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PART II. SUMMARY OF COMPLETED RESEARCH 

The three-year subject grant supported a collaborative effort between the Georgia Institute of 

Technology and NOAA's Geophysical Fluid Dynamics Laboratory aimed at the continued 

development of a 3-dimensional Chemical Transport Model of tropospheric chemistry. The major 

focus of the these studies was on the elucidation of the global cycle of reactive nitrogen or NO y 

 compounds. Emissions of nitrogen oxides from fossil fuel combustion and biomass burning, as well 

as the downward transport of stratospherically-produced nitrogen oxides were found to be 

inadequate to completely explain the observed concentrations of total NO y  in remote locations of 

the lower, mid-, and upper troposphere. Thus, it appears that substantial contributions from other 

sources (such as lightning) are needed to explain the observed NO y  concentrations. Calculations 

also imply a potentially significant role for PAN-formation in enhancing the long-range transport 

of NON.  
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PART III. TECHNICAL INFORMATION 

The Development and Validation of a 

3-Dimensional Chemical Transport Model 

FINAL REPORT 

W.L. Chameides, P.I. 

P. Kasibhatla 

School of Earth and Atmospheric Sciences 

Georgia Institute of Technology 

Atlanta, GA 30332 

H. Levy, II, Co-P.I. 

Geophysical Fluid Dynamics Laboratory 

Princeton, N.J. 08542 

This report summarizes our research activities supported by the three-year subject grant. 

These activities represented a collaborative effort between the Georgia Institute of Technology 

(GIT) and the NOAA Geophysical Fluid Dynamics Laboratory (GFDL) at Princeton University. 

The three investigators primarily involved in the study were: Dr. Prasad Kasibhatla, a Research 

Scientist at Georgia Tech who resides in Princeton and was explicitly hired to implement the joint 

GIT/GFDL research project, Dr. H. Levy, a GFDL scientist who served as Co-Principal 

Investigator on the subject grant, and Dr. W.L. Chameides, of Georgia Tech who served as the 

Principal Investigator on the subject grant. Funds from the subject grant were used principally to 

support Dr. Kasibhatla's salary and travel expenses related to the collaborative effort. In the 

sections below we briefly summarize our research results and future plans, and list papers presented 

and publications that resulted from the subject grant. 
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I. RESEARCH RESULTS 

The overall thrust of the research project has been the development and application of a 3-

dimensional Chemical Transport Model (CTM) to study the chemistry of the global troposphere. 

The long-term goal of this research being to: 1. Elucidate the factors controlling the oxidizing 

capacity of the atmosphere; 2. Isolate and quantify the influence of human activities on the 

chemistry of the troposphere; and 3. Contribute to the development of sophisticated coupled 

chemical/dynamical models of the atmosphere that can serve as predictive tools to study and 

manage global change. 

Main Focus on NOy:  The major focus of our modelling efforts over the three-year grant period has 

been on quantifying the magnitude and the spatial and temporal variations in the sources and 

concentrations of reactive nitrogen compounds in the troposphere. Our choice of reactive nitrogen 

and its sources was based on the mounting theoretical and experimental evidence that the 

production of tropospheric ozone is largely controlled by the ambient concentrations of nitrogen 

oxides and the fact that large uncertainties remain in our understanding of the processes that 

control the global distribution of these compounds, owing to the sparsity of observations. 

Our initial study of reactive nitrogen made use of a 3-dimensional, global CTM developed 

at GFDL. The CTM was used to carry out a series of numerical experiments designed to quantify 

the distribution of total reactive nitrogen (NO y) that results from specific NO x  sources; these 

sources were fossil-fuel combustion, stratospheric photochemical production from N 20 degradation, 

and biomass burning. In these initial simulations, all NO y  compounds were lumped together as a 

single species and simple parameterizations were developed to simulate the removal of NO y  via 

rainout, washout, and dry deposition of specific members of the NO y  family. Comparisons of the 
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NO distributions obtained from these simulations with appropriate observations revealed 

interesting insights into the relative roles of the NO  sources in contributing to NO in various . 

 regions of the globe as well as the possible roles of other sources that are inherently more difficult 

to simulate (i.e., lightning and soil emissions). The results of this initial study were reported at the 

International Conference on Global and Regional Atmospheric Chemistry, the Chapman 

Conference on Global Biomass Burning, and the 7th International Symposium on Atmospheric 

Chemistry and Global Pollution (see Section III). 

Following this initial study, a series of simulations were undertaken with a more 

sophisticated chemical algorithm that explicitly partitioned NO into its major component species. 

To this end, an off-line chemical scheme was developed to calculate, as a function of latitude, 

longitude, altitude, time of day, and day of the year, the relative rates at which NO N, HNO3, and 

PAN are produced and destroyed for a given level of NO N. These three species were chosen to 

serve as surrogates for the inorganic insoluble, inorganic soluble, and organic portions of the 

reactive nitrogen reservoir, respectively. The resulting diurnally-averaged chemical production and 

destruction rates were incorporated into the model along with more sophisticated wet and dry 

removal parameterizations. The accuracy cf this new scheme was evaluated by running the model 

with the fossil-fuel-combustion NO  source and testing its ability to reproduce measured nitrate 

deposition rates over the eastern United States and Canada. The test revealed encouraging 

agreement between observations and model-calculations in terms of both temporal and spatial 

trends. 

Thus far the new'-model has been used to study the impact of downward transport of 

stratospheric NO on tropospheric NO concentrations. A detailed description of the results of this 

study are presented in Kasibhatla et al. (JGR, in press, 1991 and included in Appendix I). Only a 

couple of salient points ,are mentioned here. It was found that the stratospheric source was too 
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small to account for more than a few percent of the observed surface NO y  in the remote lower 

troposphere. Even in the mid- and upper troposphere, substantial contributions from other sources 

(such as lightning) are needed to explain the observed NO y  concentrations. It was also found that 

PAN formation from stratospheric-NO x  can significantly enhance the ability of the atmosphere to 

transport NOy  from the upper troposphere to the lower troposphere; as a result, neglecting PAN 

in the stratospheric source calculations has the effect of underestimating surface NO y  mixing ratios 

in the Northern Hemisphere by factors of 1.5 to 4. 

C-Cycle Studies: 	Another aspect of our research activities has focussed on elucidating the 

various components of the global C-cycle and more specifically on the nature, magnitude, and 

distribution of the sources and sinks of atmospheric CO 2. This work has involved performing CFC-

11 transport simulations to test the model's ability to simulate interhemispheric transport as well 

as initial simulations of atmospheric CO2. These initial simulations have corroborated the findings 

of Tans et al. (1990) that the observed CO 2  latitudinal gradient is incompatible with there being a 

large CO 2  sink in the Southern Hemisphere Oceans. 

II. PLANNED RESEARCH ACTIVITIES 

The collaboration between GIT and GFDL initiated by the subject grant remains on-going 

and is currently being supported through NSF Grant ATM-8905901 to GIT; this grant has 

approximately one more year till termination. During this next year we plan to complete the model 

studies of NO by carrying out simulations of reactive nitrogen from fossil-fuel combustion, 

lightning, biomass burning, and soil emissions. In simulations of fossil-fuel combustion and biomass 

burning, we plan to examine the role of elevated anthropogenic and natural hydrocarbons in causing 
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enhanced formation of organic nitrates, which may result in enhanced long-range transport of 

reactive nitrogen from source regions to the remote troposphere. We also plan to carry out studies 

to help clarify the processes responsible for specific observed phenomena. Examples of these 

include a study of NOy  transport from industrialized centers to the high northern latitudes, and from 

African centers of biomass burning to South America. 

Our studies of the global C-cycle will also continue. Various source/sink scenarios will be 

evaluated in terms of their ability to reproduce the observed latitudinal gradients and seasonal 

patterns of atmospheric CO 2. We will also examine the feasibility of coupling our atmospheric 

transport model to one of GFDL's ocean general circulation models. 

III. Publications and Presentations: 

Thus far two papers have been accepted for publication: 

Kasibhatla, P.S., H. Levy, II, W.J. Moxim, and W.L. Chameides, The relative roles of stratospheric 

photochemical production on tropospheric NOy levels: A model study, J. Geophys. Res., in press, 

1990. (A preprint of this paper is included as Appendix I). 

H. Levy II, W.J. Moxim, P.S. Kasibhatla, and J.A. Logan, The global impact of biomass burning on 

tropospheric reactive nitrogen, in Global Biomass Burning: Atmospheric, Climatic, and Biospheric 

Implications,  ed. by J.S. Levine, MIT Press, Cambridge, Massachusetts, 1991. 

In addition the following papers have been presented at meetings: 

Global transport from regional sources, International Conference on Global and Regional 
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Simulated distribution and deposition of reactive nitrogen emitted by biomass burning, Chapman 
Conference on Global Biomass Burning: Atmospheric, Climatic, and Biospheric Implications, March 
19-23, 1990, Williamsburg, Virginia. 

Impact of biomass burning on reactive nitrogen levels in the tropics and sub-tropics, 7th 
International Symposium of the Commission on Atmospheric Chemistry and Global Pollution, 
September 5-11, 1990, Chamrousse, France. 

The global distribution of reactive nitrogen: A synthesis of observation and numerical simulation, 
7th International Symposium of the Commission on Atmospheric Chemistry and Global Pollution, 
September 5-11, 1990, Chamrousse, France. 
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ABSTRACT 

The 11-level GFDL global chemical transport model has been used to assess the 

impact of stratospheric NOx  production on tropospheric reactive nitrogen (N0 y) concen-

trations. A temporally varying source function was constructed using specified two-dimen-

sional, monthly-average 03 , N 20, temperature and surface pressure data generated by 

the GFDL 'SKYHI' model. The calculated yearly NO y  production rate is 0.64 tg N (0.64 x 

1012  g N). A wet removal scheme, which distinguishes between stable and convective 

rain based on the bulk Richardson number, is introduced. Simulations have been per-

formed with a simplified chemical mechanism which fractionates NO y  into soluble and in-

soluble species. The role of PAN in determining the impact of stratospheric injection on 

the tropospheric NOy  budget is studied by comparing results of simulations with and with-

out PAN chemistry. We conclude that: (1) The stratospheric source is too small to account 

for background surface NOy  concentrations observed in the remote (i.e., regions a few 

thousand kilometers from continental source regions) troposphere. Surface NO y  mixing 

ratios seldom exceed 10 pptv in the model Northern Hemisphere, and are always below 

20 pptv. Together, fossil-fuel combustion emissions and stratospheric injection account for 

less than 10% of observed surface nitrate concentrations in the remote tropical Pacific; 

(2) The impact of the stratospheric source is comparable to that of the fossil-fuel combus-

tion source in terms of NOy  mixing ratios in the Northern Hemisphere at the 500 rnb model 

level, and is more important in the mid- and high latitudes of the Southern Hemisphere. At 

the 315 mb model level, the stratospheric source contribution to NO y  levels is more im-

portant than that of the fossil fuel source at all latitudes, except in the tropics. However, 

substantial contributio0s from other NO y  sources are needed to explain observations in 

the remote mid- and upper troposphere; and (3) Inclusion of PAN chemistry has the effect 

of increasing model-calculated surface NO y  mixing ratios in the Northern Hemisphere 

mid- and high latitudes by factors of 1.5-3 during winter/spring, and by factors of 2-4 dur-

ing summer/fall. Surface NOy  mixing ratios in the Southern Hemisphere show a smaller 

2 



increase due to slower rates of PAN formation. This is a direct result of lower hydrocarbon 

concentrations in the Southern Hemisphere. 
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1. INTRODUCTION 

The importance of reactive nitrogen compounds (NOy) in atmospheric chemistry 

over a variety of spatial and temporal scales has long been recognized. Nitrogen oxides 

(NOx  = NO + NO2) play a major role in determining the global oxidizing power of the tro-

posphere by controlling tropospheric 03 (Crutzen, 1974) and OH levels (Levy, 1971). 

Thus, they may have a significant influence on global climate through their indirect impact 

on the rate of removal of greenhouse gases from the atmosphere. NO x  has also been 

shown to be an important precursor to urban photochemical smog formation (Leighton, 

1961), and HNO3 is one of the two important acidic components of acid rain (National Re-

search Council, 1983). In addition, nitrate is an important nutrient to oceanic ecosystems 

(Ryther and Dunstan, 1971). 

A comprehensive knowledge of the key factors affecting NO y  distributions is es-

sential if one attempts to isolate the influence of humans on atmospheric chemistry in par-

ticular, and on global climate in general. Our present understanding of the factors 

controlling the distribution of NO y  is extremely limited due to the sparsity of available ob-

servational data, especially in remote regions of the world. In this context, models provide 

us with a valuable tool to synthesize the knowledge gained from limited field studies, and 

to extrapolate the data to more representative global scenarios. 

A fundamental question, that remains largely unanswered, relates to the nature, 

magnitude, and spatial and temporal variation of the various sources of NO y. Levy and 

Moxim (1989) simulated the global distribution and deposition of NO y  emitted by fossil-

fuel combustion. These emissions are mainly concentrated in the northern mid-latitudes, 

with a global annual source strength of approximately 21 tg N (21 x 10 12  g N). Their anal-, 
ysis showed that while these emissions were sufficient to account for a large fraction of 

observed surface NOy  levels near source regions in the Northern Hemisphere, they were 

insufficient to account for more than -10% of observed background levels in the remote 

tropics and in the Southern Hemisphere. They speculated that other possible sources of 
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NO such as biomass burning, production by lightning, biogenic emissions, and strato-

spheric injection may make important contributions to the tropospheric NOy  budget. With 

the exception of the stratospheric source, these sources are inherently difficult to quantify 

owing to their nature, and due to their geographical distribution. 

Based on a simulation with an idealized source, Levy et al. (1980) hypothesized 

that the stratospheric source could account for at least half the NO y  present in the remote 

tropics and in the Southern Hemisphere. Liu et al. (1980) carried this one step further, ar-

guing that downward transport of NO produced in the stratosphere, and subsequent pho-

tochemical production of 03  in the upper troposphere, could be a significant source of 

tropospheric 03. Their calculations used the NO y  fields predicted by Levy et al. (1980), 

along with semi-empirically derived NOR/NOy  ratios from Kley et al. (1981). On the other 

hand, Logan (1983) argued that the stratospheric flux was too small to have a significant 

impact on tropospheric NO y  levels, and suggested that Levy et al. (1980) had used unre-

alistically long rainout lifetimes in their model calculations. Recent analysis of surface ob-

servations in the tropical Pacific also suggests that the stratospheric source may have a 

minimal impact on surface NO y  concentrations (Savoie et al., 1989). 

In the above mentioned model studies, Levy et al. (1980) and Levy and Moxim 

(1989) treated the collection of reactive nitrogen compounds as a single species, namely 

NOy. By using effective dry and wet removal coefficients for NO V, an attempt was made to 

implicitly capture the effect of chemical transformations and removal of individual species 

on the distribution and deposition of total reactive nitrogen. A problem arises, however, in 

arriving at a priori estimates of wet and dry removal coefficients for an arbitrary source dis-

tribution. Even for a particular source function, such as the fossil fuel combustion source, 

where observed deposition fluxes provide a constraint against which model parameters 

may be adjusted over source regions, it is by no means certain that removal rates will be 

calculated 'correctly' in regions remote from the source region. The approach taken in this 

paper is therefore a more fundamental one. We explicitly treat NO R , HNO3, and PAN as 
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transported species, using a simplified chemical scheme to calculate chemical production 

and destruction rates for each of these species. 

This study focuses on a reexamination of the potential impact of stratospheric pho-

tochemical NOx  production on tropospheric NOy  levels. We therefore present an analysis 

of the results of a set of model simulations with this stratospheric source alone. An as-

sessment of the relative impact of this small source (0.64 tg N year is provided by com-

paring model results with available observations of tropospheric NO y  mixing ratios and 

deposition fluxes. Similar studies with other individual sources are presently underway, 

and will be discussed in future papers. 

2. BRIEF DESCRIPTION OF THE MODEL 

The global chemical transport model (GCTM) has a horizontal resolution of -265 

km, and 11 vertical levels at standard pressures of 990, 940, 835, 685, 500, 315, 190, 110, 

65, 38, and 10 mb. The model is driven by 6-hour time-averaged wind and total precipita-

tion fields derived from a one year integration of a parent general circulation model (GCM) 

(Manabe et al., 1974; Manabe and Holloway, 1975). The meteorological features of the 

GCM have been the subject of many previous studies, and the interested reader may wish 

to refer to the paper by Mahlman and Moxim (1978) for a comprehensive list of references 

pertaining to the GCM, and an encapsulated review of the GCM climatology pertinent to 

this study. However, a few remarks on the dynamics of stratosphere-troposphere ex-

change processes in the model are appropriate here. The meridional circulation in the 

GCM consists of a 3-cell troposphere, a 2-cell Northern Hemisphere stratosphere, and a 

3-cell Southern Hemisphere stratosphere, with midstratospheric flow from the summer to 

winter hemisphere. A detailed description of the simulated dynamics in the stratosphere 

is given by Manabe and Mahlman (1976). The tropopause appears at the proper altitudes, 

and its poleward downward slope agrees well with observations. Mahlman and Moxim 

(1978) found in their midlatitude instantaneous source experiment that the global mean 
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vertical transport across the tropopause is dominated by eddy transport. At particular lat-

itudes, however, the eddy transport is of the same order of magnitude as the mean trans-

port, reflecting the fact that eddy transport is predominantly downward, while the mean 

transport may be upward or downward. In their study, strongest downward eddy cross-

tropopause fluxes occur near 50-60°N during March-May, associated with upper tropo-

spheric cyclogenesis, while strongest downward zonal-mean fluxes occur near 35-45 °N 

during December-February. An analysis of the transport of an ozone-like tracer by Mahl-

man et aL (1980) found that the annually-averaged Northern Hemisphere cross-tropo-

pause flux was approximately 1.8 times larger than the corresponding flux in the model 

Southern Hemisphere. Their study also suggests that the model may considerably under-

estimate cross-tropopause tracer fluxes in the Southern Hemisphere. 

The GCTM incorporates parameterizations for approximating horizontal sub-grid 

scale transport, vertical mixing by dry and moist convection, and vertical mixing in the 

boundary layer under conditions of large scale stability. Dry deposition is calculated based 

on the assumption of a balance between surface deposition and the turbulent flux in the 

bottom half of the lowest level in the model. The deposition velocities used in the model 

(indicated in section 3) reflect measured deposition velocities of individual reactive nitro- 

gen species. A more detailed description of these and other features of the GCTM can be 

found in studies by Mahlman and Moxim (1978), Levy et a/. (1982), Levy et a/. (1985), and 

Levy and Moxim (1989). A significant change in the present application of the model is the 

manner in which wet removal rates are calculated. Our current scheme, the main ideas of 

which are borrowed from Giorgi and Chameides (1986), is outlined in more detail below. 

Consider a column of grid boxes in which precipitation occurs. Let AB and H repre- 

sent the cross-sectional area and height of the column, respectively, and F represent the 

fraction of the cross-sectional area over which precipitation occurs. We now assume that 

for a highly soluble tracer (such as HNO 3) F is also the fraction of the tracer originally 

present in a box thatis removed during a precipitation event. Wet deposition rates for a 



highly soluble tracer, at each time step and each grid box, can then be calculated as 

ai "1 	
_- —FR 

At' 
(wet) 

where, R is the tracer mixing ratio. We now have to determine F. If L is the liquid water 

content of the 'cloud', and Q is the precipitation rate averaged over the column cross-sec-

tional area, the volume of 'cloud', Vc, is 

A B Q Arp 
lic 	 (2.2) 

where, p is the density of liquid water. We use the term 'cloud' in the same sense as Giorgi 

and Chameides (1986), i.e., to refer to that fraction of the grid where precipitation is oc-

curring. The fraction of the column cross-sectional area over which precipitation, and 

therefore wet removal, occurs is then 

	

V c 	Q Atp 
F 

	

HAB 	LH • 
(2.3) 

Equations 2.1 and 2.3 together represent the parameterization for wet removal, 

based on GCM-derived precipitation intensity fields, that is used in the GCTM for a highly 

soluble species. In the actual application of the scheme, the height His specified to be the 

height of the top of the 685 mb layer in the model except when there is convective insta-

bility as determined by the moist Richardson number (Rim) calculated at the 500 mb and 

315 mb levels. The mathematical expression used to calculate Rim  is given by Levy et al. 

(1982). If Rim  is less than 0.25 for the 315 mb level, wet removal is assumed to occur from 

the ground to the top of the 315 mb layer. Similarly, if Rim  is greater that 0.25 for the 315 

mb level, but less than 0.25 for the 500 mb level, wet removal is assumed to occur from 

the ground to the top ofihe 500 mb layer. We use the term 'convective rain' to characterize 

precipitation events for which Rim  is less than 0.25 at the 315 or 500 mb model levels. All 

other precipitation events are termed 'non-convective'. Values for L are the same as those 

used by Giorgi and Chameides (1986), with L = 2 x 10 -6  g cm -3  for convective rain, and L 

(2.1) 
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= 0.5 x 10-6  g cm-3  for non-convective rain. We have performed some preliminary tests 

with this scheme by simulating the global distribution of NO y  resulting from fossil-fuel com-

bustion emissions only. These simulations indicate that model-calculated wet deposition 

fluxes agree with observed wet deposition fluxes in North America and Europe (where fos-

sil-fuel combustion emissions dominate the NO y  budget) at least as well as previous cal-

culations by Levy and Moxim (1989) in which a different wet removal scheme was used. 

In addition, nitrate wet deposition fluxes at sites in the North Atlantic which are mainly im-

pacted by fossil-fuel combustion are well simulated. 

3. DESIGN OF THE EXPERIMENTS 

NO is produced in the stratosphere by the following reaction sequence: 

03 + hv --> 0( 1 D) + 02, (R1) 

0( 1 D) + M --> O(3P) + M, (R2) 

0( 1 D) + N 2O --> 2NO. (R3) 

Reaction R1 generates highly reactive atomic oxygen, which is either quenched by 

collision with molecular oxygen and nitrogen (reaction R2), or reacts with nitrous oxide 

(transported to the stratosphere from the troposphere) to yield two molecules of NO per 

atom of oxygen reacting with N 2O (reaction R3). Using monthly- and zonally-averaged 03  

and N2O fields (shown in Figure 1 for the months of January and July), along with corre-

sponding temperature and surface pressure data from the GFDL `SKYHI' GCM which has 

a higher vertical resolution (Hamilton and Mahlman, 1988), we have calculated diurnally 

averaged NO production rates for the middle of each month based on reactions R1-R3. 

Kinetic data used in the calculations were obtained from DeMore et al. (1990). The calcu-

lated NO production rates for four months representing winter, spring, fall, and summer 

are shown in Figure 2. The seasonal variation of the NO production rate is clearly seen, 

with maximum production occurring in the summer hemisphere. Maximum production 
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rates (-200 - 240 molecules cm -3  s' 1 ) occur near the equator at approximately 10 rnb. The 

calculated annual NO production rate is 0.64 tg N. This estimate is consistent with recent 

estimates of 0.4-0.7 tg N/year (Crutzen and Schmailzl, 1983), and 0.7 tg N/year (Legrand 

et al., 1989). Jackman et al. (1980) have argued that the production of NO by galactic cos-

mic rays in the lower stratosphere and upper troposphere is comparable to the production 

of NO by N 20 oxidation at latitudes poleward of -50 0. On a global scale, however, N 20 

oxidation is the dominant stratospheric NO x  source. As we shall see later, our conclusions 

regarding the tropospheric impact of the stratospheric source are mainly drawn by com-

paring model results with measurements in the remote tropics and sub-tropics. Our con-

clusions, therefore, are not significantly affected by the fact that we have considered only 

the photochemical NOx  source in the present study. In addition, NO x  emitted in the ex-

haust fumes of jet aircraft may contribute locally to NOy  levels in midlatitudes, but we hay 

made no attempt to quantify the effect of this source. Calculated source strengths were 

gridded to the GCTM grid, and specified in the form of a look-up' table in the model. We 

should point out that although the top model full-level is at 10 mb, the top model layer ex-

tends from -27 mb to the top of the atmosphere. Daily NO production rates were calcu-

lated in the GCTM by time-interpolating between appropriate table values. 

The chemical partitioning of NOy  into soluble and insoluble fractions was calculat-

ed using a simple chemical scheme, and using NO x  and HNO3 as surrogates for insoluble 

and soluble reactive nitrogen species, respectively. Details of the chemical scheme are 

given in the appendix. Deposition velocities for HNO 3  (1.0 cm s-1  over land; 0.5 cm s -1 

 over ocean) and for NOx  (0.2 cm s -1  over land; 0.0 cm s -1  over ocean) were selected 

based on the annual average of available measurements over land (Cadle et al., 1985; 

Huebert and Robert, 1685; Wesely et al., 1982; Walcek et al., 1986; Voldner et al., 1986). 

Calculation of wet deposition involves treating NOx  as an insoluble species, and using 

equations 2.1 and 2.3 to determine HNO3 removal rates. We treat this simulation as our 

base case simulation, and will hereafter refer to it as the CASE1 experiment. 
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We next focus on the role of long-lived, reservoir organic species formation in de-

termining tropospheric NO y  concentrations. The chemistry involved in the formation and 

destruction of these organic constituents is extremely complex (Madronich and Calvert, 

1990). In addition, many of the reaction rates and products are not well characterized. In 

this study, we therefore attempt to provide only a zeroth order analysis of the impact of 

such a sequestration on the tropospheric NO y  burden. We use peroxyacetyl nitrate (PAN) 

as a surrogate for the organic NO y  species, and calculate PAN production and destruction 

rates using a specified hydrocarbon distribution. PAN production is assumed to occur only 

at or below the 190 mb model level equatorward of 45° latitude, and at or below the 315 

mb model level poleward of 45°  latitude. Our scheme considers six reactions: 

HC + OH --> PAC, (P1) 

PAC + NO2  --> PAN, (P2) 

PAC + NO --> products, (P3) 

PAC + HO 2  --> products, (P4) 

PAN --> PAC + NO 2 , (P5) 

PAN + OH --> products, (P6) 

where, HC and PAC refer to hydrocarbons and peroxyacetyl radical, respectively. 

By assuming that PAC is in photochemical equilibrium, the production rate of PAN is given 

by 

k n (HC) n(0 H) 	 n(NO ) P1 	2  n(NO ), (3.1) P
PANS = k P2[1c

P2 n(NO 2 ) + kP3 n (NO) + k p4 n (HO 2 )j n(NO x ) 

where, the n's represent number densities, and ki  is the specific reaction rate for reaction 

j. Number densities of OH, HO2 , NO, NO2 , and NOx  are calculated using the scheme de-

scribed in the appendix, and the superscript 's' refers to quantities derived in the transport 

model from the stratospheric source alone. Similarly, the PAN destruction rate is 
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kp 2 

. 	  
n(NO 2 ) 	 n(NO) + k P 4 n(HO 2 ) ] 

n(P ANS). (3.2) 
. ■  

In this study we use ethane as a surrogate for all hydrocarbons which produce 

PAC, and specify uniform ethane mixing ratios of 2 and 0.4 ppbv in the northern and 

southern hemispheres, respectively, based on measured hydrocarbon concentrations in 

the background atmosphere (Singh and Zimmerman, 1990; Rudolph, 1988). Kinetic data 

for reaction P1 is obtained from DeMore et al. (1990), while rate constants recommended 

by Atkinson and Lloyd (1984) are used for reaction P2, P3, and P5. It should be noted that 

the rate of thermal decomposition of PAN (reaction P5) is highly temperature sensitive 

(kp5  = 1.95 x 10 16  e-13643fr  s-1 ). PAN formation at low temperatures, therefore, provides 

a pathway by which some of the NOy  can be sequestered in a stable form. Subsequent 

long-range transport of PAN can then serve as a potentially important source of NO y  in 

the remote troposphere. There is some uncertainty regarding the products of reaction P6. 

In this study, we assume reaction P6 to be a chemical source of NO R , with kph  = 1.23 x 

10 -12 e-651/T cm3 molecules-1  5-1  (Singh et al., 1991a). We further assume that PAN has 

neither dry nor wet sinks, thus providing an upper limit of the impact of tropospheric PAN 

production on the global NOy  burden resulting from stratospheric injection. This model ex-

periment will be referred to as CASE2. 

The results of our model calculations are presented in the next section. Section 4.1 

focuses on the zonal-mean mixing ratio fields from the CASE1 experiment, while the 

CASE2 simulation is compared with the CASE1 experiment in section 4.2. A more de-

tailed analysis of surface and mid- and upper tropospheric NOy  mixing ratios is presented 

in section 4.3 and 4.4. 

4. RESULTS OF THE EXPERIMENTS 

The GCTM CASE1 simulation was initialized with a one-dimensional NO y  profile, 

varying from -50 pph; at the surface to -17.5 ppbv at 10 mb. On the model start-up date 
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of October 1, this initial NO y  field was partitioned into NO x  and HNO3  on the basis of 

chemical production and destruction rates calculated using the simple chemical scheme 

described in the appendix. The model was integrated for a period of 64 months, at which 

time globally- and annually-averaged sources and sinks were essentially in balance for 

both NOx  and HNO3. The CASE2 simulation was initialized with NO x  and HNO3  distribu-

tions obtained after integrating the CASE1 simulation for 28 months. In addition, a uniform 

background mixing ratio of 1 pptv was used to initialize PAN, and the model was integrat-

ed for a period of 36 months. In the rest of this paper we will focus on the resulting steady-

state distributions, and hence all subsequent discussions will refer to model fields from the 

last 12 months of each experiment. While this study will be mainly confined to an analysis 

of the resulting tropospheric mixing ratio fields, and comparisons of these model fields 

with available observations, we will also examine the zonal-mean distribution of NO y  and 

its constituents from the mid-stratosphere to the surface. 

4.1 Zonal-mean mixing ratio fields from the CASE1 experiment 

Monthly-average, zonal-mean NOy  fields from the CASE1 experiment are shown 

in Figure 3 for the months of January, April, July, and October. The familiar feature of pole-

ward-downward sloping isopleths is seen, with higher mixing ratios occurring poleward 

and lowest values at or near the equator. Seasonal variations in mid-latitude tropospheric 

mixing ratios are evident, with maximum values occurring during winter and spring in each 

hemisphere. Another interesting feature is the steepening of tracer mixing ratio isolines at 

high northern latitudes during the transition from spring to summer. Mahlman and Moxim 

(1978) put forward the diagnostic interpretation that this was due to a diminished degree 

of self-cancellation between mean and eddy effects during the seasonal transition. A sim-

ilar feature is not evident in the model Southern Hemisphere, and appears to be a model 

defect. 

The stratospheric source appears to be significant relative to the fossil-fuel com- 
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bustion source in terms of mid- upper tropospheric NO y  mixing ratios in mid-latitudes, es-

pecially during winter and spring. At the 500 mb model level, the stratospheric source 

yields zonal-mean NOy  mixing ratios of approximately 100 pptv in the Northern Hemi-

sphere mid-latitudes. This is comparable to estimates of zonal-mean NO y  resulting from 

the combustion source alone (Levy and Moxim, 1989). In addition, model NOy  mixing ra-

tios from the stratospheric source (200-500 pptv) are a factor of 2-10 higher than those 

produced by the combustion source in the northern mid-latitudes at 315 mb. The strato-

spheric source is also clearly more important than the fossil-fuel combustion emission 

source in the Southern Hemisphere mid-troposphere as evidenced by the very low NO y 

 levels (2-10 pptv) calculated by Levy and Moxim (1989) in their fossil-fuel combustion ex-

periment. The results from the CASE1 simulation also seem to indicate that the strato-

spheric source has only a small impact on surface NO y  where model mixing ratios are 

generally below 5 pptv, with slightly higher values at high latitudes. 

A closer examination of Figure 3 also reveals a significant interhemispheric asym-

metry in mid-tropospheric mixing ratios, with higher mixing ratios in the Northern Hemi-

sphere. While the annually-averaged NO y  source has no interhemispheric asymmetry, 

some asymmetries arise due to differences in wet and dry removal rates in the two hemi-

spheres. However, the major difference between the two hemispheres is the considerably 

weaker poleward-downward transport from the production region in the middle strato-

sphere to the lower stratosphere in the model Southern Hemisphere (Mahlman et al., 

1980). While this asymmetry is to be expected on the basis of stratospheric dynamics, it 

may be exaggerated in this model. 

Table 1 shows a comparison between LIMS derived NO y  for January 1979 (World 

Meteorological Organilation, 1985) and model simulated NO y  at 50 mb. NOy  mixing ratios 

in the Northern Hemisphere extratropical stratosphere are reasonably well simulated, 

though the slight overestimate in the tropics and underestimate in the mid-latitudes indi-

cates that the slopes.of the mixing ratio isopleths are too flat. Mahlman et al. (1986) ob- 
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tained a similar result in their simulation of stratospheric N 20. They found that observed 

meridional slopes of mixing ratio isolines were steeper than those simulated by the model 

by about 30%. Their analysis showed that this discrepancy was caused by the fact that 

the magnitude of meridional gradient of net diabatic heating was underestimated in the 

model, leading them to conclude that the magnitude of the dynamical drive in the model 

stratosphere was too weak. The model underestimates NO y  in the high latitude lower 

stratosphere of the Southern Hemisphere, again suggesting that poleward-downward 

transport from the middle stratosphere is too weak in the model Southern Hemisphere. 

It is also interesting to compare model results from this experiment with those from 

Mahlman et al. (1980) involving an ozone-like tracer. In that study, the latitudinal tracer 

gradient at the 10 mb model level is maintained by relatively fast photochemistry, with the 

result that maximum mixing ratios at the top model level occur in the tropics (see Figure 

3.3, Mahlman et al., 1980). In sharp contrast, in the present study highest NO y  mixing ra-

tios at 10 mb occur at high latitudes, reflecting the dominant role of transport processes 

in establishing the latitudinal NO y  gradient at that level. In spite of this striking dissimilarity 

in tracer distributions at the top model level, slopes of the mixing ratio isopleths in the low-

er stratosphere are remarkably similar in the two studies. This is due to the fact that in both 

studies it is the average stratification of tracer between the middle and lower stratosphere 

that determines the tracer structure in this region (Mahlman et al., 1980). 

Zonally-averaged NOx  and HNO3  distributions for January and July are shown in 

Figure 4. While HNO3  mixing ratios are 2-3 times higher than those of NO x  in the extrat-

ropical lower stratosphere, NO x  is more abundant above the 38 mb model level in the 

equatorial stratosphere due to the fact that the local NO x  photochemical source is largest 

in this region, and als0. due to the relatively rapid rate of HNO 3  photolysis in this region. 

In the mid- and upper extratropical troposphere, however, HNO 3  mixing ratios are signif-

icantly higher than NOx  levels. For example, HNO 3  mixing ratios range from 50 pptv to 

greater than 200 ppty, while the corresponding NO x  mixing ratios are 20-100 pptv pole- 
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ward of 30° N in January at the 315 mb model level. This can be explained on the basis 

of the fact that the rate of chemical conversion of HNO 3  to NON  decreases more rapidly 

in going from the stratosphere to the middle troposphere than does the rate of chemical 

production of HNO3  from NO N. Scavenging of HNO 3  by precipitation becomes important 

below 315 mb, complemented by the faster rate of dry removal of HNO 3  at the surface, 

leading to comparable abundances of NO N  and HNO3  near the surface in the summer 

hemisphere. NON  surface mixing ratios in the extratropics exhibit a significant seasonal 

maximum in winter because OH levels are much lower during this period. 

4.2 Comparisons of zonal-average NOy  fields from the CASE1 and CASE2 experiments 

The previous section has highlighted the fact that in the model the stratospheric 

source appears to have only a minimal impact on lower tropospheric NOy  mixing ratios. A 

large fraction of the NO y  transported down from the stratosphere is in the form of HNO 3 . 

The fraction of NO y  injected into the troposphere in the form of NO N  is converted relatively 

rapidly to HNO3, which is removed quite efficiently by wet and dry sinks in the lower tro-

posphere. There has been some speculation that formation of relatively long-lived organic 

nitrogen species (such as PAN) from NO N  could serve to increase the overall lifetime of 

NOy  in the troposphere. According to this argument, the organic species serve as tempo-

rary reservoirs for active nitrogen. For example, this mechanism, applied to fossil-fuel 

combustion emissions, has been used in an attempt to explain NO N  and 03 mixing ratios 

observed in the high latitude troposphere over North America and Greenland during the 

ABLE-3A experiment (Singh et aL, 1991 a; 1991b). 

In this section, we focus on the question of whether the sequestering of NO N  into 

temporary organic reservoirs might affect model calculated tropospheric NO y  mixing ra-

tios, and attempt to assess the magnitude of this effect. We feel that the design of the 

CASE2 experiment provides a realistic upper limit of the impact of tropospheric production 

of organic nitrogen species on NOy  distributions resulting from the stratospheric source 
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(refer to the discussion in section 3). 

Figure 5 illustrates the differences in NO y  fields between the CASE2 and CASE1 

simulations. Inclusion of PAN chemistry in the model does not alter simulated NO y  levels 

by more than 10% above 500 mb since the wet sink is relatively weak above this level. 

The CASE2 simulation yields enhanced NOy  mixing ratios, usually by factors of 1.3-4, in 

the mid- and high latitude lower troposphere. The magnitude of the effect is generally larg-

er in the northern hemisphere, except during the northern winter. This is a direct conse-

quence of higher PAN production rates in the Northern Hemisphere which is a result of 

the interhemispheric difference in hydrocarbon concentrations. In spite of the extreme 

sensitivity of the rate of PAN decomposition to temperature, the model results show the 

counter-intuitive feature that PAN formation has a smaller effect on lower tropospheric 

NO levels at higher latitudes in winter. This is because photochemical activity (and there-

fore conversion of NOx  to HNO3 , as well as PAN formation in the upper troposphere) is 

greatly suppressed in winter at high latitudes. Inclusion of the PAN reactions also has a 

relatively minor effect (10-20%) on tropical surface NO y  mixing ratios owing to the rapid 

rate of thermal decomposition of PAN. 

These differences in total NOy  fields between the two experiments can be related 

to the corresponding changes in NO x  and HNO3  fields (Figure 6). We will illustrate our dis-

cussions with model results from January and July. In the following discussion, we shall 

use the terms "suppressed" and "enhanced" to refer to changes relative to the CASE1 ex-

periment, i.e., relative to the simulation with no PAN chemistry. Net photochemical produc-

tion of PAN has the effect of suppressing NO x  mixing ratios in the mid- and upper 

troposphere. During January, the largest effect on NO x  occurs in a relatively small region 

centered around 500 mb in the northern tropics, and also in the mid-troposphere of the 

high latitude Southern Hemisphere. Thermal decomposition of PAN subsequently serves 

as a source of NOx  (some of which is converted to HNO3) in the lower troposphere, lead-

ing to enhanced levels of NO x  and, to a lesser extent, of HNO3  near the surface. A similar 
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picture unfolds in July, though on a larger spatial scale. NO x  mixing ratios are suppressed 

by at least 10% over most of the Northern Hemisphere between 315 and 500 mb. HNO 3 

 levels in this region are also suppressed, since some of the NOx  which would otherwise 

be converted to HNO 3  is now sequestered in the form of PAN. PAN decomposition leads 

to enhanced NOx  mixing ratios in the lower troposphere, by factors of 2-5, over a broad 

region extending poleward from 30 °N, with corresponding HNO 3  mixing ratios enhanced 

by 10-50%. Inclusion of PAN chemistry has a greater impact on Northern Hemisphere 

model results due to the aforementioned interhemispheric difference in hydrocarbon mix-

ing ratios. This fact is also illustrated in model-simulated PAN distributions (see Figure 7). 

During the southern summer, the highest PAN mixing ratios are of the order of 2-5 pptv. 

By contrast, model-simulated PAN mixing ratios range from 10-20 pptv in the mid- and up-

per troposphere of the extratropical Northern Hemisphere during July. The rapid rate of 

thermal decomposition of PAN results in extremely low PAN mixing ratios in the tropical 

lower troposphere. This result is consistent with measurements by Rudolph and Muller 

(1990) in the remote South Atlantic, where surface PAN levels were typically below 0.5 

pptv. 

Our results therefore suggest that sequestering of active nitrogen into relatively 

long-lived, temporary reservoirs (such as PAN) could be important, especially in the mid-

and higher latitudes of the Northern Hemisphere lower troposphere where neglecting this 

effect may cause NOx  levels to be underpredicted by factors of 1.5 to > 5. Such a mech-

anism could presumably be equally significant for other NO y  sources, and especially for 

the upper tropospheric lightning source. We caution, however, that these results should 

be interpreted with some care since the chemistry involved is quite complex and not yet 

fully understood. The results from the CASE2 experiment should therefore be viewed in 

the context of providing an upper limit to our calculations of the tropospheric impact of the 

stratospheric NOy  source, while the CASE1 results provide the corresponding lower limit. 

A 
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4.3 Surface mixing ratios 

One of the main thrusts of this study is to examine the impact of stratospheric pro-

dubtion on surface NO y  mixing ratios. As mentioned earlier, a previous study by Levy and 

Moxim (1989) found that emissions from fossil-fuel combustion could account for less 

than 10% of observed surface NO y  in regions remote from the predominantly Northern 

Hemisphere, midlatitude source regions. Based on results scaled from a stratified tracer 

experiment (Mahlman et al., 1980), Levy et al. (1980) hypothesized that stratospheric pro-

duction of NO could be a significant source of NOy  for the remote troposphere, accounting 

for up to half the observed NO y  in these regions. Their model calculated, surface mixing 

ratios were in reasonable agreement with the lowest NO y  concentrations measured over 

the equatorial Pacific (Huebert, 1980). Levy and Moxim (1989) also used the fact that sea-

sonal cycles of surface 03 (Oltmans, 1981) and surface aerosol nitrate (Savoie et al., 

1989) at Samoa were similar, as an argument in favor of an upper tropospheric or strato-

spheric source of NO y  in the remote troposphere. However, calculations by Savoie et al. 

(1989) revealed that there was almost no correlation between measured surface 7Be and 

aerosol nitrate, and between surface 03 and aerosol nitrate, and they concluded that the 

stratosphere has a minimal impact on tropospheric NO y. 

In this section we readdress some of these issues by comparing model simulations 

of surface NOy  with earlier estimates by Levy et al. (1980). The major differences between 

the two studies are the explicitly calculated NOy  source distribution, the partitioning of NO y 

 into NON , HNO3, and PAN (in the CASE2 experiment) in the current study, and in the wet 

removal parameterization used. We will also present some comparisons of our results 

with an estimate by Levy and Moxim (1989) of surface NO y  distributions resulting from 

fossil-fuel combustion emissions alone, in an attempt to identify regions where the small 

stratospheric source could be of importance. We emphasize, however, that such an eval-

uation is preliminary since the fossil-fuel combustion experiment by Levy and Moxim 

(1989) differs in terms' of the number of transported species, and the wet removal scheme 
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used in the model. We will use the results from the CASE2 experiment in our discussions 

below to provide an estimate of the upper limit of the impact of the stratospheric source. 

The annually-averaged, surface NO y  mixing ratio fields from the CASE2 experi-

ments is presented in Figure 8. Lowest surface NO y  mixing ratios are found in the model 

tropics, while highest levels are found poleward of 60 °. The model simulated mixing ratios 

range from 2-5 pptv in midlatitudes, and from 5-10 pptv in the polar regions. These are 

extremely low mixing ratios, and are about a factor of 5 to 10 lower than those obtained 

by Levy et al. (1980). Surface NO y  mixing ratios from the CASE2 experiment may also be 

compared with model calculations of corresponding fields produced by fossil-fuel com-

bustion emissions alone (see Figure 3, Levy and Moxim, 1989). As expected, downward 

transport from the stratosphere is relatively insignificant over the continental fossil-fuel 

combustion source regions, and over the Northern Hemisphere midlatitude oceans down-

wind of these source regions. Our model results also indicate that the stratospheric source 

may have a greater impact on surface NO y  than the fossil-fuel source in the mid- and high 

latitude Southern Hemisphere away from fossil-fuel combustion regions. 

A more detailed comparison of model calculated, annually-averaged surface mix-

ing ratios with multiple year observations from the SEAREX network (Prospero and 

Savoie, 1989) is shown in Table 2. While emissions from fossil-fuel combustion explain 

40-50% of observed nitrate levels in the North Pacific (assuming most of the model NO y 

 from the fossil-fuel source is in the form of HNO3  at these remote locations), transport 

from the stratosphere usually accounts for less than 2% of observed nitrate at these sites. 

Discrepancies between model simulations and observations in the tropical South Pacific, 

where less than 10% of observed nitrate can be accounted for by fossil-fuel combustion 

and stratospheric injection, suggest an important role for other sources such as biomass 

burning, NOx  production by lightning discharges, or biogenic emissions associated with 

soil microbial activity. We once again caution, however, that this conclusion is preliminary, 

at least in a quantitative sense, since the fossil-fuel simulation has not yet been exercised 
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with the current chemical and wet removal schemes. 

It is also instructive to compare model surface PAN mixing ratios with some recent 

measurements at high northern latitudes during the ABLE-3A experiment (Singh et al., 

1991 a). The median PAN level in the 0-2 km altitude range during July was of the order 

of 25 pptv (see Figure 2, Singh et al., 1991 a). Our July-mean PAN mixing ratios from the 

CASE2 experiment are less than 2 pptv between the surface and the 835 mb model level, 

between 60°  N and 70°N over Alaska. It thus seems unlikely that the stratospheric source 

is an important factor in determining the tropospheric NO y  budget of this region. 

An analysis of deposition fields from the experiment also reveals that stratospheric 

injection has a negligible impact on observed deposition rates at remote locations, as pre-

viously argued by Logan (1983). Observed NO y  deposition rates at these locations range 

from 2 - 4 mMoles N m -2  year while deposition rates due to the stratospheric source are 

generally less than 0.1 mMoles N m -2  year 1 . 

4.4 Mid- and upper troposphere mixing ratios 

The previous section demonstrated that the stratospheric source appears to have 

a negligible impact on lower tropospheric NO y  concentrations, both in the remote tropics 

and at high latitudes. We now turn our attention to the mid- and upper troposphere. Con-

sider the model derived, annually-averaged, 500 mb mixing ratio fields from the CASE2 

experiment (Figure 9). This plot may be compared with the corresponding map from Levy 

and Moxim (1989) for a simulation with the fossil-fuel combustion source alone. In the 

tropics, the two sources yield comparable NO y  mixing ratios, ranging from 5 to 20 pptv. 

Mixing ratios from combustion emissions range from 50 pptv to greater than 100 pptv in 
t, 

the northern mid-latitudes, with the larger values occurring at, and downwind of, the major 

source regions in North America, Europe, and Asia. The corresponding mixing ratios from 

the CASE2 experiment are of the order of 20-50 pptv south of about 40°N, and 50-100 

pptv at higher latitude's. In the Southern Hemisphere mid-troposphere, NO y  mixing-ratios 
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from the fossil-fuel source range from 10 to 20 pptv near continental source regions, with 

smaller values (< 5 pptv) occurring in more remote locations. This is because very little 

NO from the Northern Hemisphere combustion emissions is transported to the Southern 

Hemisphere due to efficient removal at the ITCZ. Model-simulated NO y  mixing ratios from 

the stratospheric source range from 10-20 pptv in the Southern Hemisphere midlatitudes, 

and from 20-50 pptv poleward of 60 °S, indicating that the stratospheric source is at least 

as, if not more, important than the fossil-fuel source over much of the Southern Hemi-

sphere mid-troposphere. Higher up in the troposphere, at the 315 mb model level, NO y 

 mixing ratios from the stratospheric source are about a factor of 2 higher than those pro-

duced by the fossil-fuel source during summer in the Northern Hemisphere midlatitudes. 

However, the stratospheric source dominates during winter/spring in the Northern Hemi-

sphere since this is the period of strongest downward transport from the stratosphere, and 

also due to the fact that convective upward transport of fossil-fuel NO y  is at a minimum 

during this period. 

The available observational data on total NOy  in the middle and upper troposphere 

consists of relatively short term measurements, confined to a few specific locations. It is 

instructive, however, to compare model results with these observations. NO y  measure-

ments over one Southern Hemisphere station (Darwin, Australia; 12 °  S, 131 °E), and two 

Northern Hemisphere stations (Guam; 14°  N, 145°E, and Hickam Air Force Base, Hawaii; 

21 °  N, 158°  W) were conducted as part of the Stratosphere-Troposphere Exchange Pro-

gram (STEP) during January and February, 1987. Our model calculations yield January-

average mixing ratios in the range of 10 to 50 pptv in the vicinity of Darwin and Guam at 

the 190 and 315 mb model levels, while the average observed mixing ratio is approxi-

mately 400 pptv (Murphy et aL, 1990). Similarly, at Hawaii model calculated values (20-

100 pptv) differ substantially from the observations (250-600 pptv). Estimates of NO y  lev-

els from the fossil-fuel combustion source (Levy and Moxim, 1989) are insufficient to ac-

count for more than a small fraction of these measurements. This large discrepancy 
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between observations and model calculations points to an important role for other NO y 

 sources such as biomass burning and production of NOx  by lightning discharges. While 

the biomass burning source could account for at least part of the deficit in the northern 

tropics, it cannot explain the large deficit at the Southern Hemisphere site, especially 

since the particular time period does not correspond to the burning season in the southern 

tropics. Taking into account the fact that the measurement period corresponds to the 

Southern Hemisphere lightning season (Orville and Henderson, 1986), it seems plausible 

that NOx  production by lightning discharges (as suggested by Murphy et al., 1990) could 

be the dominant source of NO y  in the southern tropics during this period. 

An additional set of NO y  measurements in the middle troposphere are those per-

formed as part of the NASA GTE/CITE II experiment during August and September, 1986, 

over the eastern North Pacific between 30°  and 45°N. Values ranging from -150 pptv to 

greater than 800 pptv, with a mean of -300 pptv, were observed at altitudes of 4.5-6 km 

(Ridley et al, 1990). Our model simulations yield mixing ratios ranging from 20 to 50 pptv 

at the 500 mb model level from the stratospheric source, which leads us to the conclusion 

that the NOy  mixing ratios over this region of the North Pacific are not strongly influenced 

by the stratospheric source. Calculations by Levy and Moxim (1989) suggest that export 

of fossil-fuel combustion emissions from continental source regions results in NO y  mixing 

ratios ranging from 50 pptv to 200 pptv over this region during the summer. Once again, 

emissions associated with biomass burning in Asia, and NO x  production by lightning may 

account for the remaining part of the NO y. However, the relative importance of these two 

sources in this region remains to be quantified. 

It is also interesting to note that July-mean PAN mixing ratios from the CASE2 sim-

ulation range from 10 t8'20 pptv between the 315 and 500 mb model levels, over Alaska 

between 60°  and 70° N. These values may be compared with the observed median PAN 

mixing ratio of -270 pptv during the ABLE-3A experiment (Singh et al., 1991) at an altitude 

range of 4-6 km, again suggesting that the stratospheric source is a minor contributor to 
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the tropospheric NO y  budget at high latitudes. 

SUMMARY 

In this study, we have reevaluated the hypothesis that downward transport of NO y 

 produced in the stratosphere might explain as much as half the observed surface NOy  in 

the remote troposphere. Using specified, zonally-averaged 03 and N 20 fields, along with 

monthly-averaged pressure and temperature fields from the GFDL `SKYHI' GCM, we 

have calculated a temporally varying, two-dimensional NO source function for input into a 

GCTM. Our model simulations, with a partitioning of NOy  into NON , HNO3 , and PAN, sug-

gest that earlier estimates of surface NO y  concentrations, resulting from downward trans-

port of NO produced in the stratosphere, may be overestimated by a factor of 5 to 10. 

Our current study also indicates that model calculations which do not incorporate PAN 

chemistry may significantly underpredict NO and NO y  concentrations in the lower tropo-

sphere. A more realistic treatment of the chemistry oflong-lived organics in global trans-

port models is clearly an area which warrants further investigation, as it could have major 

implications for our understanding of NOy  distributions from other sources as well. 

The model results, in conjunction with an earlier assessment of NO y  distributions 

from fossil-fuel combustion emissions, imply a major role for other possible sources of sur-

face NOy  in the remote tropics and in the Southern Hemisphere. Comparisons of model 

calculated mid-tropospheric background NO y  mixing ratios with observations in the trop-

ics and sub-tropics also suggest that biomass burning and nitrogen fixation associated 

with lightning discharges may contribute significantly to the tropospheric NO y  budget. Un-

certainties associated with source strengths, transport, chemistry, and removal still per-

sist. However, we feel that our two principal conclusions regarding the minimal impact of 

the stratospheric source on remote lower tropospheric NO y  mixing ratios, and the need 

for a significant source of NO y  in the tropical mid- and upper troposphere, are valid. 
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APPENDIX 

PARTITIONING OF NOy  INTO SOLUBLE AND INSOLUBLE SPECIES 

An accurate determination of the fraction of the individual nitrogen species that 

make up NOy  requires the solution of a coupled set of stiff partial differential equations. 

Since solution methods for these types of systems are extremely time consuming, various 

simplifying assumptions are often made to obtain approximate solutions to this problem. 

We describe below a simplified chemical scheme, which enables us to explicitly calculate 

the partitioning of NO y  into soluble and insoluble fractions, without resorting to iterative 

solution schemes. Chemical production and loss rates of the soluble and insoluble frac-

tions are calculated based on the reaction of NO2 and HNO 3  with OH, and the photodis-

sociation of HNO 3. The essence of the method involves capturing the spatial variation of 

the OH concentration field, and scaling these concentrations so as to yield a tropospheric 

methyl chloroform lifetime of 6.2 years (Prinn et al., 1987). The set of chemical reactions 

considered are: 

03 + hv --> 0( 1 D) + 02, (1) 

0(1 D) + M --> O(3P) + M, (2) 

0(1 D) + H2O --> 20H, (3) 
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OH + HO2  --> H 2O + 02, 

--> H 2O + 02 , 

HO2 + HO2 --> H202 + 02, 

(4a) 

(4b) 

(5a) 

-->H 202  + 02 , (5b) 

CH4  + OH --> HO2 + HCHO, (6) 

CO + OH --> HO2 + CO2 ,  (7) 

03  + OH --> HO2 + 02 , (8) 

03  + H02  --> OH + 202, (9) 

NO + H02 --> OH + NO 2 , (10) 

NO2  + hv --> NO + 03, (11) 

NO + 03 --> NO2 + 02, (12) 

NO2  + OH + M --> HNO 3  + M, (13) 

HNO3  + hv --> NO2  + OH, (14) 

HNO3  + OH --> H 2O + NO3 . (15) 

Using recent estimates of kinetic parameters (DeMore et al., 1990), specified one-dimen-

sional NOx  and CO profiles in each hemisphere (Figure 10), specified two-dimensional 0 3 

 (see Figure 1) and CH4  fields (Figure 11), and monthly average temperature, pressure, 

and water vapor fields from the GFDL SKYHI' GCM (Hamilton and Mahlman, 1988), from 

(1) and (2) we calculate zonally averaged O( 1 D) concentrations as 

1 	Ji n(613) 
k2  n(M) 

n (0 D) =  - 	- , 	 (A1) 

where, the n's represent number densities, Ji  is the photolysis rate coefficient for reaction 

i, and k is the specific reaction rate for reaction j. The NO/NO2  ratio is calculated from 

(11) and (12) based on the assumption of a photostationary state between NO, NO2, and 
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03  as 

n (N 0) — 	X 11  
n (N 0 2) 	k 12 n(03) ' 

and NO and NO2  concentrations are calculated using the specified NO x  concentrations. 

From reactions (6) - (10), and assuming that the H02 - OH cycling reactions are 

relatively rapid enables us to write 

n (OH) 	k 9 n(0 3 ) + k 10 n(N 0) 

Based on a balance between radical production and destruction (reactions (3), (4a), (4b), 

(5a), and (5b)), and using the H02/OH ratio calculated from (A3), we calculate the OH 

concentration as 

1 
k 3  n(0 1  D) n(H 20) 	2 

n (OH) = 	  x FACT, 
k 4 (RATIO) + k 5 (RATIO) 2 (A4) 

where, FACT is an empirically determined correction factor. This correction factor is de-

termined by scaling the OH fields to yield a globally and annually averaged methyl chlo-

roform lifetime of 6.2 years (Prinn et aL, 1987). Specifically, we obtain FACT = 2, and a 

scaled globally and annually averaged tropospheric OH concentration of 6.7 x 105  mole-

cules cm -3 . The large value of the correction factor is due to the simplifying assumptions 

made to facilitate the OH calculation. The zonally averaged, scaled tropospheric OH fields 

calculated in this manner compare reasonably well with tropospheric OH fields derived us-

ing a more detailed implicit chemical scheme based on a CH4-CO-N0 x-03-Hx0y  mecha-

nism (e.g., Chameides and Tan, 1981; Spivakovsky et al., 1990). The sharp gradients in 

the boundary layer near. the equator are related to the very simple, hemispherically aver-

aged, one-dimensional distribution assumed for NO y. 

We then use these scaled OH fields to specify NO x/HNO3  production and destruc-

tion rates in the form of look-up' tables to the transport model.While the simple chemical 

(A2) 

(H02)k 6 n(CH 4) + k7  n(C0)+k8  n(0.,) 
RATIO = 	 — 	 . (A3) 
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scheme clearly has limitations, especially in its treatment of the radical cycling reactions, 

these are not of great significance in this study since a large fraction of the NO y  transport-

ed to the troposphere from the stratosphere is in the form of HNO3, and this feature is cap-

tured with the simple chemical scheme. 
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TABLE 1 

COMPARISON OF MODEL RESULTS WITH LIMS DERIVED LOWER 

STRATOSPHERIC NO y  FOR JANUARY 

LOCATION OBSERVATIONS2  MODELS 

64°S • 9-10  5 - 6 

48°S .  -8 -5 

32°S -6 3 - 4 

1 60S -2 1 - 2 

Equator <2 -2 

1 6°N -3 4 - 5 

32°N -9 6 - 7 

48°N -13 10 - 11 

1. Observations are for January, 1979, at approximately 50 mb (see Figure 10-68, 
World Meteorological Organization (1985)). 

2. LIMS derived NO y  in ppbv. 
3. Monthly average NOy  (ppbv) from the CASE1 simulation obtained by interpolat-

ing data from 3E3 and 65 mb model levels. 
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TABLE 2 

COMPARISON OF CASE2 MODEL RESULTS WITH SEAREX SURFACE 
OBSERVATIONS' 

STATION OBS2  COMBS  

NO 

STRAT4  

NOY  HNO3  PAN 

Shemya (53° N, 174° E) 94 74 2 <1 3 5 

Midway (28°N, 177°W) 104 62 1 1 <1 3 

Oahu (21 ° N, 158°W) 130 49 1 1 <1 2 

Enewetak (11 ° N, 162° E) 56 25 <1 1 <1 1 

Fanning (4° N, 159°W) 59 16 <1 <1 <1 <1 

Nauru (1 ° S, 167° E) 59 7 <1 <1 <1 <1 

Funafuti (8°S, 179° E) 39 6 <1 <1 <1 1 

Samoa (14°S, 171°W) 40 6 <1 <1 <1 1 

Rarotonga (21 °S, 160°W) 42 6 <1 <1 <1 1 

New Caledonia (22°S, 166°E) 76 55 1 1 < 2 

Norfolk Island (29°S, 169°E) 66 30 1 1 <1 2 

1. Observations are soluble reactive nitrogen measurements, while model results 
are at the 990 mb model level. All values are in pptv. 

2. Soluble reactive nitrogen measurements from Prospero and Savoie (1989). 
3. Model NO with the fossil-fuel combustion source alone from Levy and Moxim 

(1989). 
4. Model results frOm the CASE2 experiment. 
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FIGURE CAPTIONS 

1. Monthly-average 03 (ppmv) and N20 (ppbv) fields used in the calculation of the strato-

spheric NOx  source. Contours levels for 0 3  are 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6, 

7, and 8 ppmv. Contour levels for N20 are 2, 5, 10, 20, 50, 100, 150, 200, 250, and 300 

ppbv. 

2. Calculated NO production rates (molecules cm -3  s-1 ) for indicated months. Contour lev-

els range from 20 to 220, in increments of 20. 

3. Monthly-average, zonal-mean NO y  mixing ratios (ppbv) for indicated months from the 

CASE1 experiment. Contour levels are logarithmic. 

4. Monthly-average, zonal-mean mixing ratios (ppbv) of a) NO x  and b) HNO3  from the 

CASE1 experiment for the indicated months. Contour levels are logarithmic. 

5. Ratio of model calculated NO y  mixing ratios with PAN chemistry (CASE2 experiment) 

to mixing ratios obtained without including PAN chemistry (CASE1 experiment). Lightly 

shaded areas represent regions where CASE2 results are less than or equal to CASE1 

results, while heavily shaded areas represent regions where CASE2 results are at least 

a factor of 2 higher than CASE1 results. Contour levels are 1, 1.1, 1.3, 1.5, 2, 3, and 4. 

6. Ratio of model calculated NO x  and HNO3  mixing ratios from CASE2 experiment to mix-

ing ratios from the CASE1 experiment. Lightly shaded areas represent regions where 

CASE2 results are less than or equal to CASE1 results, while heavily shaded areas 

represent regions where CASE2 results are at least a factor of 2 higher than CASE1 

results. Contour levels are 0.8, 0.9, 1, 1.1, 1.3, 1.5, 2, 3, 4, and 5. 

7. Monthly-average, zonal-mean PAN mixing ratios from the CASE2 experiment for the 

indicated months. COntour levels are logarithmic. 

8. Annually-averaged surface NO y  mixing ratios (pptv) CASE2 experiment. Contour levels 

are logarithmic 

9. Annually-averaged 500 mb NO y  mixing ratios (pptv) from the CASE2 experiment. Con- 
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tour levels are logarithmic 

10. Prescribed one-dimensional NO x  (light lines) and CO (heavy lines) vertical profiles 

used in the calculation of tropospheric OH fields. Solid lines represent Northern Hemi-

sphere profiles, while dashed lines represent Southern Hemisphere profiles. 

11.Prescribed CH4  field (ppmv) used in the calculation of tropospheric OH fields. Contour 

levels are 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.65, 1.7, and 1.75 ppmv. 
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