSNP Pulsing Emission Factor 

1.5. Model Validation  

In conclusion, the BDSNP makes significant changes to the YL95 scheme both in 

overall magnitude and emission timing based on inverse modeling results and site studies 

of emissions (Hudman et al. 2012). These changes are critical to accurately modeling 

biogenic soil NOx emissions in the American Midwest and especially in Africa, India, 

and South America.  

The increase in worldwide above-canopy emissions, from 6.2 to 9 Tg N/yr, does 

not capture the improvement over these critical areas, where NOx pulses and higher 

temperatures can result in emission rates 2-4 times higher than those predicted by YL95 

(Hudman et al. 2012). For example, 2006 was an exceptional year, where Midwest 
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emissions were 11% higher than the 2005-2008 average as seen by OMI, and the BDSNP 

was able to replicate an 8% increase in emissions. However, a comparison with YL95 is 

not provided. While these changes are within OMI uncertainty, in theory there are 

systematic biases removed by considering only interannual variability.  

As mentioned, there are large areas of the United States and world where soil NOx 

emissions are a large fraction of total NOx emissions. Without accurate modeling, 

regulations attempting to meet air quality standards may provide uncertain benefits. 

Correctly understanding how NOx emissions vary with meteorology is particularly key to 

predicting emissions under plausible climate change scenarios.  Furthermore, by 

modeling however simply the available soil nitrogen, this updated emissions scheme in 

particular lends itself to predicting HONO emissions from soils. Su et al. (2011) indicate 

that a reasonable parameterization of a possible soil HONO source can be made using 

atmospheric HONO concentrations, soil pH, and soil N content. By switching the effect 

of fertilizer to a different dataset rather than a hard-coded emission factor, it is 

computationally and practically much easier to update and take into account the effect of 

increasing fertilizer use. Most air quality management strategies ignore the impact of 

agriculture, and making an explicit link between agriculture and air quality allows an 

investigation of new control strategies. These improvements to a popular atmospheric 

model allow the model to be used with greater confidence to inform the development of 

control strategies to protect human health.   
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Chapter 2 

Description and Methods 

As described above, the purpose of this research was to improve our 

understanding of the biogenic production of NOx from soils for input to CMAQ.  The 

baseline model was the Yienger-Levy model (YL95) (Yienger and Levy 1995). YL95 

served as the original basis for CMAQ’s consideration of biogenic NOx emissions. YL95 

has recently been replaced by the BDSNP. The updates in BDSNP had not previously 

been incorporated into CMAQ. Therefore, this work has adapted the BDSNP so that its 

improvements can be used in conjunction with CMAQ and creates a platform for further 

model development.  

2.1.1. Relationship between YL95 as Published and CMAQ 

There are a few significant differences between the Yienger original YL95 and 

that which was coded into CMAQ by various authors since 2001. A coded version of the 

model using the original algorithm does not exist and cannot be written and tested in a 



 14 

timely manner. Therefore, it is impossible to quantify precisely what the differences in 

emissions are between the YL95 scheme implemented in CMAQ and the algorithm 

published in the original literature. General trends can be inferred from the changes in 

CMAQ from the original publication, however. 

 The originally published version of YL95 takes into account dry periods by 

classifying soils as wet or dry based on the previous two weeks of rainfall. On the other 

hand, CMAQ does not use separate and mutually exclusive wet and dry expressions for 

calculating emissions, nor does CMAQ track rainfall for more than a day. Instead, the 

soil moisture factor is a linear combination of the wet and dry terms. The version of 

CMAQ which uses the Pleim-Xu land surface model allows for soils to be saturated, 

except that it has a strict cut-off value after which emissions are set to 0. 

 This CMAQ calculation is different from the BDSNP algorithm, which gradually 

decreases emissions as soil water content increases. The rain rate in CMAQ YL95 

determines the pulse factor regardless of whether or not the soil has a dry period, unlike 

in the published version of YL95. Furthermore, these pulse factors are only applied to 

agricultural emissions and only during the growing season. As indicated in several 

sources, grasslands contribute substantially to soil NO pulses (Jaegle et al. 2004, 2005; 

Hudman et al. 2010).  The pulses are otherwise identical in magnitude to those described 

in YL95.  

Another difference in the CMAQ implementation of the YL95 scheme is that 

there is no explicit representation of simulated, empirically estimated, or measured values 

of fertilizer levels. Instead, agricultural land emissions are increased by a fertilizer term 

depending on the date only as follows: before the growing season, this additional factor is 
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0; it is 1 for the first 30 days of the growing season; and declines linearly to 0 at day 214 

of the growing season. This 0 should not be interpreted to mean 0 emissions; it just 

indicates that the land will emit as grassland, which is how YL95 treats off- season 

agricultural emissions. The growing season is defined as April 1 to October 31, rather 

than being allowed to vary by latitude (YL 95) or by a satellite driven analysis of 

vegetation (BDSNP).  

As mentioned in the previous chapter, YL95 has a canopy reduction term that is 

not included in CMAQ. This reduction factor indicates that nearly half the soil emissions 

are removed within canopy. This means that emissions may be overestimated by CMAQ 

in forested areas relative to grassland, though the careful choice of biome emissions 

factors can mitigate this overestimation. Agricultural emissions in CMAQ, however, are 

reduced by a factor that starts at 1 and decays linearly to 50% between 30 and 60 days 

after the start of the growing season, as a vegetation adjustment, distinct from the 

fertilizer adjustment factor. Both the fertilizer and vegetation factor are multiplied by the 

normalized emissions factor. No investigation of the canopy reduction factor relevant to 

the CMAQ implementation is readily available, and such an investigation is beyond the 

scope of this work. Rather than have base biome emission factors which are assigned to 

each cell (or a weighted average of biome emissions factors such as 0.5 grassland and 0.5 

agriculture) each cell has normalized emissions for each of three categories: agricultural 

growing season, agricultural non-growing season, and non-agricultural, and these 

emissions are affected differently by meteorology.  

A summary of the modified YL95 algorithm is presented below.  

Growing Season Agricultural Emissions:  
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Equation 2-1 –CMAQ-Modified YL Growing Season NO Emissions 

Outside of the growing season, or if these emissions exceed the growing season 

agricultural emissions, CMAQ uses the emission scheme from BEIS2 for both 

agricultural and non-agricultural land with scaled base emission factors8:  

                                                             

Equation 2-2 –CMAQ-Modified YL Non-Growing Season NO Emissions 

The original YL95 wet and dry temperature functions as described in the 

literature review are plotted with the CMAQ temperature function from Eq. 2-2 in 

Figure 4: 

                                                        
 

8 In the CMAQ code, there is a correction factor to account for the fact that the base biome emission 
factors are normalized at 30 deg. C, and they are not normalized in YL95 which requires adjustments to 
the temperature factor.  
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Figure 4 –YL95 and CMAQ Temperature Factors 

Note that the CMAQ non-growing season and non-agricultural calculation 

method does not consider pulsing, fertilizer, soil moisture, or canopy reduction, but is a 

strict function of temperature. Therefore, the YL95 scheme as implemented in CMAQ is 

particularly inaccurate wherever these effects compete with the effect of temperature. The 

relative importance of growing season agricultural emissions, non-growing season 

agricultural emissions, and non-agricultural emissions can be seen in figures 4-6, 
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including a lack of agricultural data over Mexico: 

 

Figure 5 –Growing Season Agricultural NO Emission Factors 

 

 
Figure 6 –Non-Growing Season Agricultural NO Emission Factors 
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Figure 7 – CMAQ YL Non-Agricutlural NO Emission Factors 

The fertilizer factor in CMAQ YL95 is a function of the date only. There are two 

parts, a vegetation adjustment and fertilization adjustment. The vegetation adjustment is 1 

during the first month of the growing season, and then declines linearly to 0.5 over the 

second month and stays there for the rest of the growing season. The fertilizer adjustment 

factor starts at 1 at the beginning of the growing season and is 1 for the first month, after 

which it declines linearly to 0 at the end of the growing season. The growing season is 

defined as April 1 to October 31. Therefore, these adjustments do not take into account 

changing rates of fertilizer use nor do they vary by location. Simple land use factors, as 

used by SMOKE to generate the base emissions factors, cannot account for different 

fertilizer application rates at different times and places. Even though the program uses 



 20 

230 land use types in land cover data to generate emission factors for each cell, there is 

still just a binary designation of agriculture or non-agriculture for a given location.  

The fertilizer reservoir of the BDSNP shares similar features to the growing 

season agricultural emission factors used in CMAQ but at a lower resolution. The 

fertilizer reservoir for a single may day is shown in Figure 8 for comparison. These plots 

also help illustrate that much of the variability and complexity of the CMAQ YL95 

scheme is embedded in the emission factors, rather than the algorithm. The BDSNP has 

only 24 emission factors which vary by land type –all other spatial variation must derive 

from climate, fertilizer, etc.    

 

Figure 8 – Sample Fertilizer N Reservoir May 10 
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2.1.2. Adapting the BDSNP for CMAQ 

This work removes the effect of fertilizer use from the main code and makes it an 

input file, making the soil NO scheme easily updated with new data. In particular, the 

effect of fertilizer for the BDSNP was scaled to global 2006 emissions by Hudman et al. 

(2012) using a spatial distribution for 2000 from Potter et al. (2010_.  The effect of 

fertilizer is therefore already eight years out of date in magnitude and 14 years out of date 

for relative distribution.  

For the BDSNP, the same global land cover data as used in GEOS-Chem was re-

gridded to the appropriate domain. Future simulations would either take a subset of the 

already regridded and projected data or, for simulations outside the US, re-project the 

global data. The land cover types and associated biome emission factors were determined 

by Steinkamp and Lawrence (2011) using MODIS data combined with a Koeppen 

climate classification, drawing from Kottek et al. (2006) and Friedl et al. (2006). Of the 

17 MODIS land types (plus unclassified) barren, open shrubland, savannah, grassland, 

deciduous broadleaf, and evergreen broadleaf are split into cold and warm climate types 

to yield the total 24 land cover types used in the BDSNP.  

In this analysis the land cover map used for the GEOS-Chem BDSNP was re-

gridded to the EPA standard grid on a Lambert-Conformal projection using Arc-GIS. 

Because the resolution of the land cover map was low, one pixel covered approximately 

four cells at the CMAQ resolution. One land cover type, the most prevalent, was assumed 

for each cell rather than allowing fractions of land types. This simplification is the only 

downgrade to the sophistication of the current YL95 scheme implemented in CMAQ. 

Hudman et al. (2012) compared the effect of the canopy reduction factor on YL95 and 
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the BDSNP, finding that the canopy reduction factor resulted in 16.2% lower emissions 

using YL95, and 15.8% lower using the BDSNP. This heuristically makes sense, because 

the BDSNP primarily increases emissions in areas with lower canopy reduction factors 

such as grasslands, which reduces the worldwide canopy impact even though they use the 

same method. 

The emission factors themselves mostly came from Stehfest and Bouman (2006), 

who summarized the literature on measured soil NO emissions. Methods of measuring 

NO emissions included flux chambers, gradient analysis, eddy correlation, and aircraft 

measurements (Davidson and Kingerlee 1997). Primary methods include placing a 

chamber or cover over the soil and allowing NO (or other relevant compound) 

concentrations to increase in the chamber, or instead flushing air through and measuring 

the concentration difference between inflow and outflow. Anderson and Levine (1987) 

provide a more detailed description of one such method and early evidence for pulsing, 

temperature and moisture dependence, while the Food and Agriculture Organization of 

the United Nations provides an overview of techniques (Global estimates of gaseous 

emissions of NH3, NO and N2O from agricultural land, 2001).  

CMAQ recently added in-line biogenics, whereby biological emissions could be 

calculated in tandem with the rest of the model, instead of receiving the meteorology and 

being calculated separately. In-line biogenics allows my modification of the BDSNP to 

increase N emissions in response to high N deposition, treating it as fertilizer with the 

exception of a different reservoir decay time. The BDSNP as formulated could not be 

integrated into prior versions of CMAQ at all without losing this key feature.  
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The Pleim-Xu land surface model, which is different from the GEOS-Chem 

model, is used to provide soil condition data. GEOS5, the land surface model used by 

GEOS-Chem, uses the top 2 cm for soil moisture, while the Pleim-Xu uses 1 cm. Pierce 

and Aneja (2000) show that 42% of emissions originate in the first centimeter, the current 

Yienger and Levy (1995) implementation uses soil moisture for the first centimeter, and 

soil moisture between 1 and 2 cm is not expected to be radically different. Therefore, the 

1
st
 centimeter as output by the land surface model is used because a 2 centimeter 

breakdown is unavailable to the model.  

Data provided by the EPA for 2005 were used in order to do an annual run, which 

consisted of all the necessary meteorology and emissions inventory necessary to run 

CMAQ. Meteorology data were produced through the Weather Research and Forecasting 

Model driven by National Centers for Environmental Prediction (NCEP) and National 

Center for Atmospheric Research Reanalysis data, which is comprised of historical 

observations and processed to control quality and consistency across years (National 

Oceanic and Atmospheric Administration). Emissions were generated using the Sparse 

Matrix Operator Kernel Emissions (SMOKE). While these data are not published 

independently, the treatment of meteorology and other CMAQ inputs are the same as 

described in Bash etal. (2013). The domain consisted of 459 columns, 299 rows, 35 

layers, and 12 km cells using aLambert Conformal Projection over North America. A full 

list of settings is in the Appendix. 

2.1.3. Removing the Influence of Initial Conditions (“Spin-up time”) 

The deposition reservoir in the BDSNP has an exponential decay time of 6 

months (Hudman et al. 2012) and allowing the deposition reservoir to reach a state 
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independent of initial conditions would take too long for most air quality applications. 

Instead, an initial run of the model can use a pseudo steady state approximation, to 

approximate the reservoir generated by the year-long run within 10% over 3 simulation 

days according to the following equation, where D is the deposition rate and tau is the 

decay time for deposited nitrogen: 

                    

 However, some outlier cells remained at +-50% which increases uncertainty, 

especially over small domains. Using the Environmental Policy Integrated Climate model 

(EPIC) to generate soil nitrogen content would alleviate this problem since EPIC results 

are available from the EPA for most years, but at the same time restrict the domain to the 

USA.  

Unfortunately, dry period driven pulsing is not so easily accounted for. Unlike the 

deposition reservoir, the length of time since the last rain will vary dramatically from 

time to time and place to place, some cells going 4 months without enough rain, which 

would result in a pulse factor of 50. The current implementation begins by assuming a 

dry period length of 0, and therefore does not accurately capture pulsing until after the 

second rain. Since pulses vary with the natural log of the dry period, however, and pulses 

decay exponentially, just a few weeks of soil moisture or rainfall data should provide 

relatively accurate solutions. If the meteorology input data include such a period before 

the episode in question, these data can be acquired from there. For an approximate result, 

the soil state files generated from this analysis provide reasonable starting conditions for 

US simulations but are only directly valid for 2005.  
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The EPA provided 9TB worth of input data for 2005 in order to do an annual run, 

which consisted of all the necessary meteorology and emissions inventory necessary to 

run CMAQ. The simulations were conducted on Rice’s DAVINCI supercomputer cluster, 

using 144 processers to simulate one day in approximately 90 minutes, and over 10 TB of 

data were kept for analysis. Openmpi managed the multiple processers, and CMAQ was 

compiled with Intel Fortran.  
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Chapter 3 

Results and Discussion 

Given the recent development of the BDSNP, this is only the second analysis 

of differences between the BDSNP and YL95 models, and the only analysis within 

the context of the CMAQ model.  The BDSNP implemented into CMAQ by this work is 

substantially different from the YL95 soil NO emissions scheme as implemented in 

CMAQ. The resulting changes not only increase the magnitude of emissions overall, 

but increase the emissions in some places more than others, decrease emissions in 

some locations, and increase the variability in emissions. For example, very wet 

areas such as Louisiana saw emissions decrease due to soil saturation, while the 

upper Midwest saw emissions increase due to increased fertilizer use and other 

changes. Previously discussed research indicated that these changes would improve 

soil NO estimation and in particular make NO2 columns simulated by CMAQ more 

closely match satellite derived NO2 columns. However, the NO2 columns generated 

by the 2005 CMAQ run using the BDSNP have significant overestimation of the NO2 
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columns collected by satellite (Lamsal et al. 2014). The presentation of results will 

begin by comparing overall magnitude and variability, then discussing seasonal 

trends and impact on secondary pollutants, and concluding with a comparison to 

satellite data.   

3.1. Comparison of NO emissions of YL95 and the BDSNP 

Table 5 shows the differences in NO emissions between the two models over 

the domain, including the standard deviation across cells of the monthly average 

and the correlation coefficient of cell monthly averages between the BDSNP and 

YL95. Total 2005 emissions over the domain (approximately the continental US) are 

approximately 0.79 Tg N/yr under the BDSNP and 0.56 Tg N/yr for YL95, which 

straddle a 2006 estimate for the continental US of 0.62 Tg N/yr using the GEOS-Chem 

version of YL95 (Hudman et al. 2010). Unfortunately, a separate continental US BDSNP 

estimate was not included in the 2012 BDSNP publication, and the global data were not 

available for such an extraction. Because the domain, resolution, and year are different, it 

is not surprising that the yearly totals are slightly different, but the fact that the BDSNP 

yields about 1.5 times the YL95 yearly emissions agrees well with the relative global 

increases found in Hudman et al. (2012). 



 

28 
 

3.1.1. Monthly Averages and Emissions Characterization 

Table 5 BDSNP Monthly Emissions: Monthly Average Used for Standard Deviation; Correlation Coefficient 

ngN/m2/s January February March April May June July August Sept Oct Nov Dec 

BDSNP 0.82 1.03 1.86 4.48 7.70 11.04 13.45 11.60 9.19 4.78 2.46 0.96 
BDSNP Std. 
Dev. 

0.28 0.42 0.50 1.02 1.48 1.91 2.17 1.89 1.64 
0.91 0.66 0.35 

YL95 1.62 1.98 2.45 5.05 5.54 6.58 6.98 6.20 5.31 3.84 2.64 1.63 
YL95 Std. 
Dev. 

0.20 0.22 0.25 0.70 0.68 0.71 0.67 0.57 0.45 
0.33 0.28 0.20 

BDSNP/YL95 0.51 0.52 0.76 0.89 1.39 1.68 1.93 1.87 1.73 1.25 0.93 0.59 

Corr. Coeff. R 0.31 0.25 0.37 0.25 0.30 0.33 0.31 0.37 0.37 0.39 0.31 0.36 

R^2 0.10 0.06 0.13 0.06 0.09 0.11 0.10 0.13 0.14 0.15 0.10 0.13 
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The correlation coefficient R between the YL95 and BDSNP scheme and the 

increased variability of the BDSNP show that the BDSNP is a significant departure from 

a mere scaling of the YL95 scheme. While other studies indicate that increasing YL95 

emissions is warranted, the BDSNP makes significant departures from the YL95 scheme 

in terms of where and when emissions are highest. To the extent that the BDSNP better 

captures emission timing, a simple multiplication of the YL95 scheme would be 

inaccurate. The next section will therefore analyze the relative contribution of fertilizer, 

deposition, and the base biome emission factors over the seasons. 

3.1.2. BDSNP Seasonal Trends 

Fertilizer emissions remain a relatively stable fraction of emissions throughout the 

summer after increasing sharply at the beginning of the growing season. The BDSNP 

applies 75% of yearly fertilizer as a Gaussian distribution over the first month of the 

growing season, as determined for each cell by the Moderate Resolution Imaging 

Spectrometer (MODIS) satellite instrument, with the remaining 25% distributed evenly 

until the end of the growing season (Hudman et al. 2014). Despite assuming that fertilizer 

is applied mostly at the beginning of the summer, the slow decay rate (4 months) and 

continued application keeps the fertilizer reservoir relatively constant, with variation due 

to daily weather patterns, as seen in Figure 9 and 10.  
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Figure 9 – Fraction of emissions from base biome factors, fertilizer, and 

deposition for the Continental United States 
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Figure - 10 Total kg NO Emitted due to Base Biome Emission Factor, Fertilizer 

Induced Emissions, and Deposition Induced Emissions 

3.1.2.1. Removing the Effect of Initial Conditions or “Spin-Up Time” 

The nitrogen reservoir needs to be initialized in order to account for deposition to 

the soil. Hudman et al. (2012) ran the model for 6 months prior to conducting their 2006 

analysis in order to build a deposition reservoir and remove the effect of the initial 

conditions. A qualitative analysis of the deposition fraction of emissions above supports 

that before 6 months, the deposition reservoir is consistently increasing because there is 

more deposition than exponential decay loss, indicating that the initial deposition 
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reservoir was too low. To compensate for this, a steady state assumption was made 

during the beginning of the model run. Unfortunately, the CMAQ model also initializes 

many atmospheric concentrations as 0, which means that it took time for the deposition 

rate to reach a reasonable value as well. This means that the fraction of emissions due to 

deposition is much too low for the first 6 months of the model. By restarting the model 

with a longer time before dropping the pseudo steady state assumption, the length of time 

required to reasonably approximate the deposition reservoir can be determined. After 4 

days of simulation, the deposition reservoir was on average +-10% but some outlier cells 

were still at +-50% of the deposition reservoir generated by 8 months of simulation. This 

solution is currently being used to correct the first months of the simulation. Therefore 

while special care must be taken to allow an appropriate spin-up time before simulating 

the period of interest, either a steady state assumption over several days or the use of a 

restart file will be needed to provide an approximate solution. Given some of the 

variability in the pseudo steady state solution, a restart file from the same period even if 

the years are different is recommended.  

3.1.3. Continental Trends 

Emissions follow a strong seasonal trend, being several times higher in the 

summer than the winter. The BDSNP seasonal trend is much stronger than the YL95 

trend. This is because the temperature dependence of emissions is quite different at 

low temperatures. While the CMAQ scheme allows emissions at 0o Celsius (air 

temperature) to be 1/5th of emissions at 30 Celsius, the BDSNP sets emissions to 0 

below freezing, and at just above freezing emissions are about 1/20th of emissions at 
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30o Celsius. The previous studies showing that Yienger and Levy (1995) 

underestimate emissions often confine their research to the summer months, when 

soil emissions are most significant, so further research is required to determine if 

the reduction of emissions in winter is appropriate or significant given the relatively 

low level of emissions.  

 

Figure 11 - BDSNP - YL95 Simulated August Average NO Emissions in gm/sec 
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3.1.3.1. Regional Analysis 

 

Figure 12 - Fraction of Emissions from Base Biome Factors, Fertilizer, and 

Deposition, California Sub-Domain 

In contrast to the continental average, the California sub domain has deposition as 

a major determinant of emissions (Error! Reference source not found.), actually 

exceeding the base biome coefficient in some cells, which have a contribution to 

emissions from deposition of over 50% due to the high levels of simulated deposition. 

This is the only region in which deposition accounted for a large fraction of emissions, 

and emissions are somewhat higher the predicted by YL95, but for contrasting reasons. 

Overall deposition only accounts for 10% of emissions from the area at the peak values in 
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summer, and the areas with high deposition still emit slightly less than prediction by 

YL95. Due to the base biome factor changes, however, there is still a net increase in 

emissions over the area.   

 

Figure 13 Fraction of August emissions driven by N deposition over California 
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Figure 14 –August Monthly Average Pulse Fraction of BDSNP NO Emissions  

Plotting the relative fraction of NO emissions that originate from rain-induced 

pulsing indicates that pulsing is an important factor, particularly in California relative to 

the rest of the country. The pulse factor has been most carefully evaluated over large 

grasslands, such as the Midwest and African Sahel (Hudman et al., 2010, Jaegle et al., 

2004), but not over an intensively farmed valley. If the soil is not drying out between 

rainfalls due to irrigation, then the pulse factor there may be too high. In particular, land 

is categorized by the BDSNP as either having an arid or wet climate, and soil in an arid 

climate emits peak emissions at 0.2 soil moisture content, which is below the 0.3 

threshold set to count as “dry”. This means that the soil may be emitting as if it were at 

optimal water content for emissions, all the while adding length to the dry period and 
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increasing the next pulse. After a rain event, the simulated soil moisture may briefly 

exceed 0.3 before dropping to ~0.2, and the pulse factor would then be a multiplier on 

already high emissions.  

 Alternatively, the irrigation and runoff from the area may carry away a larger 

fraction of the N reservoir assumed to be available to microorganisms, or the crops 

deplete more nitrogen than theorized. These hypotheses are difficult to disentangle from 

other possible effects because each aspect of the BDSNP implementation tends to 

increase emissions in this area: high temperatures, intermittent rainfall, high fertilizer use, 

high N deposition from nearby urban areas, and high biome emission factors. While the 

simulated effect of each factor is easily calculated, determining which of these variables, 

if any, is unrealistically raising emissions will be difficult.  

3.1.4. Secondary Impact 

  

Figure 15 –Average Ozone August 2005 BDSNP minus YL95 
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The BDSNP model has significant implications for ozone simulations, as 

indicated by Figure 15, which shows changes in ozone concentrations of 3 ppbV or 

more for significant areas of the country.  The largest relative differences in NO 

emissions and the largest absolute ozone differences occur in the northwest of the 

US. Steinkamp and Lawrence (2011) dramatically increased the base biome 

emission coefficient for evergreen forests, the dominant land type in this area, to 

1.66 ng N/m2/s from 0.03 ng N/m2/s. Their full model changes increase emissions 

from this landtype to .75 Tg N / yr, up from 0.02 Tg N /yr, 37.5 times more with 

little explanation. By taking a 24 hour average, night time titration of ozone is 

included, resulting in a decrease of average concentrations in the Midwest, possible 

because of the non-linear ozone response to NOx. 

Although the highest absolute differences in NO emissions tend to occur in 

the Midwest, the San Joaquin Valley is notable for both absolute and relative NO 

increases. Outside of California, the largest ozone changes are in areas other than 

those with already high ozone levels.  
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Figure 16 - 2.5 micrometer particulate difference between BDSNP and YL95 

In contrast to ozone, particulate matter differs less between schemes and 

total differences are confined to the Midwest as shown in Figure 16. A slight 

majority of the change is accounted for by ammonium and nitrate aerosols, with a 

small increase in sulfate as well.  

3.1.5. Sensitivity Analysis 

Because the BDSNP model changes NO emissions from soils, ozone levels are 

affected differently by anthropogenic NOx emissions compared to estimates not 

using the BDSNP scheme. This difference is important to investigate because it 

affects the amount of NOx reduction estimated as necessary to meet a given ozone 

target. In order to investigate the effect of the BDSNP implementation on the change 
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in ozone concentrations due to a 10% reduction in anthropogenic NOx emissions, 

four CMAQ simulations were compared: One with BDSNP and full anthropogenic 

emissions, one with BDSNP and a 10% reduction in anthropogenic NOx emissions, 

one with the default YL95 and full anthropogenic emissions, and one with the YL95 

but a 10% reduction in anthropogenic NOx emissions. Each simulation had the same 

initial conditions, but the simulation was allowed to run for a full 7 days (July 25 – 

July 31) before data were included in the results. For the BDSNP simulations, while 

the nitrogen reservoir was allowed to change over those 7 days, the decay time of 

months meant that the slight change in deposition created a negligible change in the 

N reservoir.  

Average 8-hour maximum ozone values were compared to determine the 

effect of the NOx reduction under both schemes. By taking the difference in 8-hour 

maximum ozone levels, the regulatory impact of the 10% reduction can be 

estimated under each soil NO scheme, and the difference was taken to show how 

updating the CMAQ soil NO scheme to the BDSNP algorithm affects ozone sensitivity 

to anthropogenic NOx. . Individually, the sensitivities under the different soil NO 

schemes presented in Figure 17 and Figure 18, with the difference shown Figure 19:  
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Figure 17 –Ozone Sensitivty to NOx under YL95 

 

 

Figure 18 – Ozone Sensitivty to NOx under the BDSNP  



 42 

 

 

Figure 19 – Absolute Difference in Ozone Sensitivity to NOx under BDSNP and 

YL95 

Figure 19 shows that the BDSNP, by increasing soil NO emissions, typically 

reduces the sensitivity of ozone to anthropogenic NOx emissions. This means that 

for certain parts of the country a simulation using the BDSNP scheme predicts a 

slightly smaller ozone reduction for a given NOx reduction than a simulation using 

the YL scheme. While these sensitivity reductions are mostly slight on an absolute 

basis, they are substantial on a relative basis in many areas as show in Figure 18. 

The Midwest and northern west coast are areas with both the largest magnitude 

change in sensitivity and areas where the BDSNP NO emissions are particularly 
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higher than the YL NO emissions. This can also be seen in the relative sensitivities, 

the BDSNP sensitivity over the YL sensitivity in Figure 20: 

 

Figure 20 –Relative Difference in Ozone Sensitivity to NOx under BDSNP and 

YL95 

Here negative ozone sensitivities using YL95 (where the denominator would 

be negative) have been deleted, so that cases where both the BDSNP and YL 

schemes have negative sensitivities are not confused with where they are both 

positive. While these areas are important because they are urban and typically have 

high ozone, the BDSNP update does not make a large difference here because it 

primarily affects more rural areas. For the vast majority of the country, the BDSNP 

reduces simulated ozone sensitivities to anthropogenic NOx, sometimes to as low as 
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half the simulated ozone sensitivity under the YL scheme. In 23 cells, the sign of the 

sensitivity is flipped between YL and the BDSNP, primarily in California and the 

Midwest. This indicates that in this simulation some places are receiving enough 

extra NOx from the BDSNP scheme such that reducing NOx increased O3 

concentrations.    

3.1.6. Comparison with Satellite Data 

Satellite data represent one way of validating model concentration 

predictions over very large areas impractical for ground-based measurements. Since 

soil NOx is an extremely distributed rural source, and satellite data were used in 

many of the inverse modeling studies used to justify the implementation of the 

BDSNP, satellite data are compared here to simulated model column totals. Monthly 

mean NO2 Columns in 1015 Molecules/cm2 over the domain were calculated using 

the vertintegral program included as part of the CMAQ system. This tool converts 

simulated concentrations to column totals using the meteorology input files to 

account for air density. These results are compared with OMI retrieval data 

described by Lamsal et al. (2014). The results are shown in Table 6: 
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Table 6 CMAQ BDSNP NO2 Vs. Satellite Derived NO2 Columns By Month 

Month April  May June  July August 
Satellite 1.50 1.23 1.22 1.04 1.06 
BDSNP 1.71 1.50 1.42 1.43 1.43 
BDSNP Bias +0.21 +0.27 +0.20 +0.39 +0.37 
R 

    
0.6379 

YL95 
    

1.38 
R 

    
0.6384 

 

Satellite comparison suggests that this overestimation occurs primarily in July and 

August, when emissions are highest. Interestingly, the GEOS-Chem simulation 

included in Lamsal et al. (2014) shows a similar high bias over the summer months. 

Elevated aerosols, ground albedo, and resolution issues are listed as possible 

retrieval errors while emissions, OH concentration, N2O5 hydrolysis rates, and 

vertical mixing errors are listed as possible model errors, errors that CMAQ may 

share. Simulated NO2 columns during the other months more closely correspond to the 

satellite derived NO2 columns. Problems with this comparison and possible sources of 

error include differences in the retrieval algorithm or the way the satellite data are used to 

infer the NO2 column. Since the NO2 column is calculated as a mere sum of the 

molecules of NO2 over an area, any error above the better validated lower portions of the 

model would be additive. This source of error, however, is mitigated by the fact that the 

density of air is much higher at lower elevations in the troposphere, so concentration 

inaccuracies higher in the troposphere would have a relatively smaller impact.  

For these reasons, one method of evaluating the scheme is to look at inter-annual 

differences in order to remove systematic differences between modeled and satellite-
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derived NO2 columns. This should be sufficient to confirm that the BDSNP correctly 

captures larger trends between years with different average temperatures and rain falls, 

and that the relative difference before and after pulsing is roughly correct. This was done 

in Hudman et al. (2012) for the GEOS-Chem implementation but due to computational 

limits on processor time and output storage, only one year could be run for the CMAQ 

implementation. Because these emission rates are in good agreement with others’ work, 

further analysis would be required to account for the overestimated NO2 columns as 

compared to satellite derived columns, before concluding that the BDSNP 

overcompensated for YL95 underestimation. Specifically, Allen et al. (2011) found that 

doubling YL soil NO emissions for April to May in 2006 improved bias of the modeled 

data compared to satellite NO2 columns from ~-10% to ~-2%. Because the BDSNP 

implementation increases the YL95 emissions by a factor of two it is unlikely that a 

factor other than the NO emissions themselves accounts for this discrepancy, such as 

mobile or urban NOx. As shown earlier in Table 6, the ratio of BDSNP NO / YL95 NO 

increases over the summer, as do the discrepancies between the model and the satellite-

derived columns, but this happens for both the YL95 and BDSNP versions. Therefore, 

the BDSNP implementation is not an obvious culprit for the NO2 column overestimation.  

The San Joaquin Valley is a place where NO emissions and the overestimation of 

NO2 columns are both particularly high in this work. Furthermore, the overestimation of 

NO2 columns in the Valley occurs in months other than high summer. Therefore, the facts 

that the overestimation persists to other months and that the BDSNP produces 

significantly higher emissions there might indicate that this area’s emissions are being 

overestimated by the BDSNP. Figure 21 and Figure 22 show that in May NO2 column 
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overestimation does not correspond well with large soil NO emissions, while Figure 23 

shows the relative satellite column over Aril to August, a typical range for satellite based 

inverse modeling studies. 

 

Figure 21 –BDSNP Average NO2 minus OMI Average NO2, May 2005: 

BDSNP May average simulated NO2 Columns minus OMI derived NO2 Columns 

prepared by Lok Lamsal. Note that the areas of largest overestimation have 

little in common with the areas of highest soil NO emissions under the BDSNP 

scheme outside of California, shown as the next figure, indicating that mobile 

or other anthropogenic NOx might be leading to this NO2 column  

overestimation. 
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Figure 22 - Average May BDSNP NO Emissions: Simulated BDSNP soil NO 

emissions averaged over the month of May 2005 in gm/sec/12km grid cell.  

 

BDSNP Average May NO emissions 
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Figure 23 – BDSNP CMAQ Generated NO2 Columns VS OMI via Lok 

Lamsal: Average NO2 columns simulated by CMAQ with the BDSNP scheme 

minus OMI NO2 columns prepared by Lok Lasmal over OMI NO2 columns to 

create a relative difference map for months April to August. 
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Due to constraints on computational resources, only one month of vertical 

columns for the YL scheme were generated. While the BDSNP scheme generated 

higher NO2 columns as expected and shown below in Figure 24, they are not more 

correlated with the satellite NO2 columns based on calculation of the correlation 

coefficient. For example, the spatial correlation coefficient between the BDSNP August 

average columns and the satellite August Average is 0.6379, while the correlation 

between the YL columns and the satellite data is 0.6384; higher but barely different. 

 

Figure 24 - BDSNP NO2 Column relative to YL NO2 Column: The BDSNP 

derived NO2 column minus the YL derived NO2 column divided by the YL NO2 

column. The domain mean is 3.6% higher for the BDSNP scheme relative to 

the YL scheme.  
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By plotting the relative difference between the BDSNP vertical columns and 

the satellite data next to the relative difference between the YL vertical columns and 

the satellite data in Figure 25, it is apparent that whatever systematic differences 

there are between the model output and the data dwarf the model difference signal, 

contrary to the findings of several other studies in the literature which were able to 

use satellite data to detect a NO emissions underestimation and perform an inverse 

modeling analysis.  

 

 

Figure 25 - BDSNP and YL derived NO2 columns relative to satellite NO2 

columns    
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3.2. Conclusions and Future Research 

The BDSNP, as first introduced by Hudman et al. 2012 and adapted here for use 

in CMAQ, substantially increases the magnitude and variability of soil NO emissions 

estimates and the dominance of summertime activity. The effect of fertilizer is more 

dynamic than the previous implementation of YL95, easier to update in response to usage 

changes, and at a higher spatial resolution. Based on previous research described above, 

these changes should increase the model’s accuracy in simulating NO emissions from 

soils and secondary effects thereof, including ozone concentrations, particulate matter 

concentrations, and NO2 columns. However, a direct comparison between these 

simulated values and measurements under the YL95 scheme and the BDSNP was not 

included in Hudman et al. (2012), and this thesis does not satisfactorily resolve 

difficulties in using satellite retrieved NO2 columns to validate simulated NO2 columns. 

Furthermore, simulated atmospheric concentrations are a function of a large number of 

different variables, not limited to other atmospheric compound concentrations and 

emissions, solar irradiance, and wind transport. Further research should be conducted to 

resolve differences between satellite-derived NO2 columns and the BDSNP simulation 

generated by this work.  

The bi-directional ammonia scheme (Cooter et al., 2010) recently added to 

CMAQ v5 also presents some interesting options for future research. In the process of 

being developed, the bidirectional model accounts for NH4
+
 concentrations in the soil and 

uses a detailed fertilizer model to simulate these concentrations. The Environmental 

Policy Integrated Climate model (EPIC) provides fertilizer data at a much greater 

resolution in time and space than are available in Potter et al. (2010) and used for the 
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BDSNP. By integrating a simulation of NH4
+
, we might take more steps towards a 

mechanistic model than is currently included with the BDSNP. Furthermore, an explicit 

nitrogen concentration simulation would be useful for simulating HONO emissions from 

soil, as indicated by Su et al. (2011) because available soil N is a key part of their 

parameterization of a soil HONO source. N2O emission estimations would also 

reasonably be expected to depend on soil N content, but since the calibration of the 

BDSNP specifically is primarily based on total N for both input and output, it would be 

reasonable to subtract N as HONO from N as NO. Recent evidence indicates that the total 

N emissions as N2O increases exponentially with increased fertilizer, something that 

could be included in an integrated simulation (Shcherbak et al. 2014). These possibilities 

may be facilitated by working closely with the EPA, to which this code has been 

submitted for inclusion in the next release of CMAQ.  

Besides creating avenues of further research, the BDSNP implementation here has 

consequences for regulatory modeling. The increase in biogenic background NOx 

emissions both raises the background ozone level and slightly decreases ozone sensitivity 

to NOx, implying that NOx reductions will have to be greater to reach the same ozone 

target level that would be predicted under the old YL95 soil NO scheme. Increasing 

background NOx emissions might also raise the relative importance of VOC controls. 

Furthermore, this implementation is capable of simulating the effects of fertilizer 

reduction on air quality, something that may become increasingly important if the rise in 

fertilizer use (itself a suspect for increasing nitrous oxide emissions (Park et al.2012) 

were to continue in the US and around the world. 
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Notes 
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Appendix A 

Table 7 - CMAQ Settings 

Version CMAQv5.0.1 

Mechanism CB05 

Aerosol AE6 

Windblown dust No 

In-line biogenics  Yes 

Use Agricultural Activity for Windblown Dust? Yes 

Lightning NOx?  Yes 

Minimum Eddy Diffusion (KZMIN) Yes 

Inline Deposition Velocities Yes 

Pleim's Ammonia Bi-direction flux for inline 

depostion velocities 
No 

Sarwar's surface HONO interation  Yes 

Land use specific deposition velocities No 

Land use specific stomatal flux No 

In-line plume rise emissions Yes 

Pleim Xu Land Surface Model in MCIP Yes 

Frost date switch Yes 

Biogenic speciation profile B10C5 

Use summer normalized emissions No 

Grid name 12US1 
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P_ALP 33 

P_BET 45 

P_GAM _97 

XCENT -97 

YCENT -97 

  

 


