
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 101, NO. D3, PAGES 6729-6739, MARCH 20, 1996 

A comparison of sources of odd nitrogen production 
from 1974 through 193 in the Earth's middle 
atmosphere as calculated using a two-dimensional 
model 

Francis M. Vitt 

Department of Physics and Astronomy, University of Kansas, Lawrence 

Charles H. Jackman 

Laboratory for Atmospheres, NASA Goddard Space Flight Center, Greenbelt, Maryland 

Abstract. The odd nitrogen source strengths associated with solar proton 
events (SPEs), galactic cosmic rays (GCRs), and the oxidation of nitrous oxide 
in the Earth's middle atmosphere from 1974 through 1993 have been compared 
globally, at middle and lower latitudes (<50ø), and at polar regions (>50 ø) with 
a two-dimensional photochemical transport model. As discovered previously, 
the oxidation of nitrous oxide dominates the global odd nitrogen source, while 
GCRs and SPEs are significant at polar latitudes. The horizontal transport 
of odd nitrogen, produced by the oxidation of nitrous oxide at latitudes <50 ø, 
was found to be the dominant source of odd nitrogen in the polar regions, with 
GCRs contributing substantially during the entire solar cycle. The source of 
odd nitrogen from SPEs was more sporadic; however, contributions during 
several years (mostly near solar maximum) were significant in the polar middle 
atmosphere. 

Introduction 

Odd nitrogen in the Earth's atmosphere (NO r -- N, 
NO, NO2, NOs, NaOs, BrONO2, C1ONO:, HOaNO:, 
and HNOa) occurs only in trace amounts. Through 
catalytic reactions, NO and NO2 act to destroy ozone 
in the stratosphere [Crutzen, 1970]. Consequently, the 
production of odd nitrogen (NOy) in the Earth's atmo- 
sphere has become an important consideration in the 
study of ozone depletion [Crutzen, 1970, 1971; John- 
ston, 1971; Brasseur and Nicolet, 1973; McConnell 
and McElroy, 1973; Crutzen et al., 1975; Johnston et 
al., 1979; Jackman and McPeters, 1985; Jackman et 
al., 1990; Reid et al., 1991; Zadorozhny et al., 1992; 
Jackman et al., 1993]. Odd nitrogen plays an impor- 
tant role in the formation of the ionospheric D region 
[Bates, 1952; Nicolet, 1955, 1960; Strobel et al., 1970; 
Strobel, 1971]. Also, odd nitrogen, HNOa in particu- 
lar, is involved in the formation of polar stratospheric 
clouds (PSC), which provides a mechanism for denitri- 
fication and dehydration in the colder regions of the 
polar stratosphere [Salawitch et al., 1989; Toon et al., 
1990; Fahey et al., 1990]. 
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The oxidation of nitrous oxide (N20) is an impor- 
tant source of N Oy in the stratosphere. Nitrous oxide is 
produced by the biospheric nitrogen cycle and is trans- 
ported up from the Earth's surface into the stratosphere 
[Bates and Hays, 1967; Nicolet and Peetcrmans, 1972]. 
Nitrous oxide reacts with O(•D) , which is produced 
by the photolysis of Oa in the stratosphe;e, to produce 
NO. Other sources of odd nitrogen include dissociation 
of N2 resulting from solar proton event (SPE) [Jackman 
et al., 1990] and galactic cosmic ray (GCR) interactions 
with the atmosphere [Nicolet, 1975]. The SPEs are the 
result of high-energy (up to 500 MeV) solar protons 
originating from solar flares bombarding the middle and 
upper atmosphere. These events are very sporadic and 
vary greatly in energy spectrum. A hard event can lead 
to a large production of N Oy in the stratosphere at 
high geomagnetic latitudes. Associated with the major 
solar proton event of August 4, 1972, were large-scale 
reductions in the ozone content of the middle and up- 
per atmosphere over the polar cap regions [Heath et al., 
1977; Reagan et al., 1981; Solomon and Crutzen, 1981; 
McPeters et al., 1981; Jackman and McPeters• 1987]. 
The GCRs are very high energy particles (up to a few 
GeV) originating from outside the solar system and are 
modulated by the l 1-year solar cycle. These GCRs also 
dissociate N2 in the lower stratosphere at high geomag- 
netic latitudes. 

In this study, the SPE and GCR odd nitrogen source 
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strengths are compared with the ambient source strength 
associated with nitrous oxide oxidation in various re- 

gions of the Earth's atmosphere. These odd nitrogen 
sources over the past 20 years (1974-1993) are evaluated 
using the NASA Goddard Space Flight Center (GSFC) 
two-dimensional (2-D) photochemical transport model 
and satellite observations of the solar particle inputs. 
The source strengths are compared globally, in the en- 
tire middle and low-latitude region, and in the north- 
ern polar stratospheric region. The transport of odd 
nitrogen from the middle latitudes into the polar re- 
gion, produced by the oxidation of nitrous oxide, is also 
investigated as a source strength of odd nitrogen in the 
northern polar stratosphere. 

Model Description 

Two-Dimensional Model 

The two-dimensional photochemical transport model 
used in this study is an adaptation of the model used 
by Douglass et al. [1080] and by Jackman et al. [1OO0]. 
This model is zonally averaged, where the latitude range 
is covered by 10 ø bands centered every 100 ranging from 
850 south to 850 north. The vertical coordinate is repre- 
sented by logarithmically spaced pressure levels defined 
by 

pj - 1013 exp [-A(j- 0.5)] mbar (j- 1, 2, 3,..., 46) 
(1) 

where A - 0.2844. The resulting vertical grid point 
separation is about 2 km, ranging approximately from 
the ground to approximately 90 km. The time step used 
is I day, photolysis reaction rates are updated every 10 
days, and residual circulation and diffusion constants 
are updated every 30 days. Number densities of 48 
species are computed in daytime average form. Family 
approximations are assumed to be adequate to trans- 
port the species. Four families and 21 other constituents 
are transported. HNOs is transported separately from 
N Oy. Partitioning within a chemical family is done in 
the fashion described by Douglass et al. [1989]. Tem- 
peratures used in the residual circulation calculations 
are based on a 4-year zonal average of National Mete- 
orological Center (NMC) temperatures. Heating rates 
are taken from Dopplick [1974, 1979] from the ground 
to 100 mbar, and from Rosenfield et al. [1987] from 100 
mbar to the top of the model. There are 39 wavelength 
intervals used in the radiative transfer scheme [Douglass 
et al., 1989, Table 5]. 

The GSFC 2-D model has been modified to incor- 

porate a modulation of the solar photon fluxes by the 
l 1-year solar activity cycle. The photon fluxes are mod- 
ulated by use of the Mg II index number published 
by Del;and and Cebula [1993] and the yearly averaged 
monthly sunspot number which is calculated using data 
from the Solar Geophysical Data publication [National 
Geophysical Data Center (NGDC}, 1993]. The modu- 
lation of the photon fluxes, A•, is calculated by using 

A4•(•, t) - F,(•)AMg IIc(t)fl(t) (2) 

where F,(A) is the composite factor for the wavelength 
),, AMg IIc(t) is the amplitude of modulation in Mg II 
index number for a given solar cycle, and fi(t) gives the 
degree of modulation from the norm which is based on 
the yearly averaged monthly sunspot number. That is, 

/•(t) -- n•"' - •, (3) 
where •, is the sunspot number, 
and n• "= and n• • are the m•mum and minimum 
sunspot numbers, respectively, of the corresponding so- 
lar cycle. 

N Ox Production by Particle Precipitation 

Atomic nitrogen is produced by SPEs and GCRs, 
through their primary particles or secondary electrons, 
causing dissociations, predissociations, or dissociative 
ionizations in collisions with N•.. We compute the 
atomic N or NOx (N, NO, NO2) production rate by 
multiplying the SPE and GCR ion pair production rate 
by a factor of 1.25 [Jackman et al., 1980]. 

The ionization rate profiles produced by the GCRs 
at various latitudes were calculated by Nicolet [1975] 
at both solar maximum and solar minimum. Nicolet's 
results are based on the ionization rate measurements 

published by Neher [1967, 1971]. The rates of ioniza- 
tion by the GCRs for a given year are calculated using 
the yearly averaged monthly sunspot number of that 
year, which is calculated using data from the Solar Geo- 
physical Data publication [NGDC, 1993]. By linear in- 
terpolation of Nicolet's ionization rates as a function 
of sunspot number, ionization rates produced by the 
GCRs are calculated for a given year. The yearly av- 
eraged monthly sunspot number of the year 1957 cor- 
responds to Nicolet's minimum production, while the 
yearly averaged monthly sunspot number of 1964 cor- 
responds to Nicolet's maximum production. So these 
sunspot numbers are used for the sunspot maximum 
and minimum, respectively, to calibrate the production 
rates from Nicolet. 

A modified version of the energy deposition method of 
Armstrong et al. [1989], which uses IMP 8 (Interplane- 
tary Monitoring Platform) particle fluxes (protons and 
alpha particles), is used to calculate the rates of ion- 
ization produced by the SPEs, assuming approximately 
35 eV of energy is required to produce an ionization 
[Porter et al., 1976]. The modifications include inte- 
gration over pitch angle and ion pair production rate 
calculated versus log pressure instead of altitude. The 
details of this calculation are provided in the appendix. 

Figure I shows the evaluated energy spectrum of the 
proton differential fluxes using the IMP 8 daily aver- 
aged count rates of days 290 and 293 of 1989. Day 290 
is during the quiet period before the large October 1989 
SPE, and day 293 is during the event. Notice that the 
increase in the differential flux is more than 2 orders 
of magnitude across the entire energy range and is up 
to 3 orders of magnitude at higher energies. Figure 2 
illustrates the ion pair production rate before and dur- 
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Figure 1. The energy spectrum of the differential proton fluxes evaluated by use of the daily 
averaged proton count rates measured by IMP 8. Day 290 is before and day 293 is during the 
very large solar particle event which occurred in October of 1989. 
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Figure 2. The rate of ion pair production evaluated using IMP 8 daily averaged count rates 
of protons and alpha particles which are input into an energy deposition calculation. Day 290 
is before and day 293 is during the very large solar particle event which occurred in October of 
1989. 
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ing the October 1989 event. The production rate during 
the event is about 3 or more orders ofmagnitude greater 
than the production rate during the quiet time before 
the event. 

Latitude Dependence of the Ionization by SPEs 

Solar protons have virtually free access to the polar 
cap at geomagnetic latitudes larger than 600-650 [Reid, 
1974; McPeters et al., 1981; Reagan et al., 1981]. A 
steep gradient in a ring about 50 in width is observed 
around this polar cap where the proton fluxes increase 
from virtually zero to their full level. We assume that 
the particles from the SPEs are at full strength for lat- 
itudes greater than 600 geomagnetic [after McPeters et 
a/., 1981] and that the SPE flux at latitudes less than 
600 geomagnetic is zero. The resu. lts of the energy de- 
position for the polar cap (above 600 geomagnetic lati- 
tude) for the entire years of 1985 and 1989 are shown in 
Plate 1. Notice the substantial difference in the num- 

ber of events between the tWO years: 1989 is near solar 
maximum and 1985 is near the solar minimum. 

To zonally average the rates of ionization by the SPEs 
for the 10 ø geographic latitude bands centered at 85ø, 
750 , and 650 latitude, the geographic and geomagnetic 
poles are assumed to be offset by 11 ø. The areas where 
the 10 ø geographic and geomagnetic bands overlap are 
used as weighting factors of the ionization rate profiles 
for the corresponding geographic latitude bands. 

NOy Production Rate by O(1D) + N20 -• 2NO 
The production rate of odd nitrogen by the oxidation 

of nitrous oxide, Po,, 

O( • D) + N•O -, 2NO 
k- 6.7 x 10 -• cm s s -• (4) 

is calculated by using the number densities computed 
in the GSFC 2-D model, 

Po. - 211o( 'D)][N,o] 

The reaction rate constant k is taken from DeMote et 

al. [1994]. The solar cycle ultraviolet flux changes, as 
described above, drive the N20 oxidation source varia- 
tions over the 1974-1993 time period. 

Transport of N Oy Into the Polar Region 

Also considered as a source of odd nitrogen in the 
polar regions is the transport of odd nitrogen from the 
lower latitudes, where it is produced mainly from the 
oxidation of nitrous oxide. Both the advective and dif- 

fusive horizontal fluxes of the odd nitrogen are used to 
evaluate the number of odd nitrogen molecules trans- 
ported across a vertical plane at 500 latitude. To obtain 
the horizontal advective flux •A, the number density of 
odd nit•rogen is multiplied by the meridional wind v, 
used in the residual circulation of the 2-D model. 

•A --[NOy]v (6) 

In order to calculate the advective flux across the 50 o 

latitude boundary for a given pressure level, the advec- 
tive fluxes at the 450 and 550 grid points are averaged. 
The horizontal ditfusive flux •v is determined by 

•X 
•v -- -[M]{K•, •-• 

•X 
+ (7) 

where K• and K•z are the horizontal and oil-diagonal 
elements, respectively, of the symmetric diffusion ten- 
sot used in the eddy ditfusion of the 2-D model, and 
X is the mixing ratio of odd nitrogen. A central dif- 
ference scheme is used to evaluate equation (7) to give 
the ditfusive flux of odd nitrogen across the 50 o latitude 
boundary for a given pressure level. The advective and 
ditfusive fluxes are summed to give the total flux, •tot, 
i.e., 

•tot ---- •A + •D (8) 

•tot is inteErated over the area of the vertic• plane to 
•ive the tot• number of odd nitrogen molecules trans- 
ported into the polar re•ion per unit time. 

Model Simulations 

A steady state calculation using the 2-D model was 
made without the input of ionization by the SPEs, 
where the model is run with fixed boundary conditions 
simulating the bottom boundary conditions for 1970 un- 
til a repeating annual cycle is obtained. A 4-year time 
dependent integration with the results of the steady 
state run as the initial conditions simulated the time 

period from January 1, 1970, to December 31, 1973, 
using time dependent bottom boundary conditions. A 
20-year time dependent simulation for the time period 
from January 1, 1974, through December 31, 1993, with 
the input of ionization by the SPEs was run using the 
results of the 4-year run as the initial conditions. 

Results 

The production rate profiles are spatially averaged 
by integrating over latitude (meridionally averaged) in 
the north polar (latitudes greater than 500 north), mid- 
dle and low latitude (latitudes between 500 north and 
500 south), and global regions. Figure 3 shows the glob- 
ally averaged profiles of the SPE, GCR, and nitrous 
oxide oxidation sources of odd nitrogen averaged over 
the years 1985 and 1989. This odd nitrogen produc- 
tion from N20 oxidation varies from 3.1 to 3.5 x 10 s4 
molecules per year over the 20 years (see Table 1). The 
rates of production by SPEs are about 2 orders of mag- 
nitude higher for 1989, near solar maximum, than for 
1985, near solar minimum (varying from 8.9 x 10 s• to 
8.4 x l0 ss molecules per year; see Table 1). The GCR 
source of odd nitrogen is most significant in the lower 
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stratosphere and upper troposphere and varies from 3.0 
to 3.7 x l0 ss molecules per year; see Table 1. The odd 
nitrogen source associated with the oxidation of nitrous 
oxide dominates globally in the stratosphere. 

By integrating the meridionally averaged profiles of 
the odd nitrogen production rates over the pressure co- 
ordinate, we were able to calculate the total number of 
NO r molecules produced per year by the sources in the 
various regions of the atmosphere. Shown in Figure 4 
are the total number of NO r molecules produced glob- 
ally per year, calculated by integrating for the middle 
atmosphere above the tropopause. Figure 5 shows the 
total production rates in the middle and low latitude re- 
gion (between 50øS and 50øN) integrated for the mid- 
dle atmosphere. In the tropics and middle latitudes, 
the oxidation of nitrous oxide source of odd nitrogen 
dominates by at least an order of magnitude over the 
other sources considered in this study. Figure 6 shows 
the odd nitrogen source strengths in the northern polar 
stratospheric region integrated over pressure levels be- 
tween the tropopause and i mbar and latitudes )50øN 
in yearly averaged form. The total source in the north 
polar region from the oxidation of nitrous oxide at lower 
latitudes transported horizontally in the stratosphere 
across the vertical boundary at the 50øN latitude is in- 
cluded in Figure 6. The horizontal transport source is 
clearly the dominant source in the polar region. 

Discussion and Conclusions 

The model simulations with the input of observed 
proton and alpha particle fluxes indicate that the SPE 
source of odd nitrogen is quite sporadic and compara- 
ble to the ambient sources associated with the oxidation 

of nitrous oxide and GCRs at high latitudes (see Fig- 
ure 6). Contrarily, the sources associated with GCRs 
and the oxidation of nitrous oxide are continuous. The 

oxidation of nitrous oxide source varies greatly with a 
period of 1 year in the polar regions because the inci- 
dent solar photon fluxes are modulated by the seasonal 
cycle. This source can vary by a factor of about 40 from 
summer to winter months. The odd nitrogen source as- 
sociated with the GCRs is modulated by the l 1-year 
solar cycle. The very active year for SPEs, 1989, pro- 
duced a substantial amount of odd nitrogen in the north 
polar region. The SPE-produced odd nitrogen in 1989 
is dominant over the GCR and ambient N•.O -]- O(•D) 
sources for that year and is about 16% of the horizon- 
tal stratospheric transport source. The odd nitrogen 
horizontal transport into the polar regions from lower 
latitudes is also seasonally modulated. This source is 
positive most of the year, has its highest levels in the 
winter months, and can actually be negative during the 
summer months, when the polar region can act as a 
net source of odd nitrogen for the middle latitudes. In 
the middle and low latitudes, the oxidation of nitrous 
oxide is the dominant source of odd nitrogen through- 
out the simulated period of time (see Figure 5). The 

GCR source is relatively constant in the middle lati- 
tudes since only the high-energy galactic cosmic rays 
reach the lower latitudes, which are influenced less by 
the l 1-year cycle modulation. 

Tables 1 and 2 give the annual source strengths for 
the 20-year time period in the middle atmosphere glob- 
ally and in the polar region ()50ø), respectively. The 
values given in Table 1 can be compared to the values 
of Table 2 of Jackman et al. [1990] (hereinafter re- 
ferred to as J90). The N•.O oxidation source of odd 
nitrogen in this study (between 3.1 and 3.5 x 10 s4 
molecules per year) is in relatively good agreement with 
J90 (-• 2.9 x 1034 molecules per year). 

For most years, the -'- " rates r___ o•_ given prouucLiorL trom or 

here are larger than those of 290. These discrepancies 
are primarily driven by the difference in proton spec- 
tra applied in this study compared with 290; that is, 
the proton fluxes of 290 were only applied from 5 MeV 
up to 100 MeV, whereas the fluxes used in this study 
were applicable from 0.38 MeV to 289 MeV. A second 
difference is that a single power law was applied over 
the entire energy range in 290, whereas in this study, 
a power law was calculated for each of the nine proton 
energy ranges and five alpha particle energy ranges (see 
the appendix). It is not clear which way this second dif- 
ference in the computations will drive the odd nitrogen 
production values. 

The production rates of odd nitrogen given in Table 1 
for GCRs can be compared with those of Table i of 
Jackman et al. I1980]. The GCR source in this study 
(between 3.0 and 3.7 x 10 • molecules per year) is in 
relatively good agreement with Jackman et al. [1980] 
(from 2.7 to 3.7 x 10 • molecules per year). 

Our study of the temporal variation of three odd 
trogen sources (SPEs, GCRs, and N•.O oxidation) of 
the middle atmosphere indicates •.10% variations in 
the N•.O oxidation source, •.20% variations in the GCR 
source, and variations of over 2 orders of magnitude 
in the SPE source over a solar cycle. As shown in 
the previous studies [Jackman et al., 1980, 1990], the 
N•.O oxidation source dominates the global production 
of odd nitrogen when compared with the GCR and $PE 
sources. A new finding is the quantitative contribution 
of the horizontal transport of odd nitrogen, produced 
by the oxidation of nitrous oxide at latitudes (50 ø, 
to the polar regions. This source of odd nitrogen was 
found to be dominant in the polar regions during most 
years, with GCRs contributing significantly and $PEs 
contributing sporadically during the solar cycle. 

Appendix: The Energy Deposition 
Calculation 

The IMP 8 CPME (Charged Particle Measurement 
Experiment) daily averaged count rates are used to de- 
termine differential fluxes of both alpha particles and 
protons. The CPME detector of the Applied Physics 
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Plate 1. Logarithm (base 10) of the rate of ionization in the polar region versus pressure versus 
time for the entire years of 1985 and 1989, evaluated using daily averaged count rates of protons 
and alpha particles measured by IMP 8. The year 1985 is near solar minimum and 1989 is near 
solar maximum. 

Laboratory, Johns Hopkins University, is aboard the 
IMP 8 spacecraft (also known as Explorer 50), which 
was launched in October of 1973 in a low inclination 

30-35 RE orbit. A description of IMP 8 is given by Sar- 
riset al. [1976]. The proton energy passband ranges 
are in Table 3. The background count rates, which are 
found by averaging the five lowest nonzero daily aver- 
aged count rates of each energy channel in Table 3 for 
a given year, are subtracted from the daily averaged 
count rates. 

The differential flux dN/dE is represented by assum- 
ing a power law energy dependence. That is, 

dN 

dE = AE -'r (A1) 

where A is the flux constant, E is the energy of the 
nucleon, and 7 is the spectral exponent. Values for 

dN/dE and 7 are determined from the IMP 8 daily 
averaged count rates, which are used to solve for A in 
equation (A1). The flux constant, differential flux, and 
spectral exponent are calculated for each of the nine 
proton energy ranges (five alpha particle energy ranges) 
between each of the ten proton energy passbands (six 
alpha particle energy passbands) listed in Table 3. This 
gives usable energy ranges for the spectral exponents of 
0.38-289 MeV and 0.82-37.4 MeV for the protons and 
alpha particles, respectively. 

The integral flux for the threshold energy Ei is de- 
fined by 

- , •-•dE 
It is also assumed here that the differential flux tiN/dE 
has a power law energy dependence given by equa- 
tion (A1). Hence the integral flux becomes 
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Plate 1. (continued) 

N•mt - A E•L_. r (A3) 
7-1 

The ratio of two adjacent integral fluxes, i.e., N• mt and 
int 

N•+•, is used to solve for 7- Then equation (A1) is used 
to solve for the flux constant A. A and 7 are then used 
to give the differential flux in equation (A1). 

The differential fluxes are binned into small energy 
ranges, Ei to Ei+z, incident on the upper atmosphere. 
The integration 

f ri+ • dN Ni -- --dE (A4) 
Jri dE 

gives the integral flux Ni over the energy range Ei 
to Ei+z, where Ei (i = 1,2,3,...,49 for protons and 
i - 1, 2, 3,..., 35 for alpha particles) are logarithmi- 
cally spaced energies (ranging from 0.38 to 298 MeV 
for protons and from 0.82 to 37.4 MeV for alpha par- 
ticles). The Ni can be referred to as a monoenergetic 
flux with an energy given by the geometric mean of the 
limits of integration of equation (A4), i.e., 

An isotropic pitch angle distribution between 0 and 
•r]2 and azimuthal symmetry are assumed. The mo- 
noenergetic fluxes have 49 discrete angles ranging from 
0 to •r]2, and the fluxes have incident angles a•, where 

(A6) 

The angles, an, are equally spaced ranging from 0 to 

Now we calculate the ionization rate from the eval- 

uated incident particle spectrum. Letting qij,k be the 
rate of production of ion pairs in the jth atmospheric 
slab by the monoenergetic flux with ith incident energy 
at the kth pitch angle, we can write 

d. I Ni AXy,•: qi,j,• -- 35eV o• 
where it is assumed that on the average it takes about 
35 eV [Porter et al., 1976] to produce an ion pair. EP. 
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Figure 3. The yearly and globally averaged rate of odd 
nitrogen production profiles for a near solar minimum 
year, 1985, and a near solar maximum year, 1989. 

the angles ak and a•,+t as the azimuthal angle is varied 
from 0 to 2•r. 

The energy deposited in a slab of atmosphere, EP. 
of equation (A7) is found by using the effective equiva- 
lent thickness of the slab at STP (standard temperature 
and pressure), X sTP j,• . The effective equivalent thickness 
of atmospheric slab for particles of pitch angle a• is 
given by 

A y-STP _ Az•TP "•j,k ß sec c• 

where A• TP is the thickness of the jth atmospheric 
slab at STP. The energy deposited in the atmospheric 
slab, Efj,a, is found by using a table look-up method 
with the use of energy range data for protons and alpha 
particles in air at STP. Energy range data for protons 
and alpha particles in air at STP were obtained from 
experimental measurements of Bethe [1950], Jesse and 
Sadauski [1950], Whaling [1958], and Janni [1966]. The 
pressure at the bottom of the jth slab is given by 

is the energy deposited in the jth slab by the flux with 
the ith incident energy and the kth pitch angle. The 
effective equivalent thickness of the jth slab for fluxes 
of pitch angle c• is 

(A8) 

where AZi is the actual thickness of the slab, which is 
obtained from the GSFC 2-D model. The integration is 
evaluated over Alta, the solid angle swept out between 

P(z:i ) -- gp(z)dz (A•0) 

where z• is the altitude of the bottom of the jth slab, 
p(z) is the mass density of the background atmosphere 
as a function of altitude, and g is the acceleration of 
gravity. Assuming that g does not change over the limits 
of integration, we can write the equivalent thickness 
AZ• TP as 

Table 1. Odd Nitrogen Molecules Computed to be Produced per Year Globally 
in the Middle Atmosphere by Solar Proton Events, Galactic Cosmic Rays, and the 
Oxidation of N•. O 

SPE SPE SPE OCR N:O + O(•D) 
Year Mesosphere Stratosphere Total Stratosphere Stratosphere 

1976 2.1(31) 2.8(31) 4.9(31) 3.7(33) 3.3(34) 
1977 1.6(32) 7.2(31) 2.4(32) 3.6(33) 3.3(34) 
1978 1.9(33) 3.5(32) 2.2(33) 3.3(33) 3.3(34) 
1979 5.9(32) 1.3(32) 7.3(32) 3.0(33) 3.3(34) 
1980 1.8(32) 1.9(31) 2.0(32) 3.0(33) 3.2(34) 
1981 1.5(33) 2.6(32) 1.7(33) 3.0(33) 3.1(34) 
1982 1.2(33) 2.1(32) 1.4(33) 3.2(33) 3.2(34) 
1983 1.9(32) 1.4(31) 2.0(32) 3.4(33) 3.2(34) 
1984 5.4(32) 2.9(32) 8.3(32) 3.5(33) 3.3(34) 
1985 7.4(31) 1.5(31) 8.9(31) 3.7(33) 3.4(34) 
1986 1.6(32) 4.7(31) 2.1(32) 3.7(33) 3.4(34) 
1987 2.1(31) 9.0(30) 3.0(31) 3.6(33) 3.5(34) 
1988 1.4(32) 1.8(31) 1.5(32) 3.2(33) 3.5(34) 
1989 5.1(33) 3.3(33) 8.4(33) $.0($3) 3.4($4) 
1990 5.1(32) 1.2(32) 6.2(32) 3.0(33) 3.3(34) 
1991 2.0(33) 5.4(32) 2.5(33) 3.0(33) 3.3(34) 
1992 9.7(32) 2.6(32) 1.2(33) 3.3(33) 3.3(34) 
1993 4.2(31) 1.1(32) 1.5(32) 3.4(33) 3.4(34) 

SPE, solar proton event; GCR, galactic cosmic ray. 
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Figure 4. The total number of odd nitrogen molecules 
produced globally per year in the middle atmosphere by 
SPEs, GCRs, and the oxidation of nitrous oxide. 

AZ]• r = P(z.f+t)- P(zj) (All) 
gpo 

where p0 is the atmospheric mass density at STP. Hence 
we are able to calculate the equivalent slab thicknesses 
independent of atmospheric density profile. Pressure 
levels used for the energy deposition calculations are 
given by equation (1), here j- 1, 2,..., 60. 

Assuming that the fluxes, energy deposited, and effec- 
tive equivalent thicknesses do not change significantly 
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Figure 5. The total number of odd nitrogen molecules 
produced per year by SPEs, GCRs, and oxidation of 
nitrous oxide in the middle atmosphere in the region 
between 500 north and 500 south latitudes. 

as the pitch angle varies over the integration limits in 
equation (A7), we can write 

1 

qi,j,• = 35eV •N• •Z• •+•- 
(A12) 

This is the ion pair production rate in the jth slab, or 
jth pressure level, produced by the monoenergetic flux 

Table 2. Odd Nitrogen Molecules Produced per Year in the North Polar Region (>50øN) in the Middle Atmo- 
sphere by Solar Proton Events, Galactic Cosmic Rays, the Oxidation of N•.O, and the Horizontal Transport of 
Odd Nitrogen Into the Polar Region Produced by N•.O + O(tD) in Middle and Lower Latitudes 

SPE SPE SPE GCR N•O + O(•D) 
Year Mesosphere Stratosphere Total Stratosphere Stratosphere 

Horizontal 

Transport of 
Odd Nitrogen 

in Stratosphere 

1974 1.8( 32 ) 2.6( 31 ) 2.1(32 ) 9.2( 32 ) 9.79( 32 ) 8.65(33 ) 
1975 2.3(30) 4.2(30) 6.5(30) 9.6( 32 ) 9.86( 32 ) 9.11 (33) 
1976 1.1(31) 1.4(31) 2.4(31) 9.6(32) 1.00(33) 9.27(33) 
1977 8.1(31) 3.6(31) 1.2(32) 9.4(32) 1.01(33) 9.42(33) 
1978 9.3(32) 1.7( 32 ) 1.1(33 ) 8.1(32) 1.02( 33 ) 9.54( 33 ) 
1979 2.9(32) 6.6( 31 ) 3.6( 32 ) 7.0( 32 ) 9.87( 32) 9.52( 33 ) 
1980 9.1(31) 9.4(30) 1.0(32) 7.0(32) 9.49(32) 9.20(33) 
1981 7.3(32) 1.3(32) 8.6(32) 7.3(32) 9.41(32) 8.75(•3) 
1982 5.7( 32 ) 1.0( 32 ) 6.8( 32 ) 7.7( 32 ) 9.51( 32 ) 8.54( 33 ) 
1983 9.4( 31 ) 7.1(30) 1.0( 32 ) 8.6( 32 ) 9.69( 32 ) 8.56( 33 ) 
1984 2.7( 32 ) 1.5( 32 ) 4.1(32 ) 9.0( 32 ) 1.00( 33 ) 8.73( 33 ) 
1985 3.7( 31 ) 7.7(30) 4.4( 31 ) 9.5( 32 ) 1.03( 33 ) 9.06( 33 ) 
1986 7.9( 31 ) 2.3( 31 ) 1.0(32) 9.6( 32 ) 1.05( 33 ) 9.39( 33 ) 
1987 1.0( 31 ) 4.5(30) 1.5( 31 ) 9.3( 32 ) 1.07 (33 ) 9.70( 33 ) 
1988 6.7( 31 ) 8.8(30) 7.6( 31 ) 8.0( 32) 1.07( 33 ) 9.92( 33 ) 
1989 2.5( 33 ) 1.6( 33 ) 4.2( 33 ) 6.9(32 ) 1.04( 33 ) 9.97( 33 ) 
1990 2.5(32) 5.8(31) 3.1(32) 7.2(32) 1.01(33) 9.63(33) 
1991 9.8(32 ) 2.7( 32 ) 1.3( 33 ) 7.2( 32 ) 1.00( 33 ) 9.14( 33 ) 
1992 4.8( 32 ) 1.3( 32 ) 6.1 (32) 8.1 ( 32 ) 1.00( 33 ) 8.96( 33 ) 
1993 2.1(31 ) 5.3(31) 7.4(31 ) 8.5(32) 1.03 (33) 8.98(33) 
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Figure 6. The total number of odd nitrogen molecules 
produced per year by SPEs, GCRs, and oxidation 
of nitrous oxide Sources in the north polar strato- 
sphere, latitudes >50øN ahd pressure levels between the 
tropopause and 1 mbar. 

Table 3. The IMP 8.Charged Particle Measurement 
Experiment Passband Eiiergy Ranges 

Channel Passband., MeV Species 

P1 0.29-0.50 protons 
P2 0.50-0.96 protons 
P3 0.96-2.00 protons 
P4 2.00-4.60 protons 
P5 4.•0-15.0 p•ot ons 
P7 15.0-25.0 protons 
P8 25.0-48.0 protons 
P9 48.0.96,.0 p.rotons 
•1• 96.0.145 protons 
P •'t 190-440 protons 
,A! 0.59-1.14 alpha particle• 
A2 1.14-1.80 alpha particles 
A3 1.80.4,20 alpha particles 
A4 4.20-12.0 alpha particles 
A• 12.0-28.0 alpha particles 
A6 28.0-52.0 alpha particles 

with the ith incident energy and kth pitch angle. Sum- 
ming over incident pitch angles and incident energies, 
we can calculate the total ion pair production rate in 
the •th slab. 

The energy conservation is also checked in the energy 
computation. The calculation of the total energy en- 
tering the top of the atmosphere, when integrating over 
the energy spectrum, has been found to be equal to the 
total energy deposited in the atmosphere. 
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