
ABSTRACT 
 
PHILLIPS, SHARON BAKER.  Measurements, Modeling, and Analysis of Fluxes of 
Nitrogen Compounds.  (Under the direction of Dr. Viney Pal Aneja and Dr. S. Pal Arya.) 

 
Nitrogen compounds play a significant role in atmospheric chemistry, contributing to 

acute effects on human health and the environment.  Oxidized and reduced forms of nitrogen 

are attributed to increasing concentration levels of tropospheric ozone, photochemical smog, 

acid rain, and eutrophication of sensitive ecosystems.  Nationally and internationally, 

increasing interest has been given to reduced forms of nitrogen, ammonia (NH3, most 

abundant alkaline component in the atmosphere) and ammonium (NH4
+, the primary 

atmospheric reaction product of NH3), with their combination represented by NHX = NH3 + 

NH4
+.  Emission and deposition of oxidized and reduced forms of nitrogen depend on several 

meteorological parameters:  near-surface winds (wind speed at 10m), friction velocity, 

turbulence, atmospheric stability, air temperature, surface heat flux and relative humidity, as 

well as the spatial distribution of sources.    

This research initiative has been prepared in response to the expressed need for a 

better understanding of the nitrogen budget and related ammonia flux and dry deposition 

velocity in North Carolina.  The primary focus of this research will be on the vertical fluxes 

of ammonia and implied dry deposition velocities over natural surfaces downwind of some 

typical natural/anthropogenic sources in eastern North Carolina.  This particular area of 

emphasis is chosen because of the lack of data and knowledge of ammonia deposition in 

eastern North Carolina, where its sources (e.g. swine production facilities) have increased 

very rapidly in recent years. 

An experimental study was conducted on the emission and dry deposition fluxes of 

ammonia under different meteorological conditions, using a micrometeorological technique 



(micrometeorological gradient and modified Bowen-ratio methods in conjunction with the 

Monin-Obukhov similarity theory) over natural surfaces in North Carolina where intensively 

managed agriculture/animal farms are located.  Ammonia concentrations were measured 

simultaneously with mean wind speeds, wind directions and temperatures during Fall 2001, 

Winter, Spring and Summer 2002 at two heights (2 and 6m) employing a technologically 

advanced mobile laboratory.  Diurnal and seasonal variations of ammonia flux and dry 

deposition velocity were investigated under a wide range of wind and atmospheric stability 

conditions yielding hourly variation of NH3 flux and deposition velocity during each seasonal 

campaign.  Greater NH3 concentrations were measured during the fall measurement 

campaign, which were directly related to spray-effluent irrigation practices; whereas the 

winter season had the lowest overall concentrations, collected during each seasonal campaign 

(effect of colder temperatures).  The largest average NH3 deposition velocities were 

estimated during the summer measurement campaign, whereas the winter season estimated 

the lowest daytime velocities. 

This evaluation of nitrogen species was extended to addressing the total nitrogen 

budget for North Carolina during summer season.  The portion of atmospherically deposited 

nitrogen, which reaches either land or water bodies is highly variable depending upon 

meteorological and seasonal conditions.  Modeled dry deposition rates of NO (nitric oxide), 

NO2 , HNO3 and NH3, using a third generation Eulerian grid model (the United States 

Environmental Protection Agency’s Models-3/Community Multiscale Air Quality (CMAQ) 

modeling system) in conjunction with measured wet deposition rates of nitrate (NO3
-) and 

ammonium (NH4
+), were evaluated in order to characterize the factors controlling the total 

nitrogen budget.  In addition, model assessments were made of atmospheric inputs (loading) 



into the Neuse River Estuary in North Carolina.  In North Carolina, approximately 50% of 

NHX or NO3
- flux occurs in the form of dry and wet deposition during the summer season.  

The Neuse River watershed’s largest contributor to dry deposition flux of nitrogen (nitrogen 

loading) was determined to be NH3, making up approximately 47% of the total atmospheric 

deposition.   
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CHAPTER I.   INTRODUCTION 

In recent years, attention has been focused on air pollution and its impacts on the 

environment and human health.  These environmental issues have been directed at how the 

influences of natural and anthropogenic activities have contributed to the evolution of 

sensitive ecosystems.  Extensive research has been carried out on the structure of the 

atmosphere (e.g. boundary-layer meteorology) along with continuous monitoring of its 

chemical contents.  The direction of numerical modeling has assisted in the advancement of 

research and prediction initiatives on the study of the atmosphere.  Hence, the fundamental 

roles of atmospheric transport, dispersion, and transformation on air pollutants are of central 

concern. 

  

1.1 Nitrogen 

Nitrogen comprises approximately 79% of the atmosphere.  Globally, the balance of 

the nitrogen cycle is shifting due to increasing living standards of the escalating world 

population.  Changes in the nitrogen cycle surpass geographical boundaries and scientific 

disciplines, which require unification among the numerous efforts addressing abatement 

strategies of nitrogen over-loading.  Within the nitrogen cycle featured in Figure 1.1 

(atmosphere-soil/water system), most ecosystems (plants, animals, and microorganisms) 

adapt well to small additions of nitrogen.  However, with increased levels of nitrogen 

injected into the biosphere, these ecosystems experience increased uptake, storage, and use, 

and thus to increased production of fiber.  Therefore, additional inputs of nitrogen to 

ecosystems beyond an optimal amount lead to imbalances in the nitrogen cycle (Gundersen, 

1992).  
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Nitrogen is vital to all forms of life, serving many fundamental functions in our day-

to-day lives, providing the use of vehicles (primary source of airborne NOX) for travel and 

fertilizer for the ever-increasing population of the world’s food supply.  Impacts felt by 

increased atmospheric nitrogen rates include:  release of greenhouse gases (in particular, 

nitrous oxide) causing change to the climate; respiratory function to human health in 

metropolitan regions; nitrate acidification to groundwater; deposition flux of reduced forms 

of nitrogen resulting in degradation of biodiversity and ecosystem eutrophication (land and 

water) and nitrogen loading to surface water.  In the United States, the U.S. Environmental 

Protection Agency (EPA) and state environmental departments have addressed these various 

impacts through regulating sources of nitrogen pollution which cause adverse environmental 

effects, e.g. controls on fossil-fuel fired power plants near water bodies which cause 

acidification rivers, lakes and streams.  Through the course of integrated scientific 

investigations (air and water studies) we achieve a better understanding of the nitrogen cycle, 

its causes and detrimental effects imposed on human life and the environment, promoting 

eradication of the problem. 

Moreover, N concentrations are increasing in areas of extreme fossil fuel combustion, 

and agriculture regions (animal farms).  Currently, the major sources of global reactive 

nitrogen are production and usage of ammonia by the Haber-Bosch process, releasing ~100 

Tg N year-1 (comprised mostly of synthetic fertilizers) (Cowling et al., 2001).  Reactive 

nitrogen takes into account all photochemically reactive, biologically active, and radiatively 

active nitrogen compounds (viz., inorganic oxidized forms (NOX, N2O, HNO3, NO3
-), 

inorganic reduced forms (NH3, NH4
+) and organic forms of N (urea, amines, proteins).  It has 

been projected that if the world’s population grows to 9 billion people by the end of this 
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century, the global flux of reactive nitrogen will increase to approximately 250 Tg N year-1 

compared to the current ~160 Tg N yr-1 assuming that human beings will continue to 

generate at the current rate (per person) of reactive nitrogen (where 1 Tg = 1012 g) (Cowling 

et al., 2001).   

 

1.1.1 Effects of Increased Nitrogen Levels 

 Detrimental effects experienced by human health and ecosystems, associated with 

elevated levels of oxidized and reduced nitrogen species include:  

1.   Human Health Effects 

• Respiratory and cardiac disease caused by increased tropospheric 

ozone and fine particulate matter (PM 2.5) 

• Nitrate and nitrate acidification of drinking water 

•  Increase in amounts and nutritional quality of foods 

2. Ecosystem Effects 

• Crop, forest, and natural ecosystems degradation due to ozone 

• Acidification and eutrophication of soils, freshwater aquatic 

ecosystems, and forests 

• Eutrophication and hypoxia to coastal ecosystems 

• Nitrogen saturation of soil 

• Biodiversity losses in terrestrial and aquatic ecosystems  

(Erisman et al., 1998) 
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1.2 Ammonia 

Oxides of nitrogen (NOX) have been the traditional focus of research associated with 

atmospheric nitrogen compounds in relation to their emission, transport, transformation, and 

deposition in the atmosphere.  The global tropospheric NOX budget estimates source strength 

of approximately 45 Tg yr-1 with associated sinks (wet and dry deposition) of approximately 

43 Tg yr-1 (Lee et al., 1997; Logan, 1983; Warneck, 2000) (Table 1.1).  However, until most 

recently reduced forms of atmospheric nitrogen, ammonia (NH3, the most abundant alkaline 

component in the atmosphere), and ammonium (NH4
+, the primary atmospheric reaction 

product of NH3), (NHX = NH3 + NH4
+) as pollutants have received less attention both 

nationally and internationally.  Ammonium (NH4
+) is a major constituent of atmospheric 

aerosols and thus precipitation. 

Animal waste, soil emissions, and synthetic fertilizers are among the main sources of 

atmospheric ammonia.  The amount of NH3 lost from waste during ammonia volatilization, 

and subsequent transfer of gaseous NH3 from land and water surfaces into the atmosphere 

(Liang, 2000), are influenced by waste management strategies including recycling, and 

present meteorological and environmental conditions.  Recent studies in Europe and the 

United States have reported increasing atmospheric concentration levels of NH3 and NH4
+, 

especially in regions of concentrated animal farms (Aneja et al., 1998a).  These higher 

concentration levels have shown to be directly related to the rapid growth of intensively 

managed agriculture (Aneja et al., 2001). At present, ammonia emission and subsequent wet 

and dry deposition are a significant waste management problem facing animal husbandry and 

agriculture.   
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National NH3 emissions in 1998 show that livestock and fertilizer sources contribute 

86% of principal source categories in 1998 (Figure 1.2) (USEPA, 2000).  The swine 

population in the US contributes approximately 10% of the NH3-N budget (Battye et al., 

1994).  Likewise, in NC, estimates reveal that the swine population contributes 

approximately 46% of the NH3-N emissions (NCDENR, 1999a) (Figure 1.3).  This estimate 

shows a direct link to the recent growth of the swine population in NC (Figure 1.4); where 

small rural family, farm operations have developed into major corporate businesses clustered 

in limited geographic areas (e.g. eastern NC) (Figure 1.5).  Areas of scattered local sources 

contribute a wide range of NH3 emission and dry deposition. Currently, NC is ranked second 

in the nation, behind Iowa, for swine production with approximately 2500 hog farms with 

~10 million hogs located in eastern NC (NCDA, 1998).  Predictions of increasing world 

populations (from 5.4 billion (1990) to 8.5 billion by 2025) will only contribute to a demand 

and increase in food production (60-70%).  In return, this will lead to an increase in food 

operations (e.g. swine facilities) and increased amounts of waste produced by these 

operations.  

Other major sources of NH3 on a global scale are biomass burning, oceans, and crops 

(Asman et al., 1998b).  The global emission of NH3 has been estimated to be approximately 

76 Mt N yr-1 (Warneck, 1988, 2000; Hutchings et al., 2001; Bouwman et al., 1997; 

Schlesinger and Hartley, 1992) (Table 1.2).  Anthropogenic sources contribute approximately 

60% of the global NH3 emissions.  Both global and European scales estimate NH3-N 

emissions are of the same order of magnitude as the global emission of NH3 (Asman et al., 

1998b).  These numbers imply the quantitative importance of NH3 emission factors, and have 

led to an increased interest in NH3-N deposition where the impact of long-term devastating 
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effects to nutrient sensitive ecosystems are still uncertain (Aneja et al., 2001; Hutchings et 

al., 2001; Nihlgard, 1985). 

Ammonia exists in the atmosphere in three forms:  (1) gas, (2) particle (solid), and (3) 

liquid.  In the atmosphere, ammonia gas is highly reactive with a relatively short lifetime of τ 

= 1-5 days or less (Warneck, 2000; Chimka, 1997).  NH3 reacts largely as acid base reactions 

resulting in ammonium sulfate, ammonium chloride or ammonium nitrate (Table 1.3).  

Likewise, NH3 in the atmosphere can be deposited to the surface of the earth by either wet or 

dry deposition.  Hence, atmospheric ambient NH3 concentrations have been arduous to 

accurately measure and estimate related fluxes due to its high reactivity between phases 

(Jaeschke et al., 1998).  The rate of conversion between gas to particle (NH3 to NH4
+) 

primarily controls the spatial distribution of a specific NH3 source’s contribution to 

atmospheric deposition.  A considerable fraction of NH3 (20-40%) can deposit near its source 

due to its short lifetime, low source height, and relatively high dry deposition velocity 

(Asman and Van Jaarsveld, 1992; Asman et al., 1998a; Roelle, 2001) (Figure 1.6).  Rough 

surfaces (e.g. forests) experience an even higher dry deposition percentage close to the 

surface due to higher amounts of turbulence (Asman et al., 1998b).  Whereas, ammonium 

aerosol will deposit farther downwind, away from its source due to its longer lifetime of τ = 

1-15 days (Aneja et al., 2001; Chimka et al., 1997). 

Consequently, ammonia concentrations depend on near-surface winds (wind speed at 

10m), friction velocity, turbulence, atmospheric stability, air temperature, surface heat flux 

and relative humidity, as well as the spatial distribution of sources.  A shift from deposition 

to emission can be caused by an increase in temperature, and/or relative humidity (Andersen 

et al., 1999).  Emission/deposition fluxes are dependent on the difference between the surface 
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NH3 concentration and environmental concentration.  The compensation point of NH3 is 

noted as the equilibrium between aqueous NH3 concentration inside plants and gas phase 

concentration.  NH3 emission from plants will occur when ambient NH3 concentration is less 

than the compensation point.  Deposition will occur when ambient atmospheric NH3 

concentration is more than the compensation point (Farquhar et al., 1980).  Likewise, when 

ambient NH3 concentration is equal to the compensation point there is no net flux.  Results 

from deposition studies have shown that the net canopy compensation point for semi-natural 

ecosystems is frequently negligible (Duyzer et al., 1987; Sutton et al., 1992; Sutton et al., 

1994). 

  

1.3 Dry Deposition 

Dry deposition is defined as the transfer of airborne material (gaseous and particulate) 

from the atmosphere to the earth’s surface (other than precipitation), where it is removed 

(Seinfeld, 1986; Arya, 1999).  Dry deposition processes include molecular diffusion, 

transport by turbulent eddies, gravitational settling of particulate matter, and inertial 

impaction or absorption at the surface (Aneja and Murthy, 1994; Aneja et al., 2001) (Figure 

1.7).  

A widely used parameterization or expression for deposition velocity of a gaseous 

substance is  

                                           ( ) 1−++= tsad rrrv                                                       (1) 

where ra is the aerodynamic resistance to transfer through the turbulent surface layer, rs is the 

resistance associated with the molecular sublayer adjacent to the depositing surface, and rt 

represents the combined resistance of the surface and transfer to the substrate (Aneja et al., 
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1986; Andersen et al., 1999).  Although this expression does not take into account estimates 

of compensation point it has been widely and successively used to estimate dry deposition of 

surfaces where emission is negligible.  Expression of ra is determined utilizing the Reynolds 

analogy between the mass and momentum transfers to the surface. 

                                                                     2
*u

ur r
a =                                                                (2) 

where ru  is the mean velocity at the reference height rz  for deposition velocity, and *u  is 

friction velocity.  An approximate expression for sr  is  

                                                                       
*u
crs =                                                              (3) 

in which the empirical constant, c, is estimated to lie between 5 and 6.5 (Wesley and Hicks, 

1977).  Noting that ra » rs, it is apparent that turbulence primarily influences the maximum 

possible deposition velocity or emission rate (Andersen et al., 1999).  Assuming that the gas 

is readily absorbed at the surface, rt = 0.  While any deviation in vd from vmax will be reflected 

when rt > 0, exhibiting absorption/uptake at the surface (Andersen et al., 1999).  Estimating 

only the aerodynamic resistance, ra, Wyers and Erisman (1998) defined the maximum 

possible deposition velocity (vmax) and the maximum possible flux (Fmax). 
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==                                                         (4) 
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 Hovmand et al., (1993, 1994) estimated NH3 to contribute to roughly half of the total 

nitrogen dry deposition in Denmark.  Continuous and excessive deposition of NHX by both 
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wet and dry deposition can cause eutrophication of terrestrial and marine ecosystems 

(Hutchings et al., 2001; Bobbink et al., 1992) (Figure 1.7).  After deposition, ammonia can be 

converted into acidic compounds (nitric acid) by the process of nitrification (Duyzer, 1994).  

This acidification can result in a major imbalance of acidic compounds on natural ecosystems 

(Duyzer, 1994; Heij and Schneider, 1991) e.g. K+ and Mg2+ deficiencies in vegetation, 

resulting in premature shedding of needles of coniferous trees (Asman, 1998).  Many other 

environmental problems result from atmospheric ammonia deposition, e.g., particulate matter 

formation, aquatic eutrophication, and odor emanation. 

 This research initiative has been prepared in response to the expressed need for a 

better understanding of ammonia flux and dry deposition velocity in North Carolina.  The 

primary focus of our work will be on the vertical fluxes of ammonia and implied dry 

deposition velocities over natural surfaces downwind of some typical natural/anthropogenic 

sources in eastern North Carolina.  This particular area of emphasis is chosen because of the 

obvious lack of data and knowledge of ammonia deposition in eastern North Carolina, where 

it’s sources have increased very rapidly in recent years (DAQ, 1997).   

 

1.4 Methods and Materials   

1.4.1 Flux Calculation 

The modified Bowen ratio method will be used, as well as the more general gradient 

method for estimating the vertical flux and the deposition velocity of ammonia (Businger, 

1986; Hicks, 1986).  Fast-response sensors for measuring concentration fluctuations of 

ammonia are required for using the eddy-correlation method.  However, in the absence of 

these fast-response sensors, the Bowen ratio and general gradient methods are often used.  
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Several trace gas studies have successfully used the gradient method (Hansen et al., 1998; 

Erisman and Wyers, 1993), and the modified Bowen-Ratio method where trace gas fluxes 

were evaluated (Meyers et al., 1996; Duyzer, 1994).  Businger (1986) has reviewed the pros 

and cons of various micrometeorological techniques for estimating dry deposition, as well as 

possible sources of errors and uncertainties associated with each method.  Businger (1986) 

states that these two techniques are more impervious to errors in sampling, for example 

gradient measurements, than the eddy correlation method.  The eddy correlation technique 

necessitates fast-response instruments, which estimates trace gas fluxes from measurements 

of turbulent exchanges.  Hicks (1986) has also compared different methods of measuring dry 

deposition in his "re-assessment of the state of the art". 

Both the Bowen ratio and gradient methods are based on the eddy diffusivity relations 

for the vertical turbulent fluxes of sensible heat and tracer gas (e.g., ammonia): 

z
Kw h ∂

∂
−=

θθ ''                                                  (6)    

z
cKcw z ∂
∂

−=''                                      (7) 

where θ  and c  denote mean potential temperature and concentration, ',' θw , and 'c  denote 

turbulent fluctuations of vertical velocity, potential temperature and concentration, 

respectively, and Kh and Kz, are the vertical eddy diffusivities of heat and tracer mass. 

 The covariance or turbulent flux ''cw of ammonia or ammonium is not yet amenable 

for direct measurement using either the eddy correlation or the eddy accumulation technique.  

The modified Bowen ratio method utilizes the following relationship based on Eqs. (6) and 

(7): 



 11

   
θ

θ
∆
∆

=
cwcw ''''                                          (8) 

which implies that eddy diffusivities of heat and tracer mass are equal.  This assumption 

appears to be justifiable for conservable, passive tracers, but becomes somewhat questionable 

for fast reacting species.  Here c∆  and θ∆  denote the differences between the mean 

concentrations and potential temperatures measured at the same two heights z2 and zl.  The 

sampling time over which averages are taken should be large enough to include all the 

significant scales of eddy motion but smaller than the characteristic time scale of reactions 

involving the chemical species of interest.  An assumption implied in the gradient and Bowen 

ratios methods is that the tracer flux does not vary between the two heights.  But we will 

consider any variation of the ammonia flux associated with atmospheric chemistry.   In Eq. 

(8), the sensible heat flux ''θw  may be determined or estimated through the use of the 

gradient method and the surface-layer similarity relations which yield (see e.g., Arya, 1995, 

1999, 2001): 

                                    
2

1

22'' ln
−








∆∆
−=

z
zukw

hmφφ
θθ                                                (9) 

Here k ≅ 0.4 is the von Karman constant; u∆  is the difference in wind speeds between the 

two heights, and φm and φh are the dimensionless wind shear and potential temperature 

gradient at the geometric mean height zm = (zl z2)1/2. 

 According to the Monin-Obukhov (M-O) similarity theory, φm and φh are unique 

functions of the M-O similarity parameter z/L, where L is the Monin-Obukhov length.  Their 

functional forms have been determined empirically from previous micrometeorological 
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experiments.  The similarity theory also relates z/L to the more easily measured gradient 

Richardson number.  In particular, 

          ( )
( ) 1
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∆

∆
=

θ
                                               (10) 

from which zm/L can easily be determined from its unique relationship to Ri(zm) (Arya, 2001, 

1995). 

 Likewise, the gradient method can also be used to obtain the following expression for 

the vertical flux of tracer: 

 ( )12
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                                  (11) 

where *u  is the friction velocity and φh is to be evaluated at zm/L.  The friction velocity can 

be estimated from the M-O similarity relations as 
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Moreover, friction temperature ( *θ ) can be estimated from the M-O similarity relations: 

( )12
* / zzn
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φ
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≅

∂
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=                                           (13) 

Then, the sensible heat flux is given by **θθ uw −=′′ , and also by Eq.(9). 

 The total vertical flux of tracer 

    cwcwFc += ''                                       (14) 

includes the mean vertical transport term which can usually be neglected close to a flat and 

homogeneous surface (however, see Businger, 1986).  The deposition velocity can be 

determined using its conventional definition, 
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cFv cd /−=                                                 (15) 

in which the negative sign is introduced because, in micrometeorology, the flux is considered 

positive when it is directed upward.  Deposition velocity is simply the ratio of the flux of a 

material at or near the surface of the earth to the mean concentration at a reference height 

(Arya, 1999).  This overly simplistic concept/definition of deposition velocity is inconsistent 

with the more commonly used bulk-transfer relations in micrometeorology.  The alternative 

concept and definition of the transfer velocity 

( )oct ccFv −−= /                                                  (16) 

in which oc  is the surface equilibrium concentration, is found to be more consistent and 

satisfactory (Businger, 1986).  However, the practical difficulty of measuring or estimating 

oc  has prevented the use of Eq. (16) in the parameterization of dry deposition of airborne 

gases and particles on natural surfaces.  The two definitions are equivalent only for a readily 

depositing tracer and highly absorbing surface, so that oc  ≅ 0.  One can also define a transfer 

velocity for heat transfer 

( )ot wv θθθθ −−= /''                                         (17) 

which may be larger than vmax under unstable and convective conditions. 

 The Bowen ratio and gradient methods do not require as sensitive and high-response 

sensors as required by eddy correlation, eddy accumulation and variance methods.  Errors 

due to sampling and averaging, air density fluctuations, advection and entrainment, 

inadequate fetch, flow distortion by instrument boxes and platforms, and other random errors 

may not be considered as serious in mean gradient or difference measurements as they are in 

eddy correlation and variance measurements (Businger, 1986).  The gradient and modified 
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Bowen-ratio methods have been successfully used for measuring dry deposition velocities of 

sulfur dioxide, ozone and other gases.  The main difficulty that is encountered in these 

methods is that the average concentration c  has to be measured with a precision of ± 10% in 

order to adequately resolve the difference c∆ or the gradient zc ∂∂ / .    

 First, an inter-comparison of concentration measurements by the two TEI-17C 

analyzers, sampling at the same height on the tower, is made to determine their accuracy and 

suitability for gradient measurements.  The best way to minimize instrument error in the 

gradient or difference is to measure concentrations at the two heights with the same 

instrument, as most instruments have greater relative accuracy (precision) than absolute 

accuracy.  If the difference in mean concentrations between the two heights is so small that it 

falls within the instrument measurement error, the use of independent sensors at the two 

levels may not be justified.  As an alternative, ammonia concentrations are measured at two 

heights (2 and 6m) above the surface employing an arrangement of two identical Thermo 

Environmental Instruments Inc. (TEI)-Model 17C Chemiluminescence analyzer, (TEI, 2000), 

and a solenoid for each analyzer to alternate measurements between the two elevations.  A 

switching frequency of 10 minutes between the two heights allows hourly gradient 

measurements of three 10-minute intervals for each height.  An average of the last 6 minutes 

of concentration data is considered in order to minimize measurement errors related to the 

analyzer’s response time (~2 to 3 minutes) including the length of sampling tubing.  The 

instrument and measurement technique have been described elsewhere where measurements 

of NOX soil fluxes/soil emissions were determined (Murthy, 1990; Aneja and Murthy, 1994; 

Aneja et al., 1998b; Roelle et al., 1999).    
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 The differences in mean wind speed and temperatures at the two heights, which will 

be co-located with the chemiluminescence ambient NH3 analyzers, can be resolved more 

accurately. In order to further reduce errors in the measurements of u∆  and T∆ , periodic 

swapping of sensors between the two heights and frequent calibration is conducted.  Using 

the relationship ζ = f(Ri), we estimate ζm = zm/L from the estimation of Monin-Obukhov 

similarity scaling parameters.  Stability functions φm and φh, prescribed for the atmospheric 

surface layer, are generally expressed and applied in practice as: 

                                                       ζφ 51+=m ,   for  0 ≤ ζ < 1                                           (18) 

                                                     4/1)151( −−= ζφm ,   for ζ < 0                                           (19) 

and 

                                                   ζφφ 5)0( += hh ,  for  0 ≤ ζ < 1                               (20) 

                                        2/1)151)(0( −−= ζφφ hh ,  for   ζ < 0                                    (21) 

where φh (0) lies between 0.95 and 1.0 (Ding et al., 2001) and we have assumed φh (0)=1.  

However, studies have determined that when ζ>1 the above functions are invalid when 

compared to observations (Hicks, 1976; Holtslag and de Bruin, 1988; Ding et al., 2001).  

Several studies of the very stable surface layer have suggested other empirical forms of φm 

and φh (Carson and Richards, 1978; Van Ulden and Holtslag 1985; Beljaars and Holtslag, 

1991).  In this study, we use the empirical expressions proposed by Beljaars and Holtslag 

(1991): 

                                    ζζζφ )]exp()1([1 ddcbam −−+++=                                   (22) 

and 
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ζζζζφ )]exp()1()
3
21([1 2/1 ddcbaah −−++++=                          (23) 

for Ri>0.14 and  ζ>1.  Here, a = 1, b = 0.667, c = 5, and d = 0.35; (Beljaars and Holtslag, 

1991; Ding et al., 2001).  Stability conditions are defined as follows:  unstable conditions 

(ζ<0); near-neutral to moderate stability (0≤ζ<0.5); and very stable conditions (ζ≥0.5) 

(Webb, 1970; Beljaars and Holtslag, 1991; Ding et al., 2001).   

 

1.4.2 Physiographic Location 

 As stated above the primary focus of our work will be on the vertical fluxes of 

ammonia and their dry deposition velocities over natural sources downwind of some typical 

natural/anthropogenic sources in eastern North Carolina.  In order to accomplish these 

objectives, we conducted field experiments at the North Carolina State University’s (NCSU) 

Research Farm Units, namely the Air Quality Educational Unit (USDA-ARS, 3908 Inwood 

Rd., Raleigh, NC), coordinates 35°44′N, 78°41′W (Figure 1.8), where hourly-averaged 

measurements of wind speeds, temperatures, and concentrations of ammonia were made at 

two heights (2m and 6m) using a 7m portable tower in the horizontally-homogeneous 

atmospheric surface layer.  The measurement levels were carefully chosen with appropriate 

considerations for the height and distribution of surface roughness elements, so that the 

surface-layer similarity relations could be used for estimating the vertical fluxes of 

momentum, heat, and ammonia.  

 This site is a relatively flat, uniform and smooth site with grass or short vegetation, 

which is located near a swine production facility, employing an anaerobic lagoon for disposal 

of swine waste.  The farm consisted of seven production barns to house the swine, from the 
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time of breeding to finishing.  (1) The research barn has 36 crates with 1 sow per crate and 11 

pens with 3 sows per pen.  (2) The breeding barn has 48 crates with 1 sow per crate; 8 pens 

with 3 sows per pen; 12 pens with 5 sows per pen; 14 crates with 1 boar per crate; and 5 pens 

with 1 boar per pen.  (3) The gestation barn has 142 crates with 1 sow per crate and 20 pens 

that hold 5 sows per pen.  (4) The farrowing barn has 8 rooms with 12 crates per room, each 

crate holds 1 sow and 12 piglets.  (5) The nursery has 8 rooms with 12 crates per room, each 

crate holds 12 feeder pigs.  (6) The north-finishing barn has 54 pens that hold 5 grower or top 

hogs in each pen and 32 pens that hold 1 grower or top hog per pen.  (7) The south-finishing 

barn has 72 pens that hold 5 grower or top hog per pen.  Hahn and Vorloptz, (2001) 

recognized NH3 as a significant compound in the waste gas from full slatted swine barns that 

emit concentration levels approximately between 4 and 30 ppm. The animal weights per 

group are as follows:  piglets (1-15 lbs); feeder pigs (15-50 lbs); grower (50-125 lbs); top 

hogs (125-250 lbs); sows (300-700 lbs); and boars (500-1000 lbs).  During each 

measurement period, the swine production facility averaged a total volume inventory of 

approximately 1200 swine.   

 The farm utilizes an anaerobic lagoon as means of storage for the swine waste, 

located 0.5 mile east of the air quality tower.  This treatment practice of animal waste is 

predominantly used in most southern states, due to warm climate conditions promoting 

growth of anaerobic bacteria that leads to the manure decomposition (Liang, 2000).  The bulk 

(60 to 80%) of nitrogen entering the atmosphere from these anaerobic lagoons is known to 

escape by means of NH3 volatilization (Sims and Wolf, 1994).  In addition to the swine 

educational facility, the NCSU Research Farm Unit also contains a dairy, turkey and chicken 

educational units that are within 0.5 mile proximity to the air quality measurement tower.  
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Among these units, the dairy cattle (35 head of cattle) graze in a field directly 

south/southwest, adjacent to the position of the tower.  

 

1.4.3 Sampling Scheme 

 This experiment was designed to measure fluxes and dry deposition of NH3 at a 

relatively flat, uniform and smooth site with grass or short vegetation, which is located near a 

swine production facility in eastern North Carolina, during all four seasons (Fall 2001, 

Winter 2002, Spring 2002, and Summer 2002).  Daily sampling scheme consisting of 

measuring diurnal ambient concentrations of ammonia were conducted consecutively 24 

hours a day with interruptions due only to protocol daily zero and span checks noted by the 

operator manuals.  The main objective is to accurately measure the mean gradients of 

ammonia concentration, air velocity, and temperature over short sampling periods of 30-60 

minutes. 

 

1.4.4 Data Acquisition System and Mobile Laboratory   

 Horizontal wind speed and direction were measured using a Young Model 05305-5 

wind monitor – AQ, which is developed for sensitive air quality applications.  Temperature 

was measured utilizing a model ASPTC Aspirated shield with fine wire thermocouple 

(Campbell Scientific). Meteorological data (wind speed/wind direction, temperature) and 

concentration measurements are collected and recorded via a Campbell Scientific 23X 

Micrologger.  The data acquisition system comprises a Dell laptop computer using Campbell 

Scientific software, which produces and records a 60 second rolling average. The two-

chemiluminscence analyzers and other gas detection instruments are housed in a 
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temperature-controlled mobile laboratory (NCSU Air Quality Ford Aerostar Mini-Van).  The 

temperature inside the van is monitored and maintained ∼70°C.  

 

1.4.5 Instrumentation / Principle of Operation 

 Ammonia concentrations are measured using two of Thermo Environmental 

Instruments Inc. (TEI), Model 17C Chemiluminescence Ambient Ammonia Analyzers 

(Aneja et al., 1978; TEI, 2000).  Reports suggest that this instrument is useful for ammonia 

monitoring, modeling and flux measurement applications where time scales of approximately 

1 minute or longer are acceptable for concentration determinations (McCulloch et al., 2000).   

The manufacturer states that the minimum detection level of the analyzer is 1 ppb; above this 

threshold mean concentrations and gradients for a 1 hour exposure can be resolved for 

estimation of NH3 fluxes and dry deposition velocities with an estimated uncertainty of 

±20%.  The Model 17C chemiluminescence utilizes the reaction of nitric oxide (NO) with 

ozone (O3) as its basic principle (TEI, 2000).  Specifically:  

NO + O3  NO2 + O2 + hν                                            (24) 

Figure 1.9 shows a schematic of the functional components of the Model 17C analyzer. 

The sample is drawn into the Model 17C by an external pump. After it reaches the 

reaction chamber, the sample mixes with ozone, which is generated by the internal ozonator 

and the chemical reaction then takes place.  This reaction (Eq. 24) produces a characteristic 

luminescence with intensity proportional to the concentration of NO.  Specifically, light 

emission results when electronically excited NO2 molecules decay to lower energy states.  

The light emission is detected by a photomultiplier tube, which in turn generates a 
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proportional electronic signal.  The electronic signal is processed by the microcomputer into 

an NO concentration reading.  

To measure the NOX (NO + NO2) concentration, NO2 must be transformed to NO 

prior to reaching the reaction chamber.  This transformation takes place in a molybdenum 

converter heated to approximately 325°C.  Upon reaching the reaction chamber, the 

converted molecules along with the original NO molecules react with ozone.  The resulting 

signal represents the NOX reading.  

To measure the Nt (NO + NO2 + NH3) concentration, both the NO2 and NH3 must be 

transformed to NO prior to reaching the reaction chamber.  This transformation takes place in 

a stainless steel converter heated to approximately 825°C.  Upon reaching the reaction 

chamber, the converted molecules along with the original NO molecules react with ozone.  

The resulting signal represents the Nt reading.  

The NO2 concentration is determined by subtracting the signal obtained in the NO 

mode from the signal obtained in the NOX mode.  

NOX - NO = NO2                                                   (25) 

The NH3 concentration is determined by subtracting the signal obtained in the Nt mode from 

the signal obtained in the NOX mode.   

Nt - NOX = NH3                                                   (26) 

The Model 17C outputs NO, NO2 and NH3 concentrations to the front panel display, and NO, 

NO2, NH3 and NOX concentrations to the analog outputs. 
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1.4.6 Calibration 

 A series of laboratory tests were conducted to evaluate the performance 

characteristics of Thermo Environmental Instruments, Inc. (TEI) Model 17C 

chemiluminescent nitrogen oxides (NOX)-ammonia (NH3) analyzers.  The evaluation 

included converter efficiency, relative precision, linearity across output ranges, and system 

error of two co-located analyzers during laboratory exercises.  

A periodically serviced and calibrated TEI 146 dilution/titration instrument was used 

during calibrations of the instruments (at high concentration levels) in conjunction with a 150 

ppmV NH3 (National/Specialty gases) and zero grade air (National Welders).  A precision of 

±2% was yielded during calibration exercises of the two TEI-17C analyzers (in the lab 

spanned to concentrations of approximately 457 ppbV [NH3], and sampling 109 ppbV 

[NH3]), which is considered very encouraging for accurate measurements of concentration 

gradients and flux estimates (Figure 1.10).  Due to expected low ammonia concentrations of 

approximately 5-15 ppbV at the field site (Inwood Dr., Raleigh, N.C.), an ammonia wafer 

device (Permeation Rate:  12 ng min-1 at 30 oC) was used in conjunction with a VICI 

Metronics Dynacalibrator Model 230.  Likewise, a permeation rate of approximately 20 

ng/min at 30 °C was calculated during laboratory exercises in order to verify and accurately 

represent the manufacturer rate of the NH3 wafer (Figure 1.11).  This particular calibration 

will allow the precision testing of the two TEI-17C analyzers at low concentrations (1-15 

ppbV) in the lab, which will produce expected accuracy testing during field measurements.  

Calibration curves displayed consistent linearity (r2 ≈  0.99) and system stability among the 

calibration range, 0-50 ppbV NH3 (Figure 1.12).   
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To ensure calibration precision in the lower range of 0-5 ppbV, converter efficiency 

was evaluated during each measurement period at multiple points across the scale of 0-50 

ppbV for the Model 17C analyzer, which ranged from 65% to 75%.  Once converter 

efficiency was determined (e.g. 70%), this efficiency was entered manually into the analyzer 

in order to allow precise measurements of ambient ammonia concentrations.  Converter 

efficiency was tested by utilizing zero air and a standard gas (10 ppmV NH3/N2 blend, 

National/Specialty gases) that are well mixed at known flow rates to yield a known 

concentration of an NH3 calibration gas.  Zero air is added via a mass flow controller to a 

0.3L Teflon mixing chamber.  Via a calibrated SS316 needle valve, standard gas was added 

to the Teflon mixing chamber.  The Teflon chamber, needle valve, and NH3 cylinder 

regulator are heated to ensure well mixing.  The gas inside the mixing chamber is then drawn 

to the TEI 17C external NH3 converter; and sample lines are minimized to reduce NH3 loss 

from the Teflon chamber to the TEI NH3 converter.  Any excess air is vented from the 

mixing chamber to the atmosphere and pressure inside the mixing chamber is only slightly 

above ambient air.  

  

1.5 Modeling Applications for Atmospheric Transport 

Dispersion modeling is used as a practical and functional approach for prognostic 

deposition studies employing explicit local measurements of emissions on areas downwind 

of the source. Likewise, models are used as a deterministic tool in order to reduce the degree 

of ambiguity in deposition fluxes regionally, nationally, and globally.  The spatial 

distribution of emission sources is fundamentally important in estimating the magnitude of 

NH3 emissions and related deposition fluxes.  This is necessary to provide maps of NH3 
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emission as inputs to atmospheric transport and deposition models; thus these models can 

then be used for risk assessment by comparison of modeled air concentrations and deposition 

with locations of sensitive areas (Asman et al., 1998a).  European investigators have used 

models to successfully develop spatial inventories of ammonia at finer resolution levels 

based on a field-by-field and farm levels (Boermans and Erisman, 1993; Bouwman and 

Asman, 1997; Dragosits et al., 1997).  Such local scale inventories allow emissions to be 

estimated at the spatial scale of environmental effects, and, therefore, these can be applied in 

local scale atmospheric transport models to address questions of spatial variability of 

deposition and associated environmental impacts (Asman et al., 1998a).   

Atmospheric dispersion and air quality models combine each of the fundamental 

processes of the atmospheric NH3 budget:  emission, transport, diffusion, and dry and wet 

deposition (Asman et al., 1998a; Asman, 1998).  Modeling of the atmospheric transport of 

NHX is often complicated and limitations are recognized, e.g. computational resources, poor 

understanding of the system and data availability.  Likewise, it is recognized that processes 

that are of major importance on one scale might be of less important on another scale.  

Asman et al., (1998a) describe several useful applications of numerical models of 

atmospheric transport and deposition: 

1. Models allow the interpolation among different spatial and temporal scales 

between air concentrations and deposition measurements. 

2. Models can be used to acquire a better approach of where to look and 

which processes to look for during field measurements.  This knowledge 

allows measuring sites to be chosen is such a way that the maximum 

amount of information can be gathered with the available resources. 
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3. Models provide a framework for integrating present knowledge, and they 

allow the calculation of the contribution of different processes (e.g. in-

cloud, below-cloud scavenging) to deposition, which cannot otherwise be 

separated (Asman and Jensen, 1993). 

4. Continental-scale models permit the calculation of the contribution of 

different countries to the deposition of an individual country (Asman and 

Janssen, 1987; Barrett and Berge, 1996; Hjellbrekke et al., 1996).  This 

type of data and knowledge is usually very difficult to acquire from 

measurements in the field. 

5. Models can be used to describe past situations and scenarios. 

6. Models can obtain prediction of future concentrations and deposition for 

different scenarios.  For example, this can be important if it is used to 

reduce the deposition in particular areas, and examine the effectiveness of 

different emission abatement options.  
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1.6 Objectives 

The primary objectives of this research initiative are:   

1. Design a field study to measure ammonia fluxes and related dry deposition 

velocities from near-surface concentration gradient measurements over natural 

surfaces in North Carolina downwind of an ammonia source. 

2. Investigate and evaluate the variability of ammonia flux and related dry 

deposition velocities on a specified natural surface (i.e. grass) with respect to the 

time of the day, season, and meteorological factors.  

3. Investigate the variability of fluxes and dry deposition velocities of ammonia with 

the surface type, i.e. grass for the typical daytime heating (unstable) and nighttime 

cooling (stable) conditions encountered during the summer season. 

4. Obtain empirical relations for dry deposition velocity of ammonia. 

5. Quantify the fate of atmospherically deposited nitrogen during summer season in 

North Carolina terrestrial ecosystems (land and water). 

6. Evaluate model assessments of atmospheric inputs (loading) into the Neuse River 

Estuary in North Carolina.  An accurate nitrogen budget for affected ecosystems 

in North Carolina (e.g. Neuse River) will allow abatement strategies the means to 

address the reduction of nitrogen loading.   
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Table 1.1.  Sinks and Sources of NOx, obtained from global tropospheric emission 
inventory estimates modified from Warneck, 2000 and Watson et al., 1992. 
 

NOx 
Sinks and Sources 

NOx Budget 
(Tg of NOx-N year-1)* 

  
Sinks†  
 Wet deposition, land 19 
 Wet deposition, oceans 8 
 Wet deposition, combined 27 
        Dry deposition 16 
Total Sinks 43 
  
Sources‡  
 Fossil fuel combustion 22 
 Biomass burning 7.9 
 Release from soils, microbial 
       activity in soils 

7.0 

 Lightning 5.0 
 Oxidation of ammonia 0.9 
 Stratospheric Input 0.64 
 High-flying aircraft 0.85 
 Oceans <1 
Total Sources 45 

 
 

     * (1 Tg = 1012 g) 
 
      Source:      †  Logan, 1983 
 
             ‡  Lee et al., 1997 
         Watson et al., 1992 
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Table 1.2.  Sinks and Sources of NH3, obtained from global emission inventory estimates 
in Schlesinger and Hartley, 1992; Warneck, 1988, 2000; Bouwman et al., 1997. 
 

Ammonia-Sinks and 
Sources 

NH3 Budget 
(Tg of NH3-N year-1)* 

  
Sinks  
 Wet deposition 46 
 Dry Deposition (land) 10 
 Reaction with OH 1 
Total Sinks 57 
  
Sources  
 Domestic Animals 32 
 Human Excrements 4 
 Synthetic Fertilizers 9 
 Soil / plant emissions 10 
 Biomass burning in agriculture 
 and biofuel use  

2.7 

 Fossil fuel combustion 2 
 Industry 0.2 
Subtotal anthropogenic 
emissions 

59.9 

  
 Wild animals 0.1 
 Biomass burning in natural 
 ecosystems 

3.2 

 Sea and Oceans 13 
Subtotal natural emissions 16.3 
Total Sources 76.2 

 
 

     * (1 Tg = 1012 g) 
 
       Source:  Schlesinger and Hartley, 1992 
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Table 1.3.  Atmospheric Transformations of NHx. 
[Source: modified from Chimka et al., 1997]. 

 
Atmospheric Transformations of NHx 

 
1.  NH3 (g) + H2O (l)  NH4

+ + OH- 
 
2.  NH3 (g) + HNO3 (g)  NH4NO3 (s) 
 
3.  NH3 (g) + H2SO4 (s)  NH4HSO4 (s) 
 
4.  NH4HSO4 (s) + NH3 (g)  (NH4)2SO4 (s) 
 
5.  NH3 (g) + HCl (g)  NH4Cl (s) 
 

 
 

* Atmospheric transformations of NH3 are relatively straightforward and are essentially 
acid base reactions. 
  
* Langford et al., (1992) note that the HCl reaction takes place primarily in coastal areas, 
whereas, the nitrate reaction is more predominant in the western cities where NOx/SO2 
emissions ratio is larger than in the eastern United States. 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Biological Nitrogen Cycle in the atmosphere-soil system.  (Source: Warneck, 2000) 
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Figure 1.2.  1998 National Ammonia Emissions by Principal Source Categories. 
[Source: USEPA, 2000] 
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Figure 1.3.  Percent of Ammonia-Nitrogen from various sources in North Carolina for 1996.   
Total NH3-N emissions ~ 0.15 Tg yr –1 [Source: NCDENR, 1999a] 
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Figure 1.4. Hog population of North Carolina.  [Source, NCDENR, 1999a; NCDENR, 1999b]
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Figure 1.5. Swine Distribution in North Carolina (North Carolina is ranked 2nd in the nation). (Source:  Aneja et al., 
2000)
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Figure 1.6. Fate of atmospheric NH3 emission: cumulative deposition of different forms as a 
function of downwind distance from a 1-m-high point source.  The deposition is integrated 
over all wind directions and is expressed as a fraction of the NH3 emission.  The calculations 
are based on Dutch climatology and surrounding land being rough grassland with an 
estimated Rc of 30 s m-1. [Source: Asman and van Jaarsveld (1992)] 



Figure 1.7.  Atmospheric emissions, transport, transformation and deposition of trace gases.
(Source:  Aneja et al., 2001).
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Figure 1.8. North Carolina State University Air Quality Educational Unit: Field site (USDA-ARS, Inwood Rd., 
Raleigh, NC)
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Figure 1.9. Schematic of Thermo Environmental Instruments (TEI) Model 17C 
Chemiluminescence Ambient Ammonia Analyzer. [Source:  TEI, 2000]
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Figure 1.10.  Calibration difference between both TEI 17Cs: data represents the change in concentration between the two 
instruments when sampling 109 ppb [NH3], both instruments spanned to 457 ppb [NH3]. 
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Figure 1.11. NH3 Permeation Wafer Weight (g) vs. Time (min) (over 4 week period):  permeation rate of 
approximately 20 ng/min at 30 °C was calculated during laboratory exercises.
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Figure 1.12. Calibration curves display consistent linearity (R2 ≈ 0.99) between both Model-17Cs and 
system stability among the calibration range, 0-50 ppbV NH3.
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CHAPTER II.  MEASUREMENTS OF AMMONIA FLUX AND DRY DEPOSITION 
   VELOCITY FROM NEAR-SURFACE CONCENTRATION GRADIENT 
   MEASUREMENTS OVER A GRASS SURFACE 

 
Abstract 

Ammonia concentrations are measured during Fall 2001, Winter, Spring and Summer 

2002 over natural surfaces in North Carolina where animal farms and waste storage and 

treatment lagoons (which are known to emit ammonia) at two heights (2m and 6m) above the 

surface employing an arrangement of two Thermo Environmental Instruments, Inc. (TEI) 

Model 17C chemiluminescent nitrogen oxides (NOX)-ammonia (NH3) analyzers along with a 

solenoid for each analyzer to alternate measurements between the two elevations.  

Simultaneously, mean winds and temperatures are also measured at the same two heights.  

Micrometeorological gradient and modified Bowen-ratio methods are used, in conjunction 

with the Monin-Obukhov similarity theory, to estimate the vertical flux and dry deposition 

velocity of ammonia under different meteorological conditions.  Diurnal and seasonal 

variations of ammonia flux and dry deposition velocity were investigated under a wide range 

of wind and atmospheric stability conditions yielding hourly variation of NH3 fluxes and 

deposition during each seasonal campaign.  Fall average NH3 concentrations were generally 

the highest with daytime concentrations of 7.60 ± 6.54 µg m-3 at 2m; while nighttime [NH3] 

were 7.25 ± 6.14 µg m-3 at 2m.  The winter season had the lowest overall concentrations 

collected during each seasonal campaign with averages of 1.73 ± 2.00 µg m-3 (2m) during 

daytime; and 1.37 ± 1.50 µg m-3 (2m) during nighttime.  Deposition and emission occur, both 

on daily and seasonal scales.  Summer measurements yielded the largest average daytime 

deposition velocity of 3.94 ± 2.79 cm s-1, whereas winter measurements gave the lowest 
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daytime velocities with an average of 2.41 ± 1.92 cm s-1.  The largest nighttime deposition 

velocities were estimated during the summer season with an average of 0.76 ± 1.69 cm s-1, 

whereas fall nighttime deposition velocities were considerably lower at 0.07 ± 0.17 cm s-1.  

Regression relationship between the ammonia deposition velocity and the friction velocity 

are obtained for different stability conditions. 
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2.1 Introduction 

Until recently, reduced forms of atmospheric nitrogen, ammonia (NH3, the most 

abundant alkaline component in the atmosphere), and ammonium (NH4
+, the primary 

atmospheric reaction product of NH3), (NHX = NH3 + NH4
+) as pollutants have received little 

attention, in relation to their emission, transport, transformation, and deposition in the 

atmosphere.  Ammonia in the atmosphere can be deposited to the surface of the earth by 

either wet or dry deposition.  Hence, atmospheric ambient NH3 concentrations have been 

arduous to accurately measure and estimate related fluxes due to its high reactivity between 

phases (Jaeschke et al., 1998; Krupa, 2003).  The rate of conversion between gas to particle 

(NH3 to NH4
+) primarily controls the spatial distribution of a specific NH3 source’s 

contribution to atmospheric deposition (Arya, 1999).  A considerable fraction of NH3 (20-

40%) can deposit near its source due to its short lifetime, low source height, and relatively 

high dry deposition velocity (Asman and Van Jaarsveld, 1992; Asman et al., 1998; Roelle, 

2001).  Whereas, ammonium aerosol will deposit farther downwind, away from its source 

due to its longer lifetime of τ = 1-15 days (Aneja et al., 2001a; Chimka et al., 1997).  

Consequently, ammonia concentrations depend on near-surface winds (wind speed at 10m), 

turbulence, atmospheric stability, surface roughness and other properties, as well as the 

spatial distribution of sources.  A shift from deposition to emission can be caused by an 

increase in temperature, and/or relative humidity (Andersen et al., 1999). 

Recent studies in Europe and the United States have reported increasing atmospheric 

concentration levels of NH3 and NH4
+, especially in regions of concentrated animal farms 

(Aneja et al., 1998a; Sutton et al., 2003).  These higher concentration levels have shown to be 

directly related to the rapid growth of intensively managed agriculture.  At present, ammonia 
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emission and subsequent wet and dry deposition are a significant waste management problem 

facing animal husbandry and agriculture.   

 Ammonia emissions in the United States for 1998 show that livestock and fertilizer 

sources contribute 86% of principal source categories (USEPA, 2000).  The swine population 

in the US contributes approximately 10% of the NH3-N budget (Battye et al., 1994).  

Likewise, for North Carolina (NC) state, estimates reveal that the swine population 

contributes approximately 46% of the NH3-N emissions (NCDENR, 1999).  This estimate 

shows a direct link to the recent growth of the swine population in NC; where small, rural 

family farm operations have developed into major corporate businesses clustered in limited 

geographic areas (e.g. eastern NC).  Areas of scattered local sources contribute a wide range 

of NH3 emission and dry deposition. Currently, NC is ranked second in the nation, behind 

Iowa, for swine production with approximately 10 million hogs in about 2500 hog farms 

located in eastern North Carolina (NCDA, 1998).   

 The primary objectives of this research are:  (1) to measure vertical fluxes of 

ammonia and related dry deposition velocities from near-surface concentration gradient 

measurements over natural surfaces in eastern North Carolina downwind of a source; (2) 

investigate and evaluate the variability of ammonia flux and related dry deposition velocity 

on a specified natural surface (i.e. grass) with respect to the time of the day, season, and 

meteorological factors;  (3) obtain empirical relations for dry deposition velocity of 

ammonia. This particular area of emphasis is chosen because of the obvious lack of data and 

the expressed need for a better understanding of ammonia flux and dry deposition velocity in 

eastern North Carolina, where ammonia sources have increased very rapidly in recent years 

(DAQ, 1997).  
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2.2 Methods and Materials   

2.2.1 Physiographic Location, Instrumentation, and Sampling Scheme 

 A brief description of the field site, design of experiment with state-of-the-art 

instrumentation and mobile laboratory, calibrations, and sampling scheme are given here, 

however a full description is provided in Chapter I. 

 This study was designed to measure vertical fluxes and dry deposition velocities of NH3 

at a relatively flat, uniform and smooth site with grass or short vegetation, which is located 

near a swine production facility in eastern North Carolina, during four seasons (Fall 2001, 

Winter 2002, Spring 2002, and Summer 2002).  Field experiments were conducted at the 

North Carolina State University’s (NCSU) Research Farm Units, namely the Air Quality 

Educational Unit (USDA-ARS, 3908 Inwood Rd., Raleigh, NC), coordinates 35°44′N, 

78°41′W (Chapter I, Figure 1.8), where hourly-averaged measurements of wind speeds, 

temperatures, and concentrations of ammonia were made at two heights (2m and 6m) using a 

7m walk-up tower in the horizontally-homogeneous atmospheric surface layer.  The 

measurement levels were carefully chosen with appropriate considerations for the height and 

distribution of surface roughness elements, so that the surface-layer similarity relations could 

be used for estimating the vertical fluxes of momentum, heat, and ammonia.  The main 

objective was to accurately measure the mean gradients of ammonia concentration, air 

velocity, and temperature over short sampling periods of 30-60 minutes.   

  The experimental site is located near a swine production facility, which employs an 

anaerobic lagoon for disposal of swine waste.  The farm consisted of seven production barns 

to house the swine, from the time of breeding to finishing.  During each measurement period, 
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the swine production facility averaged a total volume inventory of approximately 1200 

swine.   

 The farm utilizes an anaerobic lagoon as means of storage for the swine waste, 

located 0.5 mile east of the air quality tower.  The bulk (60 to 80%) of nitrogen entering the 

atmosphere from anaerobic lagoons is known to escape by means of NH3 volatilization (Sims 

and Wolf, 1994).  In addition to the swine educational facility, the NCSU Research Farm 

Unit also contains a dairy, turkey and chicken educational units that are within 0.5-mile 

proximity to the air quality measurement tower.  Among these units, the dairy cattle (~35 

head of cattle) graze in a field directly south/southwest, adjacent to the position of the tower.   

Ammonia concentrations are measured using two Thermo Environmental Instruments 

Inc. (TEI), Model 17C Chemiluminescence Ambient Ammonia Analyzers (TEI, 2000).  

Reports suggest that this instrument is useful for ammonia monitoring, modeling and flux 

measurement applications where time scales of approximately 1 minute or longer are 

acceptable for concentration determinations (McCulloch et al., 2000).  The manufacturer 

states that the minimum detection level of the analyzer is 1 ppb (~0.7 µg m-3); above this 

threshold mean concentrations and gradients for a 1 hour exposure can be resolved for 

estimation of NH3 fluxes and dry deposition velocities with an estimated uncertainty of 

±20%.  Performance evaluation of the NH3 analyzers were frequently conducted which 

included converter efficiency, relative precision, linearity across output ranges, and system 

error of two co-located analyzers.  Due to expected low ammonia concentrations of 

approximately 5-15 ppbV at the field site, an ammonia low permeation wafer device 

(Permeation Rate: 12 ng/min at 30 oC) was used in conjunction with a VICI Metronics 

Dynacalibrator Model 230.  In addition, to ensure calibration precision in the lower range of 
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0-5 ppbV, converter efficiency was evaluated during each measurement period at multiple 

points across the scale of 0-50 ppbV using a periodically calibrated TEI 146 dilution/titration 

instrument, which ranged from 65% to 75%.  Daily sampling scheme consisting of 

measuring diurnal ambient [NH3] were conducted consecutively 24 hours a day with 

interruptions due only to protocol daily zero and span checks noted by the operator manuals.   

 Meteorological data (wind speed/wind direction, temperature) and concentration 

measurements are collected and recorded via a Campbell Scientific 23X Micrologger.  The 

data acquisition system comprises a Dell laptop computer using Campbell Scientific 

software, which produces and records a 60 second rolling average. The two-

chemiluminscence analyzers and other gas detection instruments are housed in a 

temperature-controlled mobile laboratory.  The temperature inside the van is monitored and 

maintained at ∼70°C. 

 

2.2.2 Gradient Method of Determining Flux 

 A brief description of the gradient method is described here for this study, however a 

full description is provided in Chapter I. 

The modified Bowen ratio method is used, as well as the more general gradient 

method for estimating the vertical flux and the deposition velocity of ammonia (Businger, 

1986; Hicks, 1986).  In the absence of fast-response sensors, the Bowen ratio (Meyers et al., 

1996; Duyzer, 1994) and general gradient methods (Hansen et al., 1998; Erisman and Wyers, 

1993) have been successfully used in several studies where trace gas fluxes and deposition 

velocities were evaluated (e.g. sulfur dioxide and ozone).  Both the Bowen ratio and gradient 

methods are based on the eddy diffusivity relations for the vertical turbulent fluxes of 
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sensible heat and tracer gas.  The modified Bowen ratio method utilizes the following 

relationship 

θ
θ
∆
∆

=
cwcw ''''                                          (1) 

which implies that eddy diffusivities of heat and tracer mass are equal.  This assumption 

appears to be justifiable for conservable, passive tracers, but becomes somewhat questionable 

for fast reacting species.  Here c∆  and θ∆  denote the differences between the mean 

concentrations and potential temperatures measured at the same two heights z2 and zl.  The 

sampling time over which averages are taken should be large enough to include all the 

significant scales of eddy motion but smaller than the characteristic time scale of reactions 

involving the chemical species of interest.  An assumption implied in the gradient and Bowen 

ratios methods is that the tracer flux does not vary between the two heights.  But we will 

consider any variation of the ammonia flux associated with atmospheric chemistry.  In Eq. 

(1), the sensible heat flux ''θw  may be determined or estimated through the use of the 

gradient method and the surface-layer similarity relations which yield (see e.g., Arya, 1995, 

1999, 2001): 
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Here k ≅ 0.4 is the von Karman constant; u∆  is the difference in wind speeds between the 

two heights, and φm and φh are the dimensionless wind shear and potential temperature 

gradient at the geometric mean height zm = (zl z2)1/2. 

 According to the Monin-Obukhov (M-O) similarity theory, φm and φh are unique 

functions of the M-O similarity parameter z/L, where L is the Monin-Obukhov length.  Their 
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functional forms have been determined empirically from previous micrometeorological 

experiments.  The similarity theory also relates z/L to the more easily measured gradient 

Richardson number.  In particular, 
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which zm/L can easily be determined from its unique relationship to Ri (zm) (Arya, 1995, 

2001). 

 Likewise, the gradient method can also be used to obtain the following expression for 

the vertical flux of tracer: 
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where *u  is the friction velocity and φh is to be evaluated at zm/L.  The total vertical flux of 

tracer 

    cwcwFc += ''                                       (5) 

includes the mean vertical transport term which can usually be neglected close to a flat and 

homogeneous surface (however, see Businger, 1986).  In this study, we use the empirical 

expressions of the Monin-Obukhov similarity functions φm and φh, for the atmospheric 

surface layer proposed by Arya (2001) for unstable and moderately stable conditions and by 

Beljaars and Holtslag (1991) for very stable conditions.  In particular, for Ri ≥ 0.14 and  ζ>1 

we have used: 

                                               ζζζφ )]exp()1([1 ddcbam −−+++=                                   (6) 

           and 
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ζζζζφ )]exp()1()
3
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where, a = 1, b = 0.667, c = 5, and d = 0.35; (Beljaars and Holtslag, 1991; Ding et al., 2001).   

 The main difficulty that is encountered in the gradient and modified Bowen-ratio 

methods is that the average concentration c  has to be measured with a precision of ± 10% in 

order to adequately resolve the difference c∆ or the gradient zc ∂∂ / .  First, an inter-

comparison of concentration measurements by the two TEI-17C analyzers, sampling at the 

two heights with the same instrument on the tower, is made to determine their accuracy and 

suitability for gradient measurements.  A scatterplot and linear regression of the measured 

hourly average NH3 concentrations during daytime and nighttime periods of the first 

measurement intensive (Fall, September 4-14, 2001) by the two chemiluminescent analyzers 

showed some scatter, but good agreement, with strong correlations during both daytime (2m: 

R2 = 0.84; 6m: R2 = 0.70) and nighttime (2m: R2 = 0.87; 6m: R2 = 0.91) periods.  There was 

only a slight bias between the two analyzers on the average, but significant differences 

between their individual hourly concentration measurements at the same height indicated that 

small concentration gradients between the two heights cannot be accurately determined by 

using two separate instruments.  For this reason, ammonia concentrations are measured at 

two heights (2 and 6m) above the surface employing an arrangement of two identical TEI-

Model 17C chemiluminescence analyzers, and a solenoid for each analyzer to alternate 

measurements between the two elevations.  A switching frequency of 10 minutes between the 

two heights allows hourly gradient measurements of three 10-minute intervals for each 

height.  An average of the last 6 minutes of concentration data is considered in order to 

minimize measurement errors related to the analyzer’s response time (~2 to 3 minutes) 
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including the length of sampling tubing.  The instrument and measurement technique have 

been described elsewhere where measurements of NOX soil fluxes/soil emissions were 

determined (Aneja and Murthy, 1994; Aneja et al., 1998b; Roelle et al., 1999). 

 

2.3 Dry Deposition Velocity 

A brief description for the calculation of dry deposition velocity is described here for 

this study, however a full description is provided in Chapter I. 

 The dry deposition velocity can be estimated from its conventional definition as a 

ratio of vertical flux of a material at or near the surface of the earth to mean concentration at 

a reference height 

cFv cd /−=                                                       (8) 

in which the negative sign is introduced because, in micrometeorology, the flux is considered 

positive when it is directed upward.  Dry deposition processes include molecular diffusion, 

transport by turbulent eddies, gravitational settling of particulate matter, and inertial 

impaction or absorption at the surface (Aneja and Murthy, 1994).  One can also define a 

transfer velocity for heat as: 

  ( )ot wv θθθθ −−= /''  .                                                (9) 

A widely used parameterization or expression for deposition velocity of a gaseous 

substance is 

                     ( ) 1−++= tsad rrrv                                                       (10) 

where ra is the aerodynamic resistance to transfer through the turbulent surface layer, rs is the 

resistance associated with the molecular sublayer adjacent to the depositing surface, and rt 
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represents the combined resistance of the surface and transfer to the substrate (Arya, 1999; 

Andersen et al., 1999).  Although this expression does not take into account estimates of 

compensation point it has been widely and successively used to estimate dry deposition of 

surfaces where emission is negligible.  Expression of ra is determined utilizing the Reynolds 

analogy between the mass and momentum transfers to the surface. 

2
*u

ur r
a =                                                             (11) 

where ru  is the mean velocity at the reference height rz  for deposition velocity, and *u  is 

friction velocity.  An approximate expression for sr  is  

                           
*u
crs =                                                            (12) 

in which the empirical constant, c, is estimated to lie between 5 and 6.5 (Wesley and Hicks, 

1977).  Noting that ra » rs, it is apparent that turbulence primarily influences the maximum 

possible deposition velocity (vmax) or emission rate (Andersen et al., 1999).  Assuming that 

the gas is readily absorbed at the surface, rt = 0.  While any deviation in vd from vmax will be 

reflected when rt > 0, exhibiting absorption/uptake at the surface (Andersen et al., 1999).  

Estimating only the aerodynamic resistance, ra, Wyers and Erisman (1998) defined the 

maximum possible deposition velocity (vmax) and the maximum possible flux (Fmax) as 
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However, we also apply a relaxed criteria to this assumption of vmax, (where a transfer 

velocity for heat transfer (Eq. 9) may be larger than vmax by a factor of two) accounting for 

the possibility supported by considerable experimental evidence (Arya, 1977, 2001), of heat 

and mass being transferred more efficiently than momentum under unstable and convective 

conditions. 

     

2.4 Results 

2.4.1  Seasonal ammonia concentrations: comparison with meteorological conditions 

 A series of seasonal field measurements of ammonia concentrations were conducted 

over a grass surface at NCSU Air Quality Educational Unit, in which two TEI Model-17C 

chemiluminescence analyzers were utilized in conjunction with a solenoid for each analyzer 

to alternate measurements between two elevations (2m and 6m). Figure 2.1a and 2.1b inter-

compare the hourly average concentrations measured by the two NH3 analyzers during 

daytime and nighttime periods of the first measurement intensive (Fall, September 4-14, 

2001), respectively.  A scatterplot and linear regression of the measured hourly average NH3 

concentrations by the two chemiluminescent analyzers showed some scatter, but good 

agreement, with strong correlations during both daytime (2m: R2 = 0.84; 6m: R2 = 0.70) and 

nighttime (2m: R2 = 0.87; 6m: R2 = 0.91) periods of Fall, 2001.  Table 2.1 displays [NH3] 

statistical analysis (average, standard deviation, minimum and maximum values) of both TEI 

17Cs during daytime and nighttime conditions.  There is only a slight bias between the two 

analyzers on the average, but significant differences between their individual hourly 

concentration measurements at the same height indicated that small concentration gradients 
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between the two heights cannot be accurately determined by using two separate instruments.  

For this reason, only one analyzer (Model 17C) was utilized in conjunction with a solenoid.   

 Meteorological conditions such as wind speed, wind direction and temperature were 

also measured at the same two heights (2m and 6m) as [NH3].  However, due to instrument 

and calibration errors suspected within thermocouple sensors during the fall and winter 

seasons, meteorological data (wind speed, wind direction and temperature at 2m and 10m) 

from the State Climate Office of North Carolina (SCO-NC) (2002) AgNet tower, which is 

located 50 yards from the air quality tower, were used.  The instruments used to measure 

temperature and wind speed/direction at the AgNet tower were similar to the instruments 

used in this field study (see Chapter I).  Since, the upper AgNet measurement height (10m) is 

different than the upper height of NH3 concentration measurements (6m); this difference was 

taken into account in the computation of ammonia flux using the micrometeorological 

gradient technique with [NH3] data collected.  Fall average [NH3] during daytime are 7.60 ± 

6.54 µg m-3 at 2m and 8.44 ± 7.45 µg m-3 at 6m; while nighttime [NH3] are  7.25 ± 6.14 µg 

m-3 at 2m and 7.73 ± 6.69 µg m-3 at 6m (Table 2.2a).   

 Table 2.2a and 2.2b display fall and winter temperatures and wind speeds collected 

by SCO-NC AgNet at two heights, 2m and 10m, which show larger wind speeds at 10m 

during daytime and nighttime conditions.  Temperatures reflect typical near-surface diurnal 

inversion patterns with daytime temperatures at 2m greater than 10m, and nighttime 

temperatures at 10m greater than 2m.  Studies have shown strong correlations between air 

temperatures and ammonia concentration (Duyzer et al., 1989; Krupa, 2003), discovering 

temperature to be an important variable in influencing NH3 volatilization from animal waste 

(Aneja et al., 2000, 2001b; Sommer, 1997; Aarnink et al., 1995).  Figure 2.2a displays the 
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comparison of diurnal temperatures and [NH3] on a particular day (9/9/01) during the Fall 

measurement period.  Overall, the diurnal relationship between temperature and [NH3] 

reflects typical near-surface diurnal inversion patterns in which as temperature increases 

(decreases), [NH3] also increases (decreases).  During this measurement period frequent 

changes in the sign of [NH3] gradient and, hence, flux in the afternoon and night were 

observed, which are the result of the impact of multiple meteorological variables:  

temperature variation, wind speed variation from 0.90 to 5.0 m s-1, wind direction variation 

from north to northeast, to east, and to southeast, and relative humidity variation between 98 

to 70%.  

 The winter season had the lowest overall concentrations collected during each 

seasonal campaign with averages of 1.73 ± 2.00 µg m-3 (2m) and 1.63 ±1.69 µg m-3 (6m) 

during daytime; and 1.37 ± 1.50 µg m-3 (2m) and 1.42 ± 1.39 µg m-3 (6m) during nighttime 

(Table 2.2b).  Accordingly, winter season had the largest overall wind speeds:  daytime wind 

speeds at the 10m height ranged from 8.0 to 0.90 m s-1 (3.94 m s-1 average), and nighttime 

10m wind speeds ranged from 6.20 to 0.10 m s-1 (2.50 m s-1 average).   

 Table 2.3a and 2.3b present spring and summer temperatures and wind speeds 

collected at two heights, 2m and 6m.  Spring average [NH3] concentrations during daytime 

were 5.69 ± 4.71 µg m-3 at 2m and 5.53 ± 4.59 µg m-3 at 6m; while nighttime [NH3] are 3.41 

± 2.62 µg m-3 at 2m and 3.88 ± 2.60 µg m-3 at 6m (Table 2.3a).   In addition, summer 

concentrations are shown in Table 2.3b with averages of 4.69 ± 4.75 µg m-3 (2m) and 4.90 ± 

3.75 µg m-3 (6m); and 2.76 ± 2.43 µg m-3 (2m) and 3.17 ± 2.60 (6m) µg m-3 for daytime and 

nighttime respectively.  Seasonally, spring had the second largest overall wind speeds, where 

daytime wind speeds were measured at the same height as [NH3], 6m height ranged from 
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7.97 to 0.16 m s-1 (average:  3.58 m s-1), and nighttime 6m wind speeds ranged from 6.10 to 

0.18 m s-1 (average:  2.31 m s-1).  Likewise, a diurnal relationship between temperature and 

[NH3] became apparent throughout the measurement period in summer with [NH3] 

increasing with temperature (Figure 2.2b, one particular day representing the summer 

season). 

 Figure 2.3 features a regression analysis between hourly-averaged temperatures and 

NH3 concentrations for all the seasons (measurement periods). This power regression (R2= 

0.30) reveals supporting evidence of temperature as a significant variable in influencing NH3 

volatilization from animal waste (Aneja et al., 2000, 2001a; Sommer, 1997; Aarnink et al., 

1995), however it is noted that the correlation coefficient is relatively low due to the various 

agricultural and environmental influences including motor vehicle exhaust from a nearby 

road (~0.20 mile) surrounding the field site already discussed.  This analysis was further 

segregated into two sectors based on wind direction predominance with [NH3]: (1) northeast-

southeast sector (45°-135°) and (2) southwest-northwest sector (225°-315°).  The northeast-

southeast sector displayed an increase in R2=0.38 (supporting the influence of the swine 

lagoon effect) as well as an increase in the temperature parameter within the regression 

analysis.  The southwest-northwest sector showed a slight decrease in the temperature 

parameter and the R2=0.29.  Regression analyses of daytime and nighttime ammonia 

concentrations and other meteorological parameters (wind speed, wind direction, and relative 

humidity) during fall, winter, spring and summer revealed statistically significant (p<0.001) 

positive correlations, however with small R2 values between [NH3] and wind speed, as well 

as [NH3] and relative humidity.  Similarly, even when including autocorrelation in the 

regression model the other meteorological parameters were insignificant.  These insignificant 
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correlations between meteorological parameters and [NH3] are, probably, a result of a 

mixture of agricultural and environmental impacts surrounding the field site.  Interaction 

between abrupt changes in wind direction in conjunction with wind speed and [NH3] are 

possible sources resulting in low correlations between ammonia concentrations and 

meteorological conditions.   

 The seasonal ammonia concentrations reveal that the largest average [NH3] were 

during the fall measurement campaign (Figure 2.4a,b), while the highest maximum [NH3] 

was observed in summer at 2m (41.71 µg m-3) (Table 2.3a).  The larger fall average 

concentrations are due to the lagoon irrigation practices used (Table 2.4) and relatively warm 

temperatures (25.11 ± 3.09 oC), whereas, lagoon irrigation was not applied during the other 

seasonal measurement campaigns.  Based on the animal waste management plan used by the 

Dairy Educational Unit at the measurement filed site, lagoon liquid irrigation was applied to 

a field southeast of the air quality tower where a small grain overseed (wheat) was cultivated 

(see spray field, Chapter I, Figure 1.8).  A relatively small difference of 1.0-0.65 µg m-3 

exists between spring and summer average [NH3] during day and nighttime at the two heights 

(2m and 6m).  While the lowest average [NH3] was observed during the winter season (1.37-

1.73 µg m-3), due to lower temperatures prevailing in that season (Sutton et al., 1994; Sutton 

et al., 2003). 

 In addition, since swine lagoons and housing barns were considered as dominant 

sources of ammonia gas at the research study site with respect to the prevailing winds, 

measurements were conducted during different wind directions.  Although, wind directions 

fluctuated within each sampling intensive, predominant wind sectors became apparent in 

regards to [NH3] during daytime and nighttime conditions.  Figures 2.5 to 2.8 indicate the 
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frequencies of ammonia concentration ranges by wind direction.  During the fall 

measurement period, not only was the northeast and southeast wind direction dominant 

during daytime but also, higher concentrations of ammonia occurred in the eastern wind 

sector due to the transport of NH3 from a swine lagoon located east of the air quality tower 

(Figure 2.5).  Conversely, during nighttime (fall) the higher ammonia concentrations 

occurred during the predominant northwest and northeast wind directions.  During winter, the 

southwest wind direction was dominant with higher concentrations during daytime, while 

nighttime ammonia concentration frequencies dominated southwest, west and northwest 

(Figure 2.6).  Southwest and west wind directions display predominance in correlation with 

[NH3] during spring daytime and nighttime (Figure 2.7).  Furthermore, summer measurement 

periods revealed southwest and west wind direction predominance in correlation with 

ammonia concentrations (Figure 2.8).  The correlation between greater frequencies of [NH3] 

with winds from southwest of the tower suggest the effects of environmental conditions 

(grazed fields as a result of dairy cows located south and southwest of the measurement site), 

while west wind directions show the effects of horse and chicken farms west of the tower.    

 

2.4.2  Seasonal Ammonia Concentration Gradients 

 Each series of seasonal field measurements of ammonia concentrations were 

evaluated in order to describe their frequency of concentration distribution based on the 

micro-meteorological measurement technique and limiting criteria used.  Figures 2.9 and 

2.10 display seasonal (Fall 2001; Winter, Spring, Summer 2002) frequency distribution of 

concentration gradients where concentration gradients are normalized by mean 

concentrations.  The frequency distributions of concentration gradients show normalized 
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concentration gradients are within the detection limits of the TEI-17C instruments.  Typically 

the seasonal concentration gradients are approximately 30% of the concentrations (Fall 2001, 

Spring and Summer 2002), except Winter 2002, which is approximately 10-20%.  

 

2.4.3  Seasonal Ammonia Deposition Fluxes 

This study utilizes the definition of the hourly-averaged downward flux of a 

depositing material as the product of the estimated deposition velocity and the hourly 

averaged concentration at a reference height near the surface (2m in present study) (Arya, 

1999).  Since, the level detection limit (LDL) defined by the TEI Model 17C manual is 1 ppb 

(~0.7 µg m-3); measurements collected and gradients calculated using ammonia 

concentrations below this LDL value have been excluded from estimated NH3 seasonal 

fluxes and deposition velocities.  Table 2.5 presents the statistical analysis (average and 

standard deviation) of seasonal NH3 deposition fluxes (after limiting criteria based on vmax 

was applied to estimates of deposition velocities, see Section 2.3) based on hourly-averaged 

fluxes, where N equals the number of sampling days and n equals the number of sampling 

hours, and negative flux implies downward flux or deposition.  The direction and magnitude 

of flux change hourly, diurnally and seasonally, suggesting the effect of environmental, 

meteorological, and stability conditions, as well as irrigation applications (e.g. Fall Season).  

Nevertheless, consistently throughout each season, deposition mostly occurred during the late 

afternoon, evening, and the early morning hours (Figures 2.11 and 2.12).  The percentage of 

deposition occurring during the winter measurement campaign was generally less than the 

other seasonal measurement campaigns, while the summer season had the greatest 

occurrence of deposition (Figure 2.12).  It should be noted that the small percent of 
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deposition during the hours of 8:00-10:00 a.m. are due to daily span checks of the 

instruments, therefore the number of samples during this time interval were relatively small 

and biased compared to the other measurement hours within each day.  The results of the 

seasonal statistical analysis show smallest average negative fluxes in Winter 2002, with 

hourly-averaged deposition fluxes ranging from -0.14 to ~0 µg m-2 s-1 and an overall average 

of -0.02 ± 0.03 µg m-2 s-1.  Winter season was influenced by windy, cold and dry conditions, 

which resulted in a large loss of samples restricted by the LDL.  Spring and summer season-

averaged deposition fluxes are about the same (-0.11 ± 0.15 µg m-2 s-1), while the average of 

hourly fall fluxes of NH3 is –0.14 ± 0.19 µg m-2 s-1.  The minimum (maximum deposition) 

fluxes in these seasons range from –1.16 to –0.90 µg m-2 s-1.  Our estimated range is 

consistent with studies conducted in Europe (see Table 2.6) where emission and deposition 

fluxes were estimated (Duyzer et al., 1987; Duyzer et al., 1992; Sutton et al., 1993; Sutton et 

al., 1994).  Among these, Erisman and Wyers (1993) observed NH3 emission fluxes of 0-0.50 

µg m-2 s-1 during dry conditions and deposition fluxes of 0-0.45 µg m-2 s-1 during wet 

conditions over two heathland sites located close to an extensive livestock production 

facility.  Similarly, Duyzer et al., (1987) reported NH3 fluxes in the range of –190 to –30 ng 

m-2 s-1 over dry heathland.   

 

2.4.4  Seasonal Deposition Velocities 

Asman et al., (1994) outline two significant factors that influence the fate of NH3 

exchange between the air and earth’s surface:  (1) NH3 gas concentration gradient between 

the air and surface, and (2) the intensity of atmospheric turbulence which depends on the 

surface roughness and stability.  If the concentration at the surface is relatively high (e.g. 
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manure) emission occurs.  Whereas, if the concentration at the surface of the earth is 

relatively low, dry deposition occurs.  Under a wide range of wind and atmospheric stability 

conditions gradient measurements were made between two heights (2m and 6m) over a 

natural grass surface near an intensively managed swine production facility.  The method 

used for estimating dry deposition velocity is described in Section 2.3.  Estimating only the 

aerodynamic resistance, ra, the maximum possible deposition velocity (vmax = ra
-1) has been 

used to validate estimated deposition velocities with measured meteorological conditions, 

where -vmax is the maximum possible emission rate (Wyers and Erisman, 1998).  In this 

study, -vmax is not considered due to the uncertainty in classifying emission within the 

ammonia saturated measurement site.  This method (vmax = ra
-1) is based on the questionable 

assumption that the resistance for the transfer of ammonia is identical to that of momentum.  

Therefore, we applied a relaxed criterion as an alternative to the assumption of vd<vmax, 

where we consider from the bulk transfer method and considerable experimental evidence 

(Arya, 1977, 2001), of heat and mass being transferred more efficiently than momentum 

under unstable and convective conditions.  Our relaxed criterion for acceptable values of vd is 

that vd ≤ 2 vmax under unstable and convective conditions and vd ≤ vmax under stable 

conditions.  Seasonal assessments of vmax (positive values for all hourly samples of deposition 

flux) are shown in Figures 2.13a, 2.14a, 2.15a, and 2.16a for Fall 2001, Winter, Spring, and 

Summer 2002 respectively.  These are plotted against friction velocity *u , because it is the 

primary variable determining vmax.  There are some seasonal variations in the ranges of vmax 

values due to seasonal influences on wind speed and stability. 

Estimates of deposition velocity (vd) that do not meet the above relaxed criterion are 

considered to have large uncertainty, and are excluded from any further analysis.  Overall, 
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the numbers of hourly flux and deposition velocity estimates retained and those excluded 

from further analysis for each season are explained as follows:  (1) Fall 2001:  total hourly 

estimated vd = 88 values, where 57 values were retained and 31 values were excluded; (2) 

Winter 2002:  total hourly estimated vd = 76 values, where 71 values were retained and 5 

values were excluded;  (3) Spring 2002:  total hourly estimated vd = 191 values, where 88 

values were retained and 103 values were excluded; and (4) Summer 2002:  total hourly 

estimated vd = 298 values, where 135 values were retained and 163 values were excluded.  

The estimated fluxes and deposition velocities that are retained meet our somewhat relaxed 

criterion based on vmax and are considered to be more reliable than those excluded.  Seasonal 

evaluations of daytime and nighttime values meeting our relaxed criterion are shown Figures 

2.13b, 2.14b, 2.15b, and 2.16b.  It is possible that larger fluxes and deposition velocities 

represented in the latter category were subjective to other environmental factors, possibly 

atmospheric chemical reactions.  However, deposition velocities were calculated based on a 

conserved species approach and not atmospheric chemical reactions involving gases such as 

HNO3, HCl, and acidic aerosols (Duyzer et al., 1994; Andersen et al., 1999). 

Deposition velocity in Table 2.7a is defined as the downward velocity of depositing 

material and estimated from the deposition flux.  Seasonal averages shown in Table 2.7a 

represent an average of all hourly NH3 deposition velocities over the number of observation 

hours and are further divided into average daytime and nighttime deposition rates.  Day and 

night hours were based on sunrise and sunset times within each season.  Summer 

measurements yield the largest average daytime deposition velocity of 3.94 ± 2.79 cm s-1 

while winter season yields the lowest vd = 2.41 ± 1.92 cm s-1.  The average values for 

daytime vd during spring and fall seasons are about the same (2.8 ± 2.0 cm s-1).  Conversely, 
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nighttime estimates of vd are much smaller, especially during fall (0.07 ± 0.17 cm s-1) and 

winter (0.19 ± 0.27 cm s-1) seasons.  These daytime and nighttime differences are largely due 

to different stability conditions.  The highest average deposition velocities were generally 

observed during unstable and moderately stable conditions and lowest values during very 

stable conditions (Table 2.7b).   

 

2.4.5  Turbulence and Stability Effects 

 Micrometeorological variables including wind speed at 10m or friction velocity, 

atmospheric stability, surface heat flux and moisture flux affect turbulence transfer through 

the surface layer.  Friction velocity, a measure of mean wind shear and shear-generated 

turbulence near the surface in both the canopy layer and above the canopy homogeneous 

surface layer, is noted to be well correlated with dry deposition velocity and one of the most 

important variables (Arya, 1999).  A regression analysis reveals that a strong relationship 

exists between friction velocity and estimated deposition velocities.  The results of this 

procedure are plotted in Figure 2.17 based on the combination of seasonal data stratified with 

respect to stability (unstable, moderately stable and very stable categories) with 

corresponding regression equation and R2 values.  All seasons display strong correlations 

with R2 values of 0.74, 0.54, and 0.86 based on power regression curves for unstable, 

moderately stable, and very stable conditions, respectively.  The forms of these power 

regression relations are:  unstable (y = 0.2596x1.5387); moderately stable (y = 0.1239x1.5212); 

and very stable (y = 0.2376x1.8132) where y represents deposition velocity in ms-1 and x 

represents friction velocity in ms-1.  Note that deposition velocities are much smaller during 

very stable conditions. 
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 Andersen et al., (1999) utilized the term relative net deposition to facilitate any 

incongruity between the quantification of high and low deposition velocities.  Relative net 

deposition is the ratio of the measured net deposition velocity to the maximum estimated 

deposition velocity, i.e. vd / vmax.  A relative deposition velocity near zero would signify a 

high surface resistance value of rc, whereas a relative deposition velocity near one or larger 

would signify a low rc, since vd is large.  Diurnal (day and night) and seasonal dependence of 

the ratio vd / vmax as a function of *u was investigated.  Figure 2.18 shows that most nighttime 

values are clustered between friction velocities of 0-0.3 m s-1, while the distribution of 

daytime ratios is scattered over a larger range of *u  up to 0.7 m s-1.  However, the ratio also 

does not appear to depend on *u  and more values larger than one occur during daytime in 

warm seasons, because of the relaxed criterion vd ≤ 2 vmax used for unstable conditions. 

 

2.5 Conclusions 

 Measurements of near-surface concentration gradient are used to estimate ammonia 

fluxes and dry deposition velocities utilizing the micrometeorological gradient and modified 

Bowen-ratio methods over a natural grass surface on an animal farm site over a wide range of 

meteorological conditions encountered during different seasons.  Diurnal and seasonal 

variations of ammonia flux and dry deposition velocity are investigated, which occur during 

each seasonal campaign.  Deposition and emission occur, both on daily and seasonal scales. 

 Fall average NH3 concentrations were generally the highest with little difference 

between daytime (7.60 µg m-3) and nighttime (7.25 µg m-3) average values at 2m.  The 

winter season had the lowest average concentrations with some difference between daytime 

(1.73 µg m-3) and nighttime (1.37 µg m-3) values at 2m.  Average [NH3] concentrations 
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during spring and summer seasons show much larger differences between daytime (5.69 and 

4.69 µg m-3) and nighttime (3.41 and 2.76 µg m-3) average values. Maximum hourly-

averaged concentration of 41.71 µg m-3 occurred during the summer. 

 Frequencies of [NH3] by wind direction were also investigated.  During the fall 

measurement period, northeast and southeast wind direction became dominant during 

daytime but higher concentrations of ammonia occurred in the eastern wind sector due to the 

transport of NH3 from a swine lagoon located east of the air quality tower.  During nighttime 

(fall) higher [NH3] occurred during the predominant northwest and northeast wind directions.  

Furthermore, winter, spring, and summer measurement periods revealed southwest and west 

wind direction predominance in correlation with [NH3].  The correlation between greater 

frequencies of [NH3] with winds from southwest of the tower suggest the effects of 

environmental conditions (grazed fields as a result of dairy cows located south and southwest 

of the measurement site), while west wind directions show the effects of horse and chicken 

farms west of the tower.   

  The direction and magnitude of fluxes change hourly, diurnally and seasonally, 

suggesting the effect of environmental, meteorological, and stability conditions, as well as 

lagoon irrigation applications (e.g. Fall Season).  Throughout each season the majority of 

upward fluxes occurred mid-day (11:00 a.m.-3:00 p.m.), while, deposition occurred during 

the afternoon, evening, and the early morning hours.  Seasonal statistical analysis shows that 

the largest average deposition flux occurred in the Fall 2001 measurement campaign, 

reflecting the lagoon spray/irrigation practices used during that period. 

Deposition velocity is defined here as the ratio of the deposition flux to mean 

concentration at 2m.  Summer measurements estimate the largest average daytime deposition 
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velocity of 3.94 ± 2.79 cm s-1.  Nighttime summer season estimates of vd are slightly larger 

(0.76 ± 1.69 cm s-1) than spring nighttime estimates (0.62 ± 1.04 cm s-1).  Fall nighttime 

average deposition velocities (0.07 ± 0.17 cm s-1) are considerably lower than other seasonal 

estimates.  The highest average deposition velocities were generally observed during unstable 

conditions while very stable conditions (low level turbulence) yield the lowest average 

deposition velocities.  A nonlinear regression analysis revealed a strong relationship between 

ammonia dry deposition velocity and the friction velocity, reiterating related research 

findings of friction velocity as the most important variable affecting dry deposition velocity.  

The findings of this research can be used for parameterizing dry deposition of ammonia on 

natural surfaces in practical applications of atmospheric dispersion, and deposition modeling 

to eastern North Carolina and possibly eastern United States.       
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Table 2.1.  Comparison of two TEI 17C Ammonia chemiluminescence analyzers during first 
seasonal measurement initiative (Fall: September 4-14, 2001).  Statistical data:  Average, 
standard deviation, minimum and maximum values of [NH3] (µg m-3), N=number of 
sampling days; n=number of NH3 concentration measurements. 
 

Fall Season 
(September 4-14, 2001) 

(1) TEI 17C- [NH3] 
(µg m-3) 

(2) TEI 17C- [NH3]  
(µg m-3) 

  Daytime 
   N=14, n=109 

2m 
 

6m 
 

2m 
 

6m 
 

 Average 9.0 9.64 7.60 8.44 
 ±1 Standard Deviation 7.35 7.95 6.54 7.45 
 Minimum 0.0 0.33 0.02 0.49 
       Maximum 36.17 36.20 34.30 34.31 
         
Nighttime 
   N=11, n=80 

2m 
 

6m 
 

2m 
    

6m 
 

 Average 7.19 7.87 7.25 7.73 
 ±1 Standard Deviation 5.76 6.69 6.14 6.69 
 Minimum 0.0 0.0 0.0 0.46 
       Maximum 23.18 27.06 24.72 26.89 
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Table 2.2a,b.  (a) Fall Season (b) Winter Season statistical data: measured [NH3] (µg m-3) at 
2m and 6m; temperature (o C) and wind speed (m s-1) at two heights, 2m and 10m, measured 
by State Climate Office; N=number of sampling days; n=number of measurements. 
 

(a) 
Fall Season 

(September 4-14, 2001) 

  
[NH3]  

(µg m-3) 

 
 Wind Speed 

(m s-1) 

 
Temperature 

(o C) 
  Daytime 
   N=11, n=109 

2m 6m 
 

2m 
 

10m 
 

2m 
 

10m 
 

 Average 7.60 8.44 1.63 2.16 25.11 24.78 
 Median 6.06 5.89 1.60 2.10 25.28 24.94 
 ±1 Standard Deviation  6.54 7.45 0.83 1.06 3.09 2.74 
 Minimum 0.02 0.49 0.20 0.30 16.50 16.72 
       Maximum 34.30 34.31 4.90 6.90 31.78 30.56 
         
  Nighttime 
   N=11, n=80 

2m 
  

6m 
  

2m 
 

10m 
 

2m 
 

10m 
 

 Average 7.25 7.73 0.62 1.06 18.57 19.66 
 Median 5.11 5.48 0.50 0.90 18.23 19.50 
 ±1 Standard Deviation 6.14 6.69 0.46 0.65 2.62 2.19 
 Minimum 0.0 0.46 0.10 0.10 13.83 15.11 
       Maximum 24.72 26.89 2.40 3.40 23.17 23.78 

 
(b) 

Winter Season 
(February 4-5, 12-25, 2002) 

  
[NH3] 

 (µg m-3) 

 
 Wind Speed 

(m s-1) 

 
Temperature 

(o C) 
  Daytime 
   N=15, n=124 

2m 6m 
 

2m 
 

10m 
 

2m 
 

10m 
 

 Average 1.73 1.63 2.87 3.94 11.87 11.51 
 Median 0.98 1.04 2.85 3.75 12.17 11.78 
 ±1 Standard Deviation  2.00 1.69 1.35 1.80 4.64 4.55 
 Minimum 0.0 0.03 0.60 0.90 -0.67 0.28 
       Maximum 10.79 8.65 6.10 8.00 20.28 20.19 
         
  Nighttime 
   N=16, n=135 

2m 
  

6m 
  

2m 
 

10m 
 

2m 
 

10m 
 

 Average 1.37 1.42 1.63 2.50 6.26 7.41 
 Median 0.91 0.94 1.40 2.50 6.06 7.78 
 ±1 Standard Deviation  1.50 1.39 0.99 1.35 5.25 5.00 
 Minimum 0.02 0.04 0.10 0.10 -3.39 -1.61 
       Maximum 9.52 8.75 4.70 6.20 18.67 19.22 

 



 84

Table 2.3a,b. (a) Spring Season (b) Summer Season statistical data: measured [NH3]  
(µg m-3), temperature (o C) and wind speed (m s-1) at two heights, at 2m and 6m; N=number 
of sampling days; n=number of measurements. 
 

(a) 
Spring Season 

(April 26 - May 16, 2002) 

  
[NH3] 

 (µg m-3) 

 
 Wind Speed 

(m s-1) 

 
Temperature 

(o C) 
  Daytime 
   N=20, n=225 

2m 6m 
 

2m 
 

6m 
 

2m 
 

6m 
 

 Average 5.69 5.53 2.85 3.58 21.98 21.71 
 Median 4.07 4.01 2.51 3.37 22.13 21.78 
 ±1 Standard Deviation  4.71 4.59 1.48 1.82 5.41 5.36 
 Minimum 0.73 0.61 0.14 0.16 9.87 9.75 
       Maximum 35.82 39.87 6.31 7.97 31.16 31.10 
         
Nighttime 
   N=21, n=164 

2m 
  

6m 
  

2m 
 

6m 
 

2m 
 

6m 
 

 Average 3.41 3.88 1.74 2.31 18.40 18.88 
 Median 2.59 2.92 1.51 2.00 18.50 18.93 
 ±1 Standard Deviation  2.62 2.60 1.11 1.39 4.57 4.49 
 Minimum 0.0 0.74 0.13 0.18 8.82 9.85 
       Maximum 13.89 17.56 4.78 6.10 26.67 27.89 

 
(b) 

Summer Season 
(July 9 - July 31, 2002) 

  
[NH3] 

 (µg m-3) 

 
 Wind Speed 

(m s-1) 

 
Temperature 

(o C) 
  Daytime 
   N=23, n=292 

2m 6m 
 

2m 
 

6m 
 

2m 
 

6m 
 

 Average 4.69 4.90 1.61 2.07 27.61 27.39 
 Median 3.54 4.23 1.50 1.92 27.44 27.19 
 ±1 Standard Deviation  4.75 3.75 0.77 0.91 4.13 4.05 
 Minimum 0.39 0.21 0.18 0.28 18.26 17.94 
       Maximum 41.71 27.45 3.71 4.81 35.53 34.88 
         
Nighttime 
   N=23, n=187 

2m 
  

6m 
  

2m 
 

6m 
 

2m 
 

6m 
 

 Average 2.76 3.17 1.10 1.54 23.89 24.18 
 Median 1.88 2.32 0.88 1.31 23.49 23.73 
 ±1 Standard Deviation  2.43 2.60 0.66 0.86 2.16 2.32 
 Minimum 0.50 0.34 0.26 0.37 18.29 18.34 
       Maximum 14.3 19.13 3.32 4.35 29.17 29.71 

 



 85

Table 2.4.  Lagoon liquid irrigation field record from the North Carolina State University Air 
Quality Educational Unit / Dairy Educational Unit: Field site (USDA-ARS, Inwood Rd., 
Raleigh, NC):  dates/time, crop type, irrigation application totals. 
 

 
Irrigation 

Dates/Time 

 
 

Crop 

 
Total 

Volume 
(gallons) 

 
Volume 
Per Acre 
(gal/ac) 

 
PAN 

Applied 
(lb/ac) 

 
Nitrogen 
Balance 
(lb/ac) 

 
9/1/01 

8:30a.m.-4:30 p.m. 

Wheat 
(Small grain 
overseeded) 

 
68,640 

 
13,328 

 
8.3 

 

 
50.0 

 
9/2/01 

9:30a.m.-5:00 p.m. 

Wheat 
(Small grain 
overseeded) 

 
64,350 

 
12,495 

 
7.7 

 
42.3 

 
9/3/01 

8:30a.m.-4:30 p.m. 

Wheat 
(Small grain 
overseeded) 

 
68,640 

 
13,328 

 
8.3 

 
41.7 

 
9/12/01 

9:00a.m.-4:00 p.m 

Wheat 
(Small grain 
overseeded) 

 
60,060 

 
11,662 

 
7.2 

 
35.0 

 
9/13/01 

12:30p.m.-3:00 p.m 

Wheat 
(Small grain 
overseeded) 

 
21,450 

 
4,165 

 
2.6 

 
39.2 
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Table 2.5. Statistical analysis (average, standard deviation, and range of fluxes 
(minimum/maximum) of seasonal NH3 deposition fluxes after limiting criteria applied to 
deposition velocities; N=number of sampling days, n=number of hourly measurements. 
 

 
NH3 Deposition Fluxes* 

(µg m-2 s-1) 

 
 

 
Summer Season 

N=23, n=135 

 
Spring Season 

N=21, n=88 

 
Fall Season 

N=11, n=57 

 
Winter Season 

N=15, n=71 
Average -0.11 -0.11 -0.14 -0.02 

1 Std. Dev. ±0.14 ±0.15 ±0.19 ±0.03 

Minimum -1.16 -0.95 -0.90 -0.14 

Maximum 0 0 0 0 

     
 
 

      * Negative flux is depositing downwards. 
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Table 2.6. Range of micrometeorological measurements of NH3 dry deposition to semi-
natural ecosystems and forests (Source: modified from Sutton et al., 1994) 
 

 
 

Ecosystems 

Air 
concentration 
(ug NH3 m-3) 

Range of 
NH3 fluxes 
(ng m-2 s-1) 

Deposition 
velocity, Vd 

(mm s-1) 

Canopy 
resistance, 
Rc (s m-1) 

 
Ref. and notes 

dry heathland 
    dry surface 
    wet surface 
 

0-25 -190 - -30 19  
28 
9 

Duyzer et al., (1987) 

upland moorland 
    non-frozen 
    frozen 
 

0.03-1.2 -64 - 0  
28 
9 

 
6 

50-200 

Sutton et al., (1992a) 

dry heathland 
    dry <70% RH 
    humid >80% RH 

0.3-8.5 -90 - 22  
emission 

0-15 

 
-- 

0-100 

Sutton et al., (1992b) 
     day 
     day/night 

dry heathland 
    dry <70% RH 
    >70% RH or 
      wet frozen 
 

0.5-40 -450 - 500 -- 0 – 300* 
    0 – 100 

200 

Erisman and Wyers, 
(1993) 

neutral cut meadow 
 

1.3 – 3.4 -60 - -8 16 3 Sutton et al., (1993) 

coniferous forest 1 - 27 
0.1 - 25 

0 - 4 

-1270 - -290 
-100 

32 
32 

14 -200 

4 
-- 

Rb+Rc = 6* 

Duyzer et al., (1992) 
Wyers et al., (1992) 
Andersen et al., (1993) 

 
Notes: negative fluxes denote deposition; single values are means.  
 
* Calculated from their data; some runs indicated ammonia emission. 
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Table 2.7a,b. (a) Average seasonal estimated deposition velocity (±1 standard deviation); (b) 
Average seasonal Stability Classification for estimated deposition velocity (±1 standard 
deviation); where N=number of sampling days; n=number of measurements. 

 
(a) 

 
Deposition Velocity 

(cm s-1) 
Season Day Night 

Summer 3.94 (±2.79) 
N=16, n=85 

0.76 (± 1.69) 
N=18, n=50 

Spring 2.85 (±2.01) 
N=11, n=37 

0.62 (±1.04) 
N=15, n=51 

Fall 2.82 (±1.98) 
N=8, n=34 

0.07 (±0.17) 
N=10, n=23 

Winter 2.41 (±1.92) 
N=9, n=30 

0.19 (±0.27) 
N=12, n=41 

   
 
 
 

Stability Classification for Deposition 
(cm s-1) 

(b) 
 

 
Summer Season 
 

 
Spring Season 
 

 
Fall Season 
 

 
Winter Season 
 

 
Unstable 

(Ri<0) 

 
4.42 (±2.65) 
N=12, n=72 

 
3.03 (±1.66) 
N=6, n=23 

 
3.58 (±1.59) 
N=5, n=26 

 
3.00 (±1.87) 
N=8, n=22 

Moderately 
Stable 

(0≤Ri<0.14) 

 
2.37 (±2.32) 
N=12, n=22 

 
2.14 (±1.95) 
N=9, n=30 

 
0.88 (±0.60) 

N=3, n=4 

 
0.50 (±0.54) 
N=12, n=24 

 
Very Stable 

(Ri≥0.14) 

 
0.07 (±0.11) 
N=17, n=41 

 
0.09 (±0.10) 
N=13, n=35 

 
0.03 (±0.03) 
N=10, n=27 

 
0.07 (±0.09) 
N=10, n=25 

     
 
 
 
 
 
 
 
 



Figure 2.1a,b. Inter-comparison of the hourly average concentrations measured 
by the two NH3 analyzers during daytime and nighttime periods, respectively. 
[daytime (2m: R2 = 0.84; 6m: R2 = 0.7) and nighttime (2m: R2 = 0.87; 6m: R2 = 
0.91) periods of Fall, 2001 (September 4-14, 2001)]. 
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Figure 2.2a,b.  Comparison of diurnal temperature pattern and diurnal [NH3] (a) Fall Season 
on 9/9/01, which experienced dew and overcast skies during morning; (b) Summer Season on 
7/14/02, which experienced rain and overcast skies during morning with partly cloudy skies 
during afternoon. 
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      Figure 2.3.  Regression analysis between [NH3] (µg m-3) at 6m and temperature (oC), yielding correlation 
      coefficient R2=0.30.  
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Figure 2.4a,b.  Average seasonal ammonia concentrations (µg m-3) measured at 2m (a) and 
6m (b) heights during day and nighttime conditions. 

(a) 

(b) 
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Figure 2.5.  Fall Season:  frequencies of ammonia concentration regime by wind direction 
during daytime and nighttime conditions. 
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Figure 2.6.  Winter Season:  frequencies of ammonia concentration regime by wind direction 
during daytime and nighttime conditions. 
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Figure 2.7.  Spring Season:  frequencies of ammonia concentration regime by wind direction 
during daytime and nighttime conditions. 
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Figure 2.8.  Summer Season:  frequencies of ammonia concentration regime by wind 
direction during daytime and nighttime conditions. 
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Figure 2.9a,b.  Frequency of Concentration Gradient Distributions:  (a) Fall Season; (b) 
Winter Season. 
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Figure 2.10a,b.  Frequency of Concentration Gradient Distributions:  (a) Spring Season; (b) 
Summer Season. 
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Figure 2.11a,b,c,d. Percentage of Deposition Velocity:  (a) Fall 2001(N=11); (b) Winter 2002 (N=16); (c) Spring 2002 
(N=20); (d) Summer 2002 (N=23).  (N equals number of sampling days within each season.)
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Figure 2.12. Percentage of deposition velocity during all seasons (Fall 2001, Winter, Spring, Summer 2002).  Total number of 
sampling days equals 70.  
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Figure 2.13a,b.  Fall Season:  (a) friction velocity (u*) versus maximum possible deposition 
velocity (vmax) defined as the inverse value of ra, see Section 2.3; (b) separation of vd < vmax 
for daytime and nighttime conditions. 
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Figure 2.14a,b.  Winter Season:  (a) friction velocity (u*) versus maximum possible 
deposition velocity (vmax) defined as the inverse value of ra, see Section 2.3; (b) vd vs. u* for 
daytime and nighttime conditions. 
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Figure 2.15a,b.  Spring Season:  (a) friction velocity (u*) versus maximum possible 
deposition velocity (vmax) defined as the inverse value of ra, see Section 2.3; (b) separation of 
vd < vmax for daytime and nighttime conditions. 
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Figure 2.16a,b.  Summer Season:  (a) friction velocity (u*) versus maximum possible 
deposition velocity (vmax) defined as the inverse value of ra, see Section 2.3; (b) vd vs. u* for 
daytime and nighttime conditions. 
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Figure 2.17.  Regression relationships between NH3 deposition velocity (vd) and friction 
velocity (u*) for different stability classes:  (a) unstable, moderately stable, and (b) very 
stable. 



Figure 2.18a,b,c,d. The relative net deposition velocity  (vd/vmax) versus the corresponding friction velocity (u*) during 
day and night:  (a) Fall 2001; (b) Winter 2002; (c) Spring 2002; (d) Summer 2002.
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CHAPTER III.   MODELING AND ANALYSIS OF THE ATMOSPHERIC NITROGEN 
         DEPOSITION, NORTH CAROLINA 

 
Abstract 

Oxides of nitrogen (NOX), which are important in atmospheric chemistry, in excess 

amounts are known to contribute to human health and environmental impacts.  Increasing 

concentration levels of tropospheric NOX, in general, act to produce greater ozone levels in 

the troposphere, where all human and plant life exist.  Utilizing two third generation Eulerian 

models, the United States Environmental Protection Agency’s Models-3/Community 

Multiscale Air Quality (CMAQ) and MCNC’s Multiscale Air Quality Simulation Platform 

(MAQSIP) modeling system on a regional scale for North Carolina during the summer 

season, we predict concentration amounts, and dry deposition of nitrogen species 

respectively.  Modeled (MAQSIP) concentrations were generally less than observed 

concentrations (except [NOY]).  Each modeled and measured species featured a similar 

diurnal trend.  A process budget analysis (production and removal evaluation) of NO, NO2, 

and NOY employing MAQSIP depicted the model’s capability to evaluate various process 

contributions.  Dry deposition rates of NO, NO2, HNO3 and NH3 were calculated using 

CMAQ, in conjunction with measured wet deposition rates of NO3
- and NH4

+ facilitating an 

assessment of sources, characteristics and impacts of atmospheric nitrogen deposition in 

North Carolina.  Dry deposition of NH3 contributed 34.2 ± 57.9 µg N m-2 hr-1; whereas 

HNO3 contributed slightly larger dry deposition of nitrogen, 35.2 ± 16.0 µg N m-2 hr-1, in 

NC.  NH4
+ and NO3

- hourly-averaged wet deposition fluxes were calculated as 37.3 ± 19.7 

µg N m-2 hr-1 and 40.6 ± 11.8 µg N m-2 hr-1, respectively.  Within the total nitrogen 

deposition during the summer season in N.C., NH3 contributes approximately 50% of dry 
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deposition and NO3
- contributes approximately 50% wet deposition.  In addition, model 

assessments of atmospheric inputs (nitrogen loading) into the Neuse River Estuary in North 

Carolina revealed that NH3 is the largest contributor to dry deposition fluxes in the Neuse 

River basin, making up approximately 47% of the total.   
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3.1 Introduction 

Oxides of nitrogen (NOX), which play an important role in atmospheric chemistry, 

have been the focal point of research associated with atmospheric nitrogen compounds in 

relation to their small-scale processes (spatial and temporal) of turbulent mixing and 

dispersion e.g. emission and deposition.  Processes between concentration, emission, and 

deposition have a nonlinear relationship.  Nitrogen oxides are attributed to photochemical 

smog, acid rain, contamination of drinking water (nitrate), and ozone causing impacts to 

human health and environmental ecosystems (Erisman et al., 1998).  Tropospheric NOX acts 

as one key precursor to tropospheric ozone, (Albritton et al., 1994; Liu et al., 1980; Liu et al., 

1987; Logan, 1983) which is known to reduce plant production in sensitive ecosystems.  An 

increase in NOX emissions in the southeast United States (which is NOX limited) is predicted 

to result in an increase in tropospheric ozone concentrations (Southern Oxidant Study, 1993). 

The United States has recognized these environmental issues since the promulgation of the 

Clean Air Act and its Amendments (CAAA, last amended in 1990), which addresses and 

regulates outlined criteria pollutants (Carbon Monoxide (CO), Nitrogen dioxide (NO2), 

Sulfur Dioxide (SO2), Ozone (O3), non-methane hydrocarbons (NMHC), Lead (Pb), and 

Particulate Matter (PM 10 and 2.5)).  These criteria pollutants are subjected to National 

Ambient Air Quality Standards (NAAQS), which are divided into (1) Primary standards- set 

limits to protect public health; and (2) Secondary standards- set limits to protect public 

welfare including protection against visibility and damage to animals, vegetation, and 

buildings (National Research Council (NRC), 1991).   

These impacts express the need for accurate emission and deposition estimates of 

nitrogen oxides, and their reaction products (gaseous nitric acid (HNO3), particulate nitrate 



 110

(NO3
-), and other minor reaction products) as well as their reduced chemical forms present in 

the atmosphere, most importantly ammonia (NH3) and ammonium (NH4
+), or their 

combination (NHX = NH3 + NH4
+) (Sutton et al., 2003).  Total reactive nitrogen is defined as 

NOY because it consists primarily of oxides of nitrogen.  NOY = NOX + HONO + HNO3 + 

HO2NO2 + 2[N2O5] + PAN + RONOX + p-NO3
- (Fehsenfeld et al., 1987).  Among the NOY 

compounds, HNO3, NO3
-, and RONOX (organic nitrogen) are understood to contribute 

significant deposition estimates (Smullen et al., 1982).  Anthropogenic and natural sources 

are responsible for reactive nitrogen emitted into the atmosphere.  Ammonium is a major 

constituent of atmospheric aerosols and thus precipitation.  Among the main sources of 

atmospheric ammonia are animal waste, soil emissions, and synthetic fertilizers. 

In the atmosphere, NOX and its reduced forms can be deposited to the surface of the 

earth by either wet or dry deposition.  The rate of gas to particle conversion primarily 

controls the spatial distribution of a specific oxidized and/or reduced N compound source’s 

contribution to atmospheric deposition.  Emission and deposition depend on near-surface 

winds (wind speed at 10m), turbulence, atmospheric stability, surface roughness and other 

properties, as well as the spatial distribution of sources (Andersen et al., 1999).    

The global tropospheric NOX budget estimates source strength of approximately 45 

Tg yr-1 with associated sinks (wet and dry deposition) of approximately 43 Tg yr-1 (Lee et al., 

1997; Logan, 1983; Warneck, 2000).  Total nitrogen emissions have been estimated 

approximately 0.3 Tg yr-1 in North Carolina (NCDA, 1996).  In North Carolina, the percent 

of nitrogen emissions from NOX is estimated at 55%, while the percent of nitrogen from NH3 

is estimated at 45% (Figure 3.1).  Likewise, in NC, estimates reveal that intensive animal 

agriculture (namely, swine production facilities) contribute approximately 46% of the NH3-N 
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emissions (NCDENR, 1999).  Currently, NC is ranked second in the nation, behind Iowa, for 

swine production with approximately 2500 hog farms located in eastern NC (NCDA, 1998).  

These areas of scattered local sources contribute a wide range of NH3 emission and dry 

deposition.  Figures 3.2-3.5 illustrate two National Atmospheric Deposition 

Program/National Trends Network (NADP/NTN) (2002) sites, which measured wet 

deposition of NH4
+ and NO3

- in North Carolina over twenty years.  Annual nitrate ion (NO3
-) 

concentration in rainfall at NADP sites in Sampson County (NC35, in the heart of intensively 

managed agriculture in eastern NC), and in Macon County (NC25, not influenced by swine 

production in western NC), North Carolina is shown in Figures 3.2 and 3.4, respectively.  

Likewise, Figures 3.3 and 3.5 show annual ammonium ion (NH4
+) concentration in rainfall at 

NADP sites in Sampson County (NC35), and in Macon County (NC25), NC.  In these figures 

we note the exponential increase in NH4
+ ion concentration in Sampson County over the past 

20 years, displaying a direct link to the increase in swine inventories in eastern NC, whereas 

the western portion (NC25) of the state has not shown an increase in NH4
+ ion.  In addition, 

the NO3
- ion concentrations do not show a distinct increase among either NADP sites, 

however, NO3
- concentrations at NC35 are slightly greater than those measured at NC25. 

Dispersion and air quality modeling is used as a practical and functional approach for 

prognostic deposition studies which employ explicit local measurements of emissions on 

areas downwind of the source. Areas of scattered local sources (NOX and its reduced forms 

(NH3)) contribute a wide range of emission and dry deposition.  Models need to consider and 

be able to model dry deposition of certain species (e.g. nitrogen species) close to the source 

as well as gradients of deposition from emission areas into sensitive ecosystems (Asman, 

2001).  Some of the models have acquired the capability to evaluate and produce deposition 
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features on timescales of days, months, and years.  These capabilities extend to assessing 

differences between short and long term deposition and their affects on sensitive ecosystems 

as well as differences among seasonal deposition.  In order to obtain these assessments, 

models need to incorporate our knowledge and understanding of the small-scale physical and 

chemical mechanisms that govern the presence of these species in the atmosphere (Krupa, 

2003).  Likewise, models are used as a deterministic tool in order to reduce the degree of 

ambiguity in deposition fluxes regionally, nationally, and globally.  

The scientific community and air quality modelers continuously evaluate the 

uncertainties of models in their determinations of emission and deposition rates of nitrogen.  

In this study we utilize the United States Environmental Protection Agency’s Models-

3/Community Multiscale Air Quality (CMAQ) and MCNC’s Multiscale Air Quality 

Simulation Platform (MAQSIP) modeling systems on a regional scale for North Carolina 

based on their demonstrated skill of simulating the relevant photochemistry processes, and 

meteorology processes, to yield grid-averaged concentrations, and deposition of nitrogen 

species.  A process budget analysis (production and removal evaluation) of NO, NO2, and 

NOY is conducted employing MAQSIP.  We will consider in our model simulations the 

model’s capability to evaluate various physical and chemical process contributions. 

Furthermore, this nitrogen species production and removal evaluation can be 

extended to a quantification of the total nitrogen budget for North Carolina.  We wish to 

quantify the fate of atmospherically deposited nitrogen during summer season in North 

Carolina terrestrial ecosystems (land and water).  The portions of atmospherically deposited 

nitrogen, which reaches vegetation, soil, and water bodies are expected to be variable 

depending upon conditions and circumstances (time of year, precipitation, wind direction, 
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wind speed, temperature, etc.).  In order to gain insight into the factors controlling the total 

nitrogen budget we will consider modeled dry deposition rates of NO (nitric oxide), NO2, 

HNO3 and NH3, in conjunction with measured wet deposition rates of nitrate (NO3
-) and 

ammonium (NH4
+).  This study will address the relative magnitude associated with each 

component of the nitrogen budget specifically in North Carolina.  In addition, we will make 

model assessments of atmospheric inputs (loading) into the Neuse River Estuary in North 

Carolina.  An accurate nitrogen budget for affected ecosystems in North Carolina (e.g. Neuse 

River) will allow abatement strategies the means to address the reduction of nitrogen loading.  

This study aims to improve the understanding of the spatial variability of these deposition 

fluxes with respect to the spatial distribution of the sources of nitrogen in North Carolina. 

This overall evaluation of nitrogen deposition for North Carolina is vital for regional 

atmospheric transport, transformation, and deposition modeling.   

 

3.2 Overview of Model Systems  

MAQSIP and CMAQ are comprehensive third generation Eulerian grid air quality 

modeling and assessment tools constructed to function as part of a flexible and 

comprehensive chemistry/transport modeling framework which is modular and data 

compatible (Jang et al., 1995; Dennis et al., 1996; Byun and Ching, 1999; Mathur et al., 

2002).  MAQSIP and CMAQ serve as a diverse integration of air quality and deposition 

framework to assess a broad range of environmental applications while facilitating regulatory 

and policy decisions.  MAQSIP and CMAQ are useful tools, which provide scientists the 

capability of investigating and forecasting complex interactions within atmospheric 

pollutants on regional and urban scales through physical and chemical processes (Byun and 
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Ching, 1999).  Figure 3.6 illustrates the inputs and outputs for both MAQSIP and CMAQ.  

The modeling system is designed as an “open system” where new scientific algorithms and 

mechanisms can be utilized and evaluated in conjunction with CMAQ and MAQSIP 

processes.  Model parameterizations may also be modified to test performance characteristics 

of dynamical-chemical processes within model simulations, such as tropospheric ozone, 

visibility, acid deposition, and particulate matter.  MAQSIP and CMAQ contain a detailed 

simulation of turbulent diffusion (horizontal and vertical) based on K-theory, horizontal and 

vertical advection, natural and anthropogenic emissions, dry deposition, and photochemistry 

(mixing and attenuation of photolysis rates) (Gery et al., 1989; Kasibhatla et al., 1997; 

Kasibhatla et al., 1998). The modeling systems (MAQSIP and CMAQ) also employ a 

modified version of the CBM-IV chemical mechanism, which considers gas-phase chemical 

transformations.  The U.S. EPA Biogenic Emission Inventory System 3 (BEIS3), a submodel 

compatible with the emissions inputs modeling system Sparse Matrix Operator Kernel 

Emissions (SMOKE), estimates biogenic emissions used within MAQSIP and CMAQ 

(Geron et al., 1994).  Among other submodels compiled for SMOKE are mobile, area, and 

point source emissions (Figure 3.7).  The Ozone Transport Assessment (OTAG) inventory 

for 1995 provides anthropogenic emissions (Houyoux et al., 1996). 

 

3.2.1 Model domain selection 

The modeling domain of MAQSIP and CMAQ covers east and southeast United 

States but we will be focusing primarily on North Carolina.  The modeling domain was 

selected to adequately portray the conditions within North Carolina so as to estimate the NC 

nitrogen budget and thus the total deposition affecting the Neuse River.  The horizontal 
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domain of MAQSIP includes 34×42 cells using a 36-km horizontal grid resolution (Figure 

3.8).  The vertical domain from the surface to 100 mb is discretized utilizing 22 layers of 

variable resolutions.  The time period considered in model simulations and validation of 

concentrations is from July 14 to July 29, 1995, in order to investigate summer 

environmental and meteorological factors (e.g. high temperatures, strong solar radiation and 

increased biogenic emissions) with respect to nitrogen volatilization (concentrations of NO, 

NO2, NOX (NO+NO2) and NOY).  The year 1995 was chosen due to the availability of 

nitrogen species measurements.  For the same reason, the time period considered in model 

dry deposition simulations (CMAQ) is from June 30 to July 14, 1999 (12:00p.m. – 12:00a.m. 

EST).  Nitrogen deposition rates for NC summer conditions were investigated using a 32-km 

horizontal grid resolution.  The year 1999 (different from concentration predictions) was 

selected due to the accessibility of wet nitrogen deposition data.  Earlier model simulations 

conducted over the eastern U.S. provided time-varying lateral boundary conditions for 

various model species for both model validation and study case periods (Kang et al., 2003). 

 

3.2.2 Chemistry Mechanism 

The chemical mechanism, compilation of chemical reactions where by atmospheric 

chemical species are used in MAQSIP and CMAQ is the modified version of the Carbon 

Bond Mechanism IV (CB4) (Gery et al., 1989).  These modifications to the base mechanisms 

enhance the connections and representations between atmospheric aerosol and aqueous 

chemistry processes.  The CB4 mechanism utilized by MAQSIP and CMAQ consists of 36 

species and 93 chemical reactions where nine primary organic species (directly emitted into 

the atmosphere) are specified in the mechanism representing carbon-carbon bond structures.  
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Those species represented directly are ethene, isoprene, and formaldehyde (see Gery et al., 

1989).  Table 3.1 lists the species found in the CB4 Mechanism, where Table 3.2 shows the 

CB4 Mechanism (Byun and Ching, 1999).  

    

3.2.3 Dry Deposition Scheme (Algorithm) 

 Dry deposition represents the removal of pollutants (airborne gaseous and particulate 

matter) from the atmosphere to the earth’s surface (Arya, 1999; Byun and Ching, 1999).  Dry 

deposition and its environmental impacts are discussed in full in Chapter I.  The complexity 

of factors affecting the rate of transfer, deposition velocity (vd), (such as physical, chemical, 

and biological), make it difficult to generalize the process.  CMAQ adopts estimation 

methods of dry deposition from Wesley (1989) and Walcek (1987).  The following 

expression of deposition velocity is derived to compute the related flux of a particular 

pollutant to a specific surface: 

cFv cd /−=                                                 (1) 

Estimation of deposition velocities considers elements of meteorology and land-use/surface 

models (Walcek, 1987).  CMAQ characterizizes turbulence and stability using the 

aerodynamic resistance approach, 

                                          ( ) 1−++= cbad rrrv                                                 (2) 

where the aerodynamic resistance (ra) and the quasi-laminar boundary layer resistance (rb) 

are parameterized based on surface roughness and friction velocity (Pleim et al., 2001; Xiu 

and Pleim, 2001; Wesley, 1989; Walcek, 1987; Wesley and Hicks, 1977).  Likewise, canopy 

(surface) resistance (rc) is a function of insolation and season, land-use type, and surface 

wetness (Walcek et al., 1986). 
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3.3 Description of Data 

3.3.1 Observed Data 

Measured hourly concentrations of NO, NO2, NOX (NO+NO2) and NOY  

(NOY = NO + NO2+ HNO3 + HONO + HO2NO2 + NO3 + 2N2O5 + PAN) were obtained 

from the Environmental Protection Agency’s Air Quality System (AQS) (formerly the 

Aerometric Information Retrieval System (AIRS)) database for the time period and domain 

of model simulations in question.  AQS includes both compliance data and emissions on air 

pollution point sources regulated by the US EPA and/or state and local air regulatory 

agencies.  Averaged AQS data over 16 stations located within NC grid cells were extracted 

out of 323 monitoring stations nationwide in 1995.    

 

3.3.2 Wet Deposition Data 

Wet deposition of NH4
+ and NO3

- was compiled from 8 monitoring networks in North 

Carolina during 1999 from the National Atmospheric Deposition Program/National Trends 

Network (NADP/NTN, 2002), in order to evaluate against relative dry deposition estimates 

and thus estimate the total nitrogen budget for NC (Figure 3.9; Table 3.3).  Figure 3.10 and 

3.11 shows the 1995-estimated ammonium and nitrate wet deposition for the United States 

based on NADP measurements.  Although the number of monitoring stations was limited, the 

spatial resolution between the monitoring stations seems to be reasonable while considering 

urban (including industry and major highways) and rural (including intensive agriculture 

farms) areas, and mountain and coastal areas.  The NADP network is a cooperative research 

support program encompassing the State Agricultural Experiment Stations (NRSP-3) Federal 

and State Agencies and Non-Governmental Research Organizations. The nationwide network 
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is a monitoring data collection effort of geographical and temporal long-term trends on the 

chemistry of precipitation, which has grown since 1978 (first year of data collection) with 22 

stations, to over 200 sites across the continental United States, Alaska, and Puerto Rico, and 

the Virgin Islands.  The network attempts to collect data based on the chemistry of 

precipitation for examination of geographical and temporal long-term trends (NADP/NTN, 

2002).  The method of precipitation collection at the NADP/NTN sites within NC incurs 

stringent clean-handling procedures where buckets accumulate precipitation, which 

immediately open once a rain event commences.  Subsequently, samples are analyzed for 

hydrogen (acidity as pH), nitrate, sulfate, ammonium, chloride, and base cations (e.g. 

calcium, magnesium potassium and sodium) in the Central Analytical Laboratory under 

rigorous quality assurance guidelines. 

NADP calculates deposition based on precipitation samples collected on a weekly 

basis at each station.  For a particular time period in question (season, annual, etc.), a 

precipitation weighted mean concentration (PWM) is calculated for the time period using 

valid weekly samples.  These weighted-mean concentration values are multiplied by the total 

precipitation for the period to calculate the total deposition for the period.  In certain 

situations, precipitation occurred when concentration values were absent.  This occurs when 

a sample was invalidated (screened validity using certain criteria:  rain gage depth, sample 

volume, sampling interval, lab type, and sample validation codes), or when a trace rainfall 

event occurred and there was not an adequate amount of sample to analyze.  In these 

situations, the NADP method assumes that the concentration of any rainfall for which 

concentrations are neglected is equal to the precipitation-weighted mean concentration. 
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The wet deposition means were based on the individual stations obtained from 

NADP/NTN for summer 1999 in NC.  The wet deposition data were averaged for each 

available measurement site within the NC domain.  The calculation of wet deposition 

utilizes:  

                                                                
∑
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where Cw is the precipitation-weighted mean (mg L-1), calculated from the number of valid 

samples for the summer 1999 season.  Ci, individual valid sample is then weighted by Pi, 

individual precipitation amount for each sample. The wet deposition flux, Fwet   (mmoles 

liter-1) 

                                                                     twwet PCF =                                                         (4)  

where Pt (mm H20) is the total precipitation over the averaging time period (final units:  (µg 

m-2 hr-1). 

 

3.4 Comparisons between observations and model predictions  

Currently, model simulations have been conducted to evaluate the performance of 

MAQSIP relative to observations of NO, NO2, NOX and NOY concentrations during July 14 

to July 29, 1995.  The modeling domain of MAQSIP considered in this comparison focuses 

primarily on North Carolina.   Several limiting factors influence a direct comparison between 

observations and model predictions.  Models need to consider concentration of species close 

to the source (local influences) as well as those transported downwind into sensitive 

ecosystems, where measurements are taken.  However, MAQSIP depends on the model 

resolution to produce grid-average concentrations.  MAQSIP is also limited by 
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parameterization of boundary layer fields, meteorology (growth of clouds), biogenic 

emissions, physical/chemical and deposition schemes, etc.  Due to these limiting factors we 

will consider in our evaluations the model’s capability to describe mean concentration 

profiles and vertical physical/chemical exchange processes effectively.  Model and observed 

concentration calculations are made on a daily basis every hour for 15 days during the 

summer 1995. 

 

3.4.1 Model versus Observed Concentrations 

Figure 3.12 presents the comparison of hourly-averaged MAQSIP simulations with 

observations from July 14 to July 29, 1995 for nitrogen species:  NO, NO2, NOX (NO+NO2) 

and NOY (NOY = NO + NO2+ HNO3 + HONO + HO2NO2 + NO3 + 2N2O5 + PAN) 

observations with model simulations.  Modeled concentrations are determined from grid cells 

that correspond to monitoring stations.  Although, modeled concentrations were 

underestimated when compared to observed quantities (except in the case of over-predicted 

values of NOY), a diurnal trend appeared within each species with consistent peaks featured 

in both over the diurnal period.  Modeled and measured values show fair agreement when 

considering that nitrogen species concentrations has a high spatial variability (position of the 

point of measurement or simulation compared to local sources).  Moreover, a linear 

regression analysis and corresponding R2 values displayed a strong correlation between 

MAQSIP simulations and observations (Figure 3.13).  The weakest correlation (R2 = 0.31) 

was within NO observed and predicted concentrations where there was a noticeable lag in 

diurnal peaks and concentrations were considerably less during early morning hours (12:00 

a.m. to 5:00 a.m.) and late evening hours (8:00 p.m. to 12:00 a.m.).  Under-predicted NO 
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concentrations maybe attributed to incorrect emissions used in the model.  However, when 

combining NO + NO2 = NOX a greater correlation emerged (R2 = 0.73), reflecting the 

relatively close predicted diurnal pattern (two peaks during morning and evening).  The 

strongest correlation (R2 = 0.87) observed was between measured and predicted 

concentrations of total reactive nitrogen.  Modeled simulations over-predicted NOY 

concentrations, but represented the diurnal trend with consistent peaks in concentrations 

throughout the hourly-averaged 15-day summer season.    

 

3.4.2 Process Budgets 

A process budget analysis of each nitrogen species (NO, NO2, NOY) was performed 

by MAQSIP in North Carolina during the summer season, 1995 (Figure 3.14).  A true 

modularity of physical/chemical processes is one key feature of MAQSIP’s model platforms.  

The model budgets were analyzed in terms of a variety of physical/chemical processes 

(contribution) such as chemistry, emission, dry deposition, horizontal and vertical advection, 

and horizontal and vertical diffusion (Odman and Ingram, 1996; Kang et al., 2003).  The 

vertical budget of each process is evaluated based on the weighted contribution from each 

layer (Bi): 
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where σj  is the boundary σ value of the jth layer, Cj is the contribution of the process 

(ppbv/hr) at the jth layer, and N is the number of vertical layers (N = 22 or 12 in this 

calculation) (Kang et al., 2003). 
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Emission accounts for almost all of NO, while chemistry (56%) and vertical diffusion 

(44%) are responsible for the removal of NO.  NO2 is contributed by local chemistry (80%) 

and emission (20%).  NO2 removal processes involved vertical diffusion (74%), dry 

deposition (20%), horizontal advection (4%), and vertical advection (2%).  Emission of NOY 

is shown to contribute solely to the production of NOY (100%) inside the domain.  This result 

raises some questions, since by definition NOY should include all the oxidized nitrogen 

species that are formed through chemical and photochemical processes in the atmosphere.  In 

the model, NOY is limited by a few species (see definition of NOY in Section 4.1).  The 

dominating processes of NOY removal are dry deposition (54%) and vertical diffusion (35%) 

with the remaining contribution accounted by chemistry (7%), horizontal advection (3%) and 

vertical advection (1%).  Horizontal and vertical advections were insignificant in the removal 

process of each budget analysis.  This may be explained by the dominant transport of vertical 

diffusion in the domain. 

 

3.5 Results 

In order to gain insight into the factors controlling the total nitrogen budget we will 

consider modeled dry deposition rates of NO, NO2, HNO3 and NH3 employing CMAQ, in 

conjunction with NADP measured wet deposition rates of NO3
- and NH4

+.  This study will 

address the relative magnitude associated with each source of the nitrogen budget.  An 

assessment of nitrogen deposition fluxes for affected ecosystems in North Carolina (e.g. 

Neuse River Estuary is considered here) will allow abatement strategies the means to address 

the reduction of nitrogen loading. 
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3.5.1 Modeled Dry Deposition 

Two significant factors that influence the fate of exchange of a gas species between 

the air and earth’s surface are gas concentration gradient between the air and surface, and the 

level of atmospheric turbulence and stability (Asman et al., 1994).  If the concentration at the 

surface is relatively high (rc > 0) emission occurs, whereas, if the concentration at the surface 

of the earth is relatively low (rc→ 0), dry deposition occurs.  This study utilizes the definition 

of the hourly-averaged downward flux of a depositing material as the product of the 

estimated deposition velocity and the hourly averaged concentration at a reference height 

near the surface (Arya, 1999) based on hourly-averaged fluxes. 

Figures 3.15 and 3.16 show mean modeled NO, NO2, NH3, and HNO3 dry deposition 

in North Carolina during summer 1999, respectively.  NO dry deposition is relatively low 

(4.67 ± 4.2 µg N m-2 hr-1) compared to the other simulated nitrogen species deposition fluxes.  

These minimal depositions are a direct result of the rapid conversion of NO to NO2 (NO+O) 

during the diurnal photochemistry process.  Figure 3.15a points out that the largest NO 

deposition rates were found in regions of major metropolitan areas, which follow main 

interstate highways, 85, 95 and 40 in NC.  These particular sources of increased NO 

deposition are the result of fuel combustion and resulting motor vehicle exhausts in areas (1) 

Raleigh/Durham (Wake/Durham counties), (2) Greensboro/Winston Salem/High Point 

(Gilford/Forsyth counties), and (3) Charlotte (Mecklenburg County) shown in Figure 3.15a.  

Nitrogen dioxide displays a similar deposition pattern, where the largest deposition fluxes are 

located in urban areas with the greatest rush-hour traffic patterns (Figure 3.15b).  Within NC, 

the average NO2 deposition flux is 15.15 ± 9.98 µg N m-2 hr-1.  Elevated concentrations of 

NO2 can cause harmful public health effects, by producing higher ozone concentration levels.  
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In urban regions where increased NO2 concentration levels are experienced, higher rates (up 

to 200 µg m-2 hr-1) of NO2 deposition may occur.   

NH3 dry deposition (34.17 ± 57.89 µg N m-2 hr-1) clearly shows the influence of 

intensive agriculture and animal farms located in eastern NC where NH3 dry deposition rates 

are greatest (Figure 3.16a).  The largest deposition fluxes are found in the six county region 

of Sampson, Duplin, Bladen, Lenoir, Wayne, and Greene counties in NC.  These counties are 

directly located in the heart of eastern NC where there are approximately 2500 hog farms and 

10 million swine.  These areas of concentrated animal farms contribute to large NH3 

emissions and subsequent dry deposition over a large region.  Aneja et al. (1998, 2000) 

estimated that the total NH3 emissions in NC from swine facilities is approximately 68,540 

tons of nitrogen emitted annually whereas cattle, broilers, turkeys, and chickens combined 

emit 61,583 t N yr-1.  Seasonally, NH3 concentrations are observed to be greater in spring and 

summer, when high temperatures, are responsible for increased microbial activity and 

volatilization rates of soils, fertilizers, and animal wastes from intensively managed 

agriculture (Aneja et al., 2000, 2001a,b).     

Figure 3.16b shows that HNO3 deposition fluxes are lowest in the eastern portion of 

the state possibly due to the gas to particle conversion (HNO3 + NH3) to ammonium nitrate 

(NH4NO3).  HNO3 deposition trends show the influence of a major highway with maximum 

deposition rates found along Interstate 85 and 95.  North Carolina average HNO3 dry 

deposition rate for summer 1999 is 35.24 ± 15.96 µg N m-2 hr-1.  The rate of conversion 

between the oxidation of reactive nitrogen to HNO3 is highly variable, with a lifetime of 

hours to days depending upon source, season, meteorology, relative humidity, and 

photochemical activity (Logan, 1983). 
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Figure 3.17 presents the modeled diurnal variations of dry deposition rates of (a) NO, 

(b) NO2, (c) NH3, and (d) HNO3.  Time series plots represent averages of hourly deposition 

over the 15 days of model simulations (June 30 to July 14, 1999) in NC.  The diurnal patterns 

of NO and NO2 feature two peaks that are related to work rush-hour traffic patterns in the 

morning and evening (Figure 3.17a,b).  The dramatic increase in both NO and NO2 during 

early morning hours and the subsequent drop in both deposition rates at night is the 

consequence of photolysis and thus photolytic reactions involving emissions of NOX (motor 

vehicle exhaust).  Nonetheless, the nominal deposition fluxes of NO as compared to NO2 are 

due to the rapid conversion of NO to NO2 (NO+O) during the diurnal photochemistry 

process. The time series plot of hourly-averaged diurnal deposition of HNO3 (Figure 3.17d) 

shows the effect of diurnal increase in temperature from sunrise (cresting at noon), which 

then begins to decline until collapsing in the late evening.  This diurnal pattern follows the 

photochemical reactions within (NO2 + OH) radical to form HNO3 (increasing the oxidizing 

capacity), where OH radical is greatest reactivity is during midday.  The fate of HNO3 is 

determined by its susceptibility to coalesce with either aerosols or water in the atmosphere 

and thus return to the earth’s surface as acidic deposition. 

 The diurnal variation of NH3 dry deposition shows two peaks, one in the morning, 

which can be explained in terms of increase in deposition velocity, while the reason for the 

second peak in deposition during the evening is unclear (Figure 3.17c).  The first diurnal 

peak is related to the parameterization of dry deposition velocity (vd = (ra + rb + rc) –1) used 

in CMAQ (see Section 3.3).  This equation can be explained by the typical 

meteorological/environmental conditions occurring: as the sun rises in the morning, stomata 

in vegetation open and hence canopy (surface) resistance (rc), which is a function of 
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insolation and season, land-use type, and surface wetness (Walcek et al., 1986), goes to zero 

(Finkelstein et al., 2001).  Noting that ra » rc, it is apparent that turbulence primarily 

influences the maximum possible deposition velocity or emission rate (Andersen et al., 

1999).  Assuming that the gas is readily absorbed at the surface, rc = 0.   Therefore, during 

early morning hours after sunrise deposition tends to increase.  After sunrise, throughout the 

day atmospheric mixing increases as temperature increases, promoting greater instability and 

boundary layer growth.  CMAQ considers the effects of atmospheric stability and turbulence 

on deposition velocity of NH3 through its parameterization in terms of friction velocity.  

Friction velocity, a measure of mean wind shear and shear-generated turbulence near the 

surface in both the canopy layer and above the canopy homogeneous surface layer, is found 

to be well correlated with dry deposition velocity, as shown in Chapter II, and is one of the 

most important variables (Arya, 1999).  During the second evening peak there may be a 

possible influence of dew forming with higher relative humidities, which has been shown to 

promote deposition under certain conditions (Andersen et al., 1999).  Therefore, this peak 

also shows the effect of other meteorological parameters (Sutton et al., 1994; Andersen et al., 

1999).   

 

3.5.2 Estimated nitrogen deposition 

Table 3.4 presents dry and wet nitrogen deposition totals in North Carolina during 

Summer 1999 based on dry deposition estimates from CMAQ model simulations for June 30 

– July 14, 1999 and wet deposition estimates from NADP/NTN (2002) for Summer (June-

August) 1999.  Dry deposition estimates include NO, NO2, HNO3, and NH3, where the 

combination of NO and NO2 are predicted to contribute approximately 20.0 µg N m-2 hr-1, 
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and HNO3 contributes 35.2 ± 16.0 µg N m-2 hr-1.  Likewise, NH3 contributes 34.2 ± 57.9 µg 

N m-2 hr-1 to dry deposition of nitrogen in NC. 

The role of N wet deposition in North Carolina was evaluated against the contribution 

of NH4
+ and NO3

-, which shows that the range of hourly-averaged NH4
+ deposition fluxes 

were between 14.0 and 82.0 µg N m-2 hr-1  (average of 37.3 ±19.7 µg N m-2 hr-1).  Hourly-

averaged NO3
- deposition rates were estimated at 40.6 (±11.8) µg N m-2 hr-1 with hourly-

averaged deposition fluxes ranging from 24.0 to 55.0 µg N m-2 hr-1.  NH3 contributes 38% of 

the total dry deposition component and NH4
+ contributes 48% of the total wet deposition 

component.  The distribution of deposition between wet and dry were generally equal, with 

46% wet deposition and 53% dry deposition.  Based on these results we note that 

approximately 50% of NHx or NO3
- is due to dry and wet processes occurring during the 

summer season in NC.  Likewise, nitric acid (HNO3) and nitrate (NO3
-) which are secondary 

products resulting from NO and NO2, are considered to be principal compounds of nitrogen 

deposition (Huebert et al., 1988; Meyers et al., 1989).  

 

3.5.3 Estimated nitrogen deposition to the Neuse River Estuary 

The Neuse River Estuary is approximately 16,000 km2 and part of the second largest 

estuary system in the United States, namely the Albemarle-Pamlico Estuary System (Whitall 

and Pearl, 2001).  Biodiversity changes in this watershed are resulting in eutrophication in 

sensitive ecosystems promoting fish kills, microbial and algal decomposition (Pearl et al., 

1998).  The American Rivers Foundation has listed the Neuse River as one of the twenty 

most threatened riverine-estuarine systems in the U.S (Whitall and Pearl, 2001).  Pearl and 

Whitall, 1999 have established an increase in wet atmospheric deposition of nitrogen in 
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eastern NC, in conjunction with relative increases in NH4
+ and NO3

- deposition.  These 

increases in NH4
+ in eastern NC over the past twenty years were also illustrated earlier 

Figures 3.3 and 3.5.  Statewide nitrogen emissions total 0.3 Tg yr-1, thus the contribution of 

N emissions to the coastal plain of NC total 0.15 Tg yr-1 (NCDAQ, 1997).  Whitall and Pearl 

(2001) have estimated the contribution of wet deposition to the Neuse River watershed based 

on atmospheric deposition of nitrogen inputs within the range of 15 to 51%.  Their model 

outputs (N retention model and in-stream riverine degradation model) predicted a “best fit” 

value of 1412.5 Mg yr-1 of atmospherically deposited nitrogen to the estuary, i.e. 24% of the 

total flux (atmospherically deposited N) to the watershed.  Total wet N deposition (deposited 

to land) and direct deposition to the estuary was measured approximately 15,026 (±5266) Mg 

yr-1 and 384.9 Mg yr-1, respectively.  Moreover, Whitall and Pearl (2001) only considered the 

contribution of wet deposition fluxes of nitrogen to the Neuse watershed, where seasonal wet 

deposition totals were greatest in spring (March-May) and summer (June-August).  Nitrate 

was the dominant nitrogen species found within measured wet deposition, similar to wet 

deposition estimated from NADP measurements for NC in the summer of 1999.  Therefore, 

in this study we utilize CMAQ model system to estimate the contribution of dry deposition to 

the Neuse River Basin. 

Table 3.5 lists the estimated nitrogen budget for dry deposition contributed to the 

Neuse River watershed in North Carolina during summer, 1999.  NH3 is predicted to be the 

largest contributor to dry deposition fluxes in and around the Neuse River, making up 47% of 

the total.  This large NH3 deposition contribution is consistent with increasing intensively 

managed agriculture (swine and poultry facilities) in eastern NC.  These areas are NH3 

enriched due the volatilization from animal waste.  Acknowledgment of these environmental 
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issues are emerging, e.g. since 1997, a moratorium has been implemented on new or existing 

corporate hog farms.  The second largest dominant chemical species is HNO3, contributing 

an average of 36.0 (±16.1) µg N m-2 hr-1.  Whereas, NO and NO2 provided the smallest 

contribution of 5.6 (±3.75) µg N m-2 hr-1 and 17.1 (±7.32) µg N m-2   hr-1, respectively.  

These predicted values of dry deposition offer a significant addition to deposition fluxes in 

the nitrogen budget for the Neuse River.  

 

3.6 Conclusions 

In this study we utilize the United States Environmental Protection Agency’s Models-

3/Multiscale Air Quality Simulation Platform (MAQSIP)/ Community Multiscale Air 

Quality modeling system on a regional scale for North Carolina for predicting concentration 

amounts, and deposition of nitrogen species. Although, modeled concentrations were less 

than observed concentrations (except for NOY), a diurnal trend appeared for each species 

with consistent peaks featured over the diurnal period.  Moreover, a linear regression analysis 

and corresponding R2 values displayed a strong correlation between MAQSIP simulations 

and observations.  A process budget analysis (production and removal evaluation) of NO, 

NO2, and NOY was conducted employing MAQSIP.  Model evaluations depicted the model’s 

capabilities to describe vertical concentration profiles and physical/chemical vertical 

exchange processes effectively.   

The nitrogen species production and removal mechanisms are evaluated to quantify 

the total nitrogen budget (dry and wet deposition processes) for North Carolina.  The goal of 

this study was to summarize and assess the current understanding of the magnitude of the 

nitrogen budget in North Carolina with relative importance to atmospheric deposition.  
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Modeled dry deposition rates of NO, NO2, HNO3 and NH3, in conjunction with measured wet 

deposition rates of nitrate (NO3
-) and ammonium (NH4

+) (NADP, 2002) facilitate in 

quantifying the fate of atmospherically deposited nitrogen during summer season in North 

Carolina terrestrial ecosystems (land and water).  CMAQ predicted NO and NO2 

(cumulatively) to contribute approximately 20.0 µg N m-2 hr-1, and NH3 to contribute 34.2 ± 

57.9 µg N m-2 hr-1.  HNO3 contributed the largest dry deposition of nitrogen in NC, 35.2 ± 

16.0 µg N m-2 hr-1.  The average wet deposition fluxes were 37.3 ± 19.7 µg N m-2 hr-1 and 

average NO3
- deposition rates were estimated at 40.6 ± 11.8 µg N m-2 hr-1.  NH3 contributed 

38% of the total dry deposition component and NH4
+ contributed 48% of the total wet 

deposition component.  The distributions of deposition among wet and dry were generally 

equal with 46% wet deposition and 53% dry deposition.  Approximately 50% of NHx or NO3
- 

is due to dry and wet processes occurring during the summer season in NC. 

In addition, model assessments of atmospheric inputs (nitrogen loading) into the 

Neuse River Estuary in North Carolina revealed NH3 was the largest contributor to dry 

deposition fluxes in the Neuse River basin, making up approximately 47% of the total.  This 

large NH3 deposition contribution is consistent with increasing intensively managed 

agriculture (swine and poultry facilities) in eastern NC.  Aneja et al., (1998, 2000) estimated 

that total NH3 emissions in NC from swine facilities is approximately 68,540 tons of nitrogen 

emitted annually whereas cattle, broilers, turkeys, and chickens combined emit 61,583 t N  

yr-1 (Battye et al., 1994).  The second largest dominant chemical species is HNO3, 

contributing an average of 36.0 ± 16.1 µg N m-2 hr-1, followed by NO2 (17.1 ± 7.32 µg N m-2 

hr-1) and NO (5.6 ± 3.75 µg N m-2 hr-1).  The mean total dry deposition was calculated to be 

111.2 µg N m-2 hr-1 (1750 kg N hr-1; 15,340 Mg N yr-1).  This dry deposition estimation 
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shows a relative contribution of 50% to the total (wet + dry) nitrogen deposition when 

compared to Whitall and Pearl’s (2001) estimation of wet deposition annual mean total (956 

mg N m-2 yr-1; 15,026 Mg N yr-1). 
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Table 3.1.  CB4 Mechanism Species list. (Source: Byun and Ching, 1999) 
 

CB4 Mechanism Species List 
Nitrogen Species  
     NO      Nitric oxide 
     NO2      Nitrogen dioxide 
     HONO      Nitrous acid 
     NO3      Nitrogen trioxide 
     N2O5      Nitrogen pentoxide 
     HNO3      Nitric acid 
     PNA      Peroxynitric acid 
  
Oxidants  
     O3      Ozone 
     H2O2      Hydrogen peroxide 
  
Sulfur Species  
     SO2      Sulfur dioxide 
     SULF      Sulfuric acid 
  
Atomic Species  
     O      Oxygen atom (triplet) 
     O1D      Oxygen atom (singlet) 
  
Odd Hydrogen Species  
     OH      Hydroxyl radical 
     HO2      Hydroperoxy radical 
  
Carbon Oxides  
     CO      Carbon monoxide 
  
Hydrocarbons  
     PAR      Paraffin carbon  bond (C-C) 
     ETH      Ethene (CH2=CH2) 
     OLE      Olefinic carbon bond (C=C) 
     TOL      Toluene (C6H4-CH3) 
     XYL      Xylene (C6H5-(CH3)2) 
     ISOP      Isoprene 
  
Carbonyls and phenols  
     FORM      Formaldehyde 
     AILD2      Acetaldehyde and higher aldehydes 
     MGLY      Methyl glyoxal (CH3C(O)C(O)H) 
     CRES      Cresol and higher molecular weight phenols 
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Table 3.1.  Continued. 

 
CB4 Mechanism Species List 

Organic Nitrogen  
     PAN      Peroxyacyl nitrate (CH3C(O)OONO2) 
     NTR      Organic nitrate 
  
Organic Radicals  
     C203      Peroxyacyl radical (CH3C(O)OO.) 
     ROR      Secondary organic oxy radical 
     CRO      Methylphenoxy radical 
  
Operators  
     XO2      NO-to-NO2 Operation 
     XO2N      No-to-nitrate operation 
       
Products of organics  
     TO2      Toluene-hydroxyl radical adduct 
     OPEN      High molecular weight aromatic 
           oxidation ring fragment 
     ISPD      Products of isoprene reactions  
  
Species added for aerosols  
     SULAER      Counter species for H2SO4 production 
     TULAER      Counter species for toluene reaction 
     XYLAER      Counter species for xylene reaction 
     CSLAER      Counter species for cresol reaction 
     TERPAER      Counter species for terpene reaction 
     TERP      Monoterpenes 
  
Species added for aqueous chemistry  
     FACD      Formic acid 
     AACD      Acetic and higher acid 
     PACD      Peroxy acetic acid 
     UMHP      Upper limit of methylhdroperoxide 
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Table 3.2.  CB4 Mechanism. (Source: Byun and Ching, 1999) 
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Table 3.2. continued. 
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Table 3.2. continued. 
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Table 3.2. continued. 
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Table 3.2. continued. 
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Table 3.3.  Measured summer (June-August) 1999 wet deposition of NH4
+ and NO3

- at 8 
NADP sites in North Carolina (kg/ha). [Source:  National Atmospheric Deposition Program 
(NRSP-3)/National Trends Network (2002)]. 
 

Deposition (kg/ha) NADP 
Site ID 

Station Latitude Longitude

NH4+ NO3- 

NC03 Lewiston 36.1325 -77.1714 0.83 3.42 
 Bertie Co.     
      
NC06 Beaufort 34.8845 -76.6214 0.40 2.80 
 Carteret Co.     
      
NC25 Coweeta 35.0605 -83.4305 0.97 3.20 
 Macon Co.     
      
NC34 Piedmont 35.697 -80.6225 1.06 5.22 
 Rowan Co.     
      
NC35 Clinton 35.0258 -78.2783 2.32 5.33 
 Sampson Co.     
      
NC36 Jordan Creek 34.9708 -79.5283 1.09 4.75 
 Scotland Co.     
      
NC41 Finley Farm 35.7283 -78.6803 0.76 2.37 
 Wake Co.     
      
NC45 Mt. Mitchell 35.7353 -82.2861 1.01 4.65 
  Yancey Co.         
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Table 3.4.  Total Nitrogen deposition (dry and wet) in North Carolina during Summer 1999. 
 

(a) 
Summer 1999 

  
Estimated Nitrogen Budget  

(µg N m-2 hr-1) 
  
 Dry Depositiona 

 
Average 

 
Minimum 

 
Maximum 

 NO 4.67 (±4.2) 0.0 29.12 
 NO2 15.15 (±9.98) 0.0 66.47 
       NH3 34.17 (±57.89) 0.0 440.92 
       HNO3 35.24 (±15.96) 5.4 76.8 

       
   
Wet Depositionb 

 
Average 

 
Minimum 

 
Maximum 

 NH4
+ 37.34 (±19.65) 14.09 81.72 

 NO3
- 40.6 (±11.79) 24.24 54.51 

 
 
      a Estimates based on Community Multi-Scale Air Quality (CMAQ) model  
        simulations for June 30 – July 14, 1999. 
  
         b Estimates based on National Atmospheric Deposition Program (NRSP-3)/National 
        Trends Network (2002) for Summer (June-August) 1999. 
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Table 3.5.  Total (dry and wet) Nitrogen deposition contributed to the Neuse River 
                            watershed in North Carolina during Summer, 1999. 
 

(a) 
Summer 1999 

  
Estimated Nitrogen Budget  

(µg N m-2 hr-1) 
  
 Dry Depositiona 

 
Average 

 
Minimum 

 
Maximum 

 NO 5.6 (±3.75) 1.5 17.1 
 NO2 17.1 (±7.32) 6.1 34.6 
       NH3 52.5 (±55.85) 4.7 195.4 
       HNO3 36.0 (±16.1) 17.2 65.3 

       
 
      a Estimates based on Community Multi-Scale Air Quality (CMAQ) model  
        simulations for June 30 – July 14, 1999. 
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Figure 3.1.  Percent of Nitrogen from NOx and Ammonia Sources in North Carolina in 1996. 
Total N emissions ~ 0.3 Tg yr-1.  [Source:  North Carolina Division of Air Quality, 1997]. 
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                 Figure 3.2 Annual Nitrate Ion (NO3

-) concentration in rainfall at a NADP site (NC35) Sampson County, North Carolina. 
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      Figure 3.3 Annual Ammonium Ion (NH4

+) concentration in rainfall at a NADP site (NC35) Sampson County, North Carolina. 
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              Figure 3.4 Annual Nitrate Ion (NO3

-) concentration in rainfall at a NADP site (NC25) Macon County, North Carolina.  
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              Figure 3.5 Annual Ammonium Ion (NH4

+) concentration in rainfall at a NADP site (NC25) Macon County, North Carolina. 
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Figure 3.6.  Schematic of the Community Multiscale Air Quality modeling system (CMAQ).  Source:  modified 
from MCNC, North Carolina Supercomputing Center, Environmental Programs.
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Figure 3.7.  Schematic of the Sparse Matrix Operator Kernel Emissions (SMOKE) modeling system.  Source:  MCNC, 
North Carolina Supercomputing Center, Environmental Programs.
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Figure 3.8.  Map of the model domain (36 km grid size). 

N 
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Figure 3.9.  North Carolina NADP network measurement sites considered for wet deposition 
of NH4

+ and NO3
-; Stations:  NC03, Bertie County; NC06, Carteret County; NC25, Macon 

County; NC34, Rowan County; NC35, Sampson County; NC36, Scotland County; NC41, 
Wake County; and NC45, Yancey County (Source: NADP/NTN, 2002). 



 
 
Figure 3.10. 1995 estimated ammonium wet deposition for the United States [Source: National Atmospheric Deposition 
Program/National Trends Network, 2002] 
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Figure 3.11. 1995 estimated nitrate wet deposition for the United States. (Source: National Atmospheric Deposition 
Program/National Trends Network, 2002) 
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Figure 3.12a,b,c,d. Comparison of hourly-averaged Models-3/MAQSIP simulations with observations from July 14 
to July 29, 1995 for nitrogen species: (a) NO; (b) NO2; (c) NOX; and (d) NOY.  (Note:  Hourly-averages were based on 
station location.)
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Figure 3.13a,b,c. Linear regression of hourly-averaged MAQSIP simulations versus hourly-averaged 
observations from July 14 to July 29, 1995 for nitrogen species: (a) NO; (b) NO2; and (c) NOY.  (Note:  Hourly-
averaged observations are averaged over 16 stations (Section 3.3.1) and model  hourly-averages are produced 
from corresponding grid-cells (station locations).)
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Figure 3.14a,b,c. Process budget analysis of (a) NO; (b) NO2; and (c) NOy.during summer time (July 14 to July 
29, 1995) for North Carolina.
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(a) 

 
                            
 
(b) 

 
 
 
 
 
Figure 3.15a,b.  CMAQ model estimated dry deposition for Summer 1999: (a) Mean NO 
Dry Deposition (µg/m2/hr); (b) Mean NO2 Dry Deposition (µg/m2/hr). 

Mean Modeled NO Dry Deposition in North Carolina during Summer 1999 
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(a) 

 
 
 
(b) 

 
 
 
 
 
 
Figure 3.16a,b.  CMAQ model estimated dry deposition for Summer 1999: (a) Mean NH3 
Dry Deposition (µg/m2/hr); (b) Mean HNO3 Dry Deposition (µg/m2/hr). 

Mean Modeled NH3 Dry Deposition in North Carolina during Summer 1999

Mean Modeled HNO3 Dry Deposition in North Carolina during Summer 1999 
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Figure 3.17a,b,c,d. Hourly-averaged diurnal deposition  trends of (a) NO, (b) NO2, (c) NH3, and (d) HNO3.  Time 
series plot represents the hourly-averaged deposition throughout the 15 days of CMAQ model simulations (June 30-
July 14, 1999).
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CHAPTER IV.   SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH 
 
 Utilizing the micrometeorological gradient and modified Bowen-ratio methods, 

measurements of near-surface concentration gradient were used to estimate ammonia fluxes 

and related dry deposition velocities over a natural grass surface downwind of a swine 

production facility (Chapter II).  Seasonal ammonia concentration measurements were 

conducted over a wide range of meteorological conditions.  Diurnal and seasonal variations 

of ammonia flux and dry deposition velocity were investigated.  Deposition and emission 

occurred, both on daily and seasonal scales. 

 Fall average NH3 concentrations were generally the highest with little difference 

between daytime and nighttime average values at the reference height (2m).  The winter 

season had the lowest average concentrations with some difference between daytime and 

nighttime values at 2m.  The direction and magnitude of fluxes changed hourly, diurnally and 

seasonally, suggesting the effect of local sources and meteorological (air temperature, wind 

speed, wind direction, and stability) conditions, as well as lagoon irrigation applications (e.g. 

Fall Season).  Seasonal statistical analysis showed that the largest average deposition flux 

occurred in the Fall 2001 measurement campaign, reflecting the lagoon spray/irrigation 

practices used during that period. 

Summer measurements yielded the largest average daytime deposition velocity.  

Nighttime summer season estimates of deposition velocity are slightly larger than spring 

nighttime values.  Fall nighttime average deposition velocities are considerably lower than 

other seasonal estimates.  Unstable conditions were associated with the highest average 

deposition velocities while very stable conditions (low level turbulence) yielded the lowest 

average deposition velocities.  A nonlinear regression analysis revealed a strong relationship 
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between ammonia dry deposition velocity and friction velocity for each of the broad stability 

categories.  The findings of this research can be utilized for parameterization of ammonia dry 

deposition on natural surfaces for use in regional air quality models. 

Future research concerning the ammonia flux and related dry deposition velocity 

should focus on making additional measurements at various (sensitive) ecosystems, such as 

other natural surfaces and different types of vegetation, in ammonia saturated areas.  These 

ammonia-saturated areas should include various swine and poultry facilities (known to emit 

large concentrations of ammonia), some of which utilizing diverse, environmentally superior 

technologies for animal waste management.  Furthermore, these experimental measurement 

campaigns should cover all seasons to assess any seasonal trends and also both daytime and 

nighttime periods to cover wide range of stability conditions.  These measurements should 

cover diverse NH3 sources in North Carolina and help characterize “problem areas or 

technologies” already implemented in waste management procedures.  Additional field 

experiments similar to the measurement intensives conducted in this research initiative will 

allow verification of the proposed relationships between friction and deposition velocities 

reported in this study.  Once these relationships are established, an improved ammonia 

inventory of emission and deposition can be derived for North Carolina.  An ammonia 

inventory will help further modeling efforts to predict and evaluate future outcomes similar 

to those experienced in Europe. 

Utilizing two third generation Eulerian grid models, the United States Environmental 

Protection Agency’s Models-3/Community Multiscale Air Quality (CMAQ) and the 

MCNC’s Multiscale Air Quality Simulation Platform (MAQSIP) modeling systems, 

concentration amounts (NO, NO2, NOY) and dry deposition (NO, NO2, NH3, HNO3) of 
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nitrogen species, were simulated and investigated on a regional scale for North Carolina 

during the summer season (Chapter III).  Generally, modeled (MAQSIP) concentrations were 

less than observed concentrations (except [NOY]).  Comparison between each modeled 

nitrogen species and measured nitrogen species yielded similar diurnal trends.  A process 

budget analysis (production and removal estimates) of NO, NO2, and NOY employing 

MAQSIP depicted the model’s capability to evaluate various process contributions (e.g. 

vertical and horizontal advection, vertical diffusion, dry deposition, emission, and 

chemistry).  Predicted dry deposition rates of NH3 nitrogen were slightly less than HNO3 

nitrogen fluxes for NC.  NH4
+ and NO3

- hourly-averaged wet deposition fluxes, based on 

National Atmospheric Deposition Program (2002), reported measurements 37.3 ± 19.7 µg N 

m-2 hr-1 and 40.6 ± 11.8 µg N m-2 hr-1.  During the summer season, NH3 contributes 

approximately 50% of dry deposition and NO3
- contributes approximately 50% of wet 

deposition within the total nitrogen deposition budget.  In addition, model assessments of 

atmospheric inputs (nitrogen loading) into the Neuse River Estuary in North Carolina 

revealed NH3 was the largest contributor to dry deposition fluxes in the Neuse River basin, 

making up approximately 47% of the total.   

Finally, we propose to use regional air quality models, with suitable modifications 

incorporating ammonia chemistry, for simulating some interesting episodes of transport, 

transformation and deposition of ammonia in eastern North Carolina.  Such simulations will 

be useful for assessing the possible impacts of ammonia sources on the spatial variation of 

ammonia concentration and deposition flux, and their role in overenrichment of North 

Carolina water bodies (rivers and estuaries).  In addition, modeling could be used to study 

some interesting air pollution episodes connected with stagnant high-pressure systems with 
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particular emphasis on ammonia deposition and its spatial variation with respect to areas of 

high source density or emissions.  Likewise, a credible extrapolation of dry deposition 

velocities of ammonia could be developed for forest areas which cover a substantial portion 

of eastern North Carolina. 
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Appendix 1.  Estimates of Ammonia Flux and Dry Deposition Velocity from  
Near-Surface Concentration Gradient Measurements over Natural Surfaces in North 
Carolina                                                         
 
Sharon B. Phillips, S. Pal Arya, Viney P. Aneja  
 
Department of Marine, Earth, and Atmospheric Sciences 
North Carolina State University, Raleigh, NC 27695-8208 
 
The primary focus of our experimental study is on the emission and dry deposition fluxes of 
ammonia over different types of agricultural and natural surfaces in North Carolina where 
animal farms and waste storage and treatment lagoons (which are know to emit ammonia) are 
located.  A 7m portable tower is used to measure ammonia concentrations at two heights (2 
and 6m) above the surface using two TECO-17C analyzers.  At the same time, mean winds 
and temperatures are also measured at the same two heights.  The main objective is to 
accurately measure the mean gradients of ammonia concentration, air velocity, and 
temperature over short sampling periods of 30-60 minutes.  Micrometeorological gradient 
and modified Bowen-ratio methods are used, in conjunction with the Monin-Obukhov 
similarity theory, to estimate the vertical flux and dry deposition velocity of ammonia under 
different meteorological conditions.  A precision of ± 2% was yielded during calibration 
exercises of the two TECO-17C analyzers, which is considered good enough for accurate 
measurements of concentration gradients and flux estimates.  First, an inter-comparison of 
concentration measurements by the two TECO-17C analyzers, sampling at the same height 
on the tower, is made to determine their accuracy and suitability for gradient measurements.  
Then, gradient measurements will be made over different types of natural surfaces near 
ammonia sources under a wide range of wind and atmospheric stability conditions.  At a 
selected site, we will also study diurnal and seasonal variations of ammonia flux and dry 
deposition velocity.   
 
Presented at: 
2001 Air & Waste Management Association’s 94th Annual Conference and Exhibition. 
Orlando, Florida 
June 24-28, 2001 
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Appendix 2.  Ammonia Emission and Dry Deposition Fluxes from an Animal 
Agricultural Facility in Eastern North Carolina 
 
Sharon B. Phillips, Viney P. Aneja, S. Pal Arya  
 
Department of Marine, Earth, and Atmospheric Sciences 
North Carolina State University, Raleigh, NC 27695-8208 
 
 The primary focus of our experimental and modeling study is on the emission and dry 
deposition fluxes of atmospheric ammonia, using a micrometeorological technique over 
different types of agricultural and natural surfaces in North Carolina where animal farms and 
waste storage and treatment lagoons (which are known to emit ammonia) are located.  
Ammonia concentrations are measured at two heights (2 and 6m) above the surface 
employing an arrangement of a Thermo Environmental Instruments, Inc. (TEI) Model 42S 
(modified to a Model 17) and Model 17C chemiluminescent nitrogen oxides (NOX)-ammonia 
(NH3) analyzers along with a solenoid for each analyzer to alternate measurements between 
the two elevations.  A switching frequency of 10 minutes allows hourly gradient 
measurements of three 10-minute intervals for each height.  An average of the last 6 minutes 
of concentration data is considered in order to minimize measurement errors related to the 
analyzer’s response time (~2 to 3 minutes).  A scatterplot and linear regression of the 
measured NH3 concentrations by the two chemiluminescent analyzers showed good 
agreement between the two with significant correlations during both daytime (r2 = 0.91) and 
nighttime (r2 = 0.89) periods. Simultaneously, mean winds and temperatures are also 
measured at the same two heights.  Micrometeorological gradient and modified Bowen-ratio 
methods are used, in conjunction with the Monin-Obukhov similarity theory, to estimate the 
vertical flux and dry deposition velocity of ammonia under different meteorological 
conditions.  Gradient measurements will also be made over different types of natural surfaces 
near ammonia sources under a wide range of wind and atmospheric stability conditions.  We 
will also study diurnal and seasonal variations of ammonia flux and dry deposition velocity. 
 
Presented at: 
Water Resources Research Institute Annual Meeting: Airborne Water Pollutants 
McKimmon Center, Raleigh, North Carolina 
April 9, 2002 
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Appendix 3.  Measurements and Modeling of Ammonia Flux and Dry Deposition 
Velocity from Near-Surface Concentration Gradient Measurements over Natural 
Surfaces in North Carolina                                                           
 
Sharon B. Phillips, S. Pal Arya, Viney P. Aneja  
 
Department of Marine, Earth, and Atmospheric Sciences 
North Carolina State University, Raleigh, NC 27695-8208 
 
The primary focus of our experimental and modeling study is on the emission and dry 
deposition fluxes of ammonia, using micrometeorological technique over different types of 
agricultural and natural surfaces in North Carolina where animal farms and waste storage and 
treatment lagoons (which are known to emit ammonia) are located.  Ammonia concentrations 
are measured at two heights (2 and 6m) above the surface employing an arrangement of a 
Thermo Environmental Instruments, Inc. (TEI) Model 42S (modified to a Model 17) and 
Model 17C chemiluminescent nitrogen oxides (NOX)-ammonia (NH3) analyzers along with a 
solenoid for each analyzer to alternate measurements between the two elevations.  A 
switching frequency of 10 minutes allows hourly gradient measurements of three 10-minute 
intervals for each height.  An average of the last 6 minutes of concentration data is 
considered in order to minimize measurement errors related to the analyzer’s response time 
(~2 to 3 minutes).  A scatterplot and linear regression of the measured NH3 concentrations by 
the two chemiluminescent analyzers showed good agreement between the two with 
significant correlations during both daytime (r2 = 0.91) and nighttime (r2 = 0.89) periods. 
Simultaneously, mean winds and temperatures are also measured at the same two heights.  
Micrometeorological gradient and modified Bowen-ratio methods are used, in conjunction 
with the Monin-Obukhov similarity theory, to estimate the vertical flux and dry deposition 
velocity of ammonia under different meteorological conditions.  Gradient measurements will 
also be made over different types of natural surfaces near ammonia sources under a wide 
range of wind and atmospheric stability conditions.  We will also study diurnal and seasonal 
variations of ammonia flux and dry deposition velocity. 
 
Presented at: 
12th Joint Conference on the Applications of Air Pollution Meteorology with the  
Air & Waste Management Association 
Norfolk, Virginia 
May 20-24, 2002 
 



 173

Appendix 4.  Measurements and Modeling of Ammonia Flux and Dry Deposition 
Velocity from Near-Surface Concentration Gradient Measurements over Natural 
Surfaces in North Carolina 
 
Sharon B. Phillips, S. Pal Arya, Viney P. Aneja, Bok-Haeng Baek 
 
Department of Marine, Earth, and Atmospheric Sciences 
North Carolina State University, Raleigh, NC 27695-8208 
 
The primary focus of our experimental and modeling study is on the emission and dry 
deposition fluxes of ammonia, using micrometeorological technique over different types of 
agricultural and natural surfaces in North Carolina where animal farms and waste storage and 
treatment lagoons (which are known to emit ammonia) are located.  Ammonia concentrations 
are measured at two heights (2 and 6m) above the surface employing an arrangement of a 
Thermo Environmental Instruments, Inc. (TEI) Model 42S (modified to a Model 17) and 
Model 17C chemiluminescent nitrogen oxides (NOX)-ammonia (NH3) analyzers along with a 
solenoid for each analyzer to alternate measurements between the two elevations.  A 
switching frequency of 10 minutes allows hourly gradient measurements of three 10-minute 
intervals for each height.  An average of the last 6 minutes of concentration data is 
considered in order to minimize measurement errors related to the analyzer’s response time 
(~2 to 3 minutes).  Simultaneously, mean winds and temperatures are also measured at the 
same two heights.  Micrometeorological gradient and modified Bowen-ratio methods are 
used, in conjunction with the Monin-Obukhov similarity theory, to estimate the vertical flux 
and dry deposition velocity of ammonia under different meteorological conditions.  Gradient 
measurements will also be made over different types of natural surfaces near ammonia 
sources under a wide range of wind and atmospheric stability conditions.  We will also study 
diurnal and seasonal variations of ammonia flux and dry deposition velocity.  Meteorological 
episodes of transport, transformation and deposition of ammonia in eastern North Carolina 
continue to be analyzed using the EPA Models-3 Community Multiscale Air Quality 
(CMAQ) modeling system, along with the spatial variability of the deposition fluxes with 
respect to the spatial distribution of the sources of ammonia in eastern North Carolina and 
will also be presented. 
 
Presented at: 
2002 Air & Waste Management Association’s 95th Annual Conference and Exhibition 
Baltimore, Maryland 
June 23-28, 2002 
 
 




