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Assessment of Potential Impact of Stratospheric
Flight on Earth’s Ultraviolet Irradiance

Hénry Hidalgo
, Institute for Defense Analyses, Arlington, Va.

Introduction

IS paper is a partial summary of theoretical work
described in monographs 3 and 4 (in press) of the Climatic
Impact Assessment Program (CIAP) of the U.S. Department
of Transportation.!? The scope of the paper is limited to a
description of the methodology for assessing the potential in-
crease in solar ultraviolet (UV) radiation at the earth’s surface
from stratospheric flight. Such UV radiation increase would
be a consequence of the atmospheric ozone (O3) decrease that
could be caused by emissions of nitric oxide (NO) and
nitrogen dioxide (NO,) engine effluents from a large-scale
operation of aircraft in the lower stratosphere. The
assessment of the UV radiation increase at the earth’s surface
is an essential input for identifying engine characteristics to
prevent a significant impact of stratospheric flight on the
biosphere through UV-B radiation increases at wavelengths
(\) in the 280 < A< 320 nm range.?

The UV radiation increase at the earth’s surface depends
primarily on the magnitude of the emission index of NO,
(i.e., NO and NO, in g of NO,/kg of fuel) in the engine ef-
fluents. In contrast with tropospheric flight experience, the
physical factors that produce the UV radiation problem are:

1) Ozone has very strong absorption characteristics in the
wavelength region below 320 nm. Therefore, it is one of the
most important substances in the atmosphere for determining
the level of UV radiation reaching the earth’s surface; 2) A
large fraction of the unperturbed atmospheric ozone column
is stratospheric ozone, which is a trace gas with a con-
centration relative to stratospheric air of the order of 10°¢; 3)
The residence times of NO, effluents in the stratosphere are
very long compared with those in the troposphere, a result
that stems from the effect, on vertical transports, of the
stratospheric temperature inversion from ozone heating; 4)
The catalytic role of NO, in the chemical destruction of ozone
is significant. The NO, in the unperturbed stratosphere is also
a trace gas with a concentration relative to stratospheric air of
the order of 10

The stratosphere is the atmospheric layer extending from
the tropopause to about 50 km altitude. The average
tropopause height is a function of latitude, i.e., it varies from
about 16 km at low latitudes to about 8 km at the poles. The
formation of ozone is the result of mutual interactions among

the solar radiation, photochemistry, chemical kinetics, and
dynamics in the stratosphere. Therefore, the assessment of the
potential UV radiation increase due to the effect of NO, ef-
fluents on ozone requires an understanding of these complex
interactions in the stratosphere. In fact, predictions of the
potential UV radiation increase from NO, engine effluents
can only be based on the use of models of the stratospheric
processes, because of the following two factors: 1) Proper
simulation of the relevant couplings of stratospheric
phenomena in the laboratory is not feasible, because of the
large number of degrees of freedom in the complex
stratospheric phenomena; and 2) The potential UV radiation
increases would take place in a rather distant future after the
initial operation of a worldwide fleet of aircraft in the lower
stratosphere. The time scale for the UV radiation increase is
controlled by a) the advent of a large-scale operation of super-
sonic aircraft in the lower stratosphere at altitudes between
about 17 and 20 km (56-66 kft), and b) the time lag for an
equilibrium response of the ozone decrease to an initial and
continuous large-scale injection of NO, effluents in the lower
stratosphere. The equilibrium response would tend to
duplicate the ozone decrease seasonally, assuming that the
operation of aircraft in the lower stratosphere remains con-
stant. The time to reach the equilibrium response of the zone
decrease is calculated to be of the order of 5-7.5 yrs. Because
of this long time lag, even an immediate escalation in the
operation of aircraft in the lower stratosphere would not
cause an early equilibrium (i.e., maximum) perturbation of
the UV radiation at the earth’s surface. _

Only valid models of the couplings among radiative,
chemical, and dynamical processes in the stratosphere can,
therefore, provide correct and timely identification of poten-
tial adverse effects on the biosphere from the operation of air-
craft in the lower stratosphere. The importance of this timing
is emphasized further by the long time scales that are usually
associated with the development and flight qualification of
aircraft engine subsystems.

Basic requirements for the validation of these models are
then as follows: 1) the models must at least simulaté ac-
curately the observed latitudinal and monthly variations of
the UV radiation at the earth’s surface as well as those of the
atmospheric ozone column; 2) the models must minimize the
use of empirical assumptions based on observed (i.e., un-
perturbed) conditions, especially for the consideration of
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large perturbations; and 3) the models must avoid the use of
mathematical assumptions that would introduce spurious
numerical effects. Subsequent sections describe the
methodology for the assessment of the UV radiation increase
and ozone decrease caused by the NO, engine effluents.

UV Radiation at the Earth’s Surface

Unperturbed UV Radiation

The characteristics of the observed UV radiation at a given
wavelength are governed by the following independent fac-
tors: 1) solar zenith angle or obliquity of the illumination in-
cident at the top of the atmosphere; 2) absorption by ozone,
whose concentration reaches a maximum in the middle
stratosphere; 3) absorption by aerosols in the stratosphere and
troposphere; 4) scattering by the molecular and nonmolecular
(i.e., aerosols and clouds) atmospheric constituents; and 5)
reﬂectlon by the planetary surface.

The total flux (Fy,watts/m?-nm or photons/ sec-m?2- nm) of
UV radiation reaching the earth’s surface is the sum of the
fluxes associated with the direct solar beam (Fg) and the dif-
fuse sky radiation (Fp)i.e.

FT=F5+FD (1)

The attenuation of the UV radiation in a pure molecular at-
mosphere* is describable by a suitable vertical coordinate
‘defined by '

dry=—[o,\1,(2) +0,,1,(2) 1dz 2

where 7 is a dimensionless optical thickness, subscript A the
wavelength of solar radiation, o, the absorption cross sec-
tion, n,(z) the number density of the absorbing molecules
(i.e., ozone) as a function of altitude (), oy, the single scat-
tering cross-section, n,(z) the number density of scattering
molecules (i.e., ozone and air), and z the height above the
earth’s surface. The values of 7(z) are obtained directly from
integrating Eq. (2) for specified vertical distributions of o, ,,

< N, (2), and 1, (). The range of 7 between the top of the
atmosphere and the ground is then 0<7<7,. Table 1 shows
typical values of the optical thickness at the ground a s a func-
tion of the magnitude of the total ozone amount () is an at-
mospheric column and the wavelength.

The direct flux of UV radiation at the earth’s surface can be
calculated from Bouger-Langley’s (Beer’s) law, i.e. .

Fg=F,cos {pexp( —7,5€c {p) 3)

where F, is the flux incident at the top of the atmosphere in a
specified wavelength interval (1 nm), on a unit area held nor-
mal to the solar beam, and ¢, is the solar zenith angle. Thus,
the direct flux can be readily calculated if the extraterrestrial
value of the flux (F,) and the extinction (absorption plus scat-
tering) optical thickness (r,) for the specific wavelength and
ozone amount are given along with the angle of solar
illumination ().

The diffuse flux of UV radiation, caused by multiple-
scattering, can be calculated from the radiative transfer
equation.>” The calculation procedure involves the numerical
solution of the integro-differential equation of radiative tran-
sfer in a modified spherical coordinate system, i.e., a triple in-
tegration over the zenith angle (0= {=<90°), the azimuth angle
(0= ¢=360°), and the optical depth (0<7<7,). Therefore,
these calculations are more involved than those for the direct
flux, and have to be repeated for each wavelength (\), and
each value of the independent variables for a pure molecular
atmosphere, i.e., the solar zenith angle (uy=cos {,), total
ozone amount (), and ground reflectivity or albedo (4).

*A pure molecular atmosphere corresponds to a cloudless sky and
minimum (local) aerosol content in the atmosphere. These conditions
yield maximum absolute values of the UV radiation flux at the earth’s
surface.
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Table 1 Optical thickness for UV radiation in a molecular

atmosphere?
Ozone amount Wavelength Optical thickness
(m-atm-cm=103cm)? (nm=10"m) at ground (7,)
205 339.8 0.66
445 296.7 7.75

21f the atmospheric ozone column were compressed to a standard
temperature and pressure (STP), the thickness of the ozone column
would be, for example, 205 milli-centimeters or 0.205 cm.

Table 2 Ratio Fp/Fg in a pure molecular atmosphere. Ozone
amount: 314 m-atm-cm. Reflectivity: 0.33

A(mn) £ =0° o =30° to=
302.5 0.89 1.11 3.70
307.5 0.93 1.15 3.27
312.5 0.94 1.14 3.01
317.5 0.91 1.10 2.75
322.5 0.87 1.04 2.49

Table 2 illustrates the relative magnitudes of the calculated
diffuse and direct fluxes for a pure molecular atmosphere as a
function of the solar zenith angle and wavelength for a given
value of the ozone column and reflectivity. This table shows
that the diffuse flux is nearly equal to the direct flux at low
solar zenith angles, and becomes significantly larger than the
direct flux as the solar zenith angle increases. The effect of
wavelength stems from the A variation of the Rayleigh scat-
tering coefficient.

The numerical results for a pure molecular atmosphere in-
dicate that for fixed values of the solar zenith angle and total
ozone amount, the total flux of UV radiation increases as the
wavelength increases in the range 280 <A <320 nm. Thus, for
a solar zenith angle of 36.9° (u,=0.8) and ozone amount of
305 m-atm-cm, for example, the total flux of UV radiation in-
creases by more than an order of magnitude as the wavelength
increases from 300 to 320 nm. At any given wavelength, the
total flux of UV radiation increases with a decrease in both
the solar zenith angle and the total ozone amount. These
results tend to be independent of the reflectivity in the range
of interest (0< A <0.3).

The variation of the total UV radiation flux with latitude,
month of the year, and local time of the day can be deter-
mined for a pure molecular atmosphere bys 1) calculating the
direct and diffuse fluxes as a function of wavelength for a
range of solar zenith angles, total ozone amount,and reflec-
tivities; 2) using standard astronomical tables to obtain the
solar zenith angle as a function of latitude, month of the year,
and local time of the day; and 3) using measurements of the
total ozone amount as a function of latitude and month-of the
year, (Fig. 1).

Results from such calculations give the daily variation of
the total UV radiation flux during clear-sky days at any
geographical location and month of the year. For example,
such results indicate that the total flux at Albuquerque, New
Mexico, during a clear July (summer) day reaches a maximum
noontime value of about 3.3x10' photons/m?2-sec-nm.
Thus, the daily variation of the total flux can be used to deter-
mine a daily average value for a particular geographical
location and month. The product of this daily average value
and the number of seconds in a day (8.64 x 10* sec) yields the
total amount of energy (number of photons), in a specified
wavelength interval (1 nm), that is centered on a particular
wavelength and is incident on a horizontal surface of unit area
(1 m?) during the sunlit hours. This procedure is used because
the number of seconds in a day is constant throughout the
seasons, whereas the sunlit hours vary with the seasons.
Figure 2 shows isolines of the daily average of the total flux at
A=300.4 nm, for example, for July (summer) over North
America; the solid dots indicate the ozone observing stations.
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Fig. 1 Observed latitudinal and monthly variations of the zonal
average of the ozone column (m-atm-cm) for the unperturbed
stratosphere.?

120° 110°
Fig. 2 Isolines of daily average flux at A =300.4 nm during summer
(July). Units on the left are uW/m2 nm and those on the right are in
photons/m?2 sec nm.?

The results in Fig. 2 indicate that the daily average of the total
flux increases by a factor of about 2 in the southern United
States as compared with that in the north.

Figure 3 shows a typical comparison of the daily UV-B
radiation during the year as obtained from a) observations for
clear days at a given station by a Robertson meter, which
measures the total UV-B radiation (i.e., integrated with
wavelength in the region 280 <A <320 nm) weighted by the
erythemal action (i.e., response) spectrum through the use of
a magnesium tungstate cell,’ and b) corresponding
calculations for a pure molecular atmosphere. The X’s in the
figure are obtained by multiplying the computed values by a
factor of 1.1. This factor was determined from a least-square
fit between observations and calculations. The remaining
discrepancy between the X’s and the circles is interpreted as
being the result of the lack of simuitaneous measurements of
the UV radiation and ozone; i.e., from the use in the
calculations of ozone amounts obtained from climatological
data. Results such as those in Fig. 3 validate the methodology
used in assessing the UV radiation increase caused by the
ozone decrease from the NO, effluents.
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Fig. 3 Typical comparison  between measurements of UV-B
radiation (with Robertson meter) and corresponding calculations for a
pure molecular atmosphere. Data is representative for several U.S.
stations. 4

o \ ,
o
—~ |
=8
e
SRS
0.5 \
o \
300 310 320 330
A, nm
(a)
5.0

\

N

AN
~

] 0.2 0.4 0.6 0.8 1.0
;l°=cos¢a
- (b)
Fig. 4 Ratio of AF;(A\)/AF; (305.5) versus wavelength and
— AF (305.5)/A2 vs cos {51

4F_(305.5)
AR

Perturbed UV Radiation

The characteristics of the perturbed UV radiation are
governed by the same physical factors, as those for the un-
perturbed UV radiation. The UV radiation increase caused by
the ozone decrease can then be expressed from Eq. (1) as

o6F 1 6F ¢ Fp ©o&Fp
AF = = - ==
. Fr 1+Fp/Fg Fg Fy Fp

@

where AF; denotes the fractional increase in the total flux of
UV radiation in a given wavelength interval at the earth’s sur-
face, & is a small change, F/F is the ratio shown in Table 2,
and 6F¢/Fg-and 6F,/Fp are the respective fractional in-
creases of the direct and diffuse fluxes.

The fractional increases of the direct and diffuse fluxes in a
pure molecular atmosphere as a consequence of the fractional
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Table 3 Percent increase in direct and diffuse fluxes for 2 percent

decrease of the ozone column as a function of wavelength® (@ =305 m
atm c¢m, no ground reflection)

Wavelength, A, nm
o Flux“ 305.5 308.8 311.4 317.6 325.4

A'Fg 265 191 127 054  0.16
+0 AFp 292 216 148 068 0.2
A*Fg 332 239 159 068 020
- A*F, 358 264 181 083  0.23
A*Fg 445 320 212 091 027
o6 AFp 465 342 233 106 033
Lo MFs 675 a8 30 13 040

A*Fp 6.34 4.74 3.26 1.48 0.46

“Flux in percent, i.e., A*F= 102AF.

Table 4 Percent increase in direct and diffuse fluxes at A =305.5 nm
as a function of the percent decrease in ozone® (2 =305 m atm cm, no
ground reflection)

Decrease of ozone column

po Flux? 1 2 3 4 5 10 15 20

A*Fg 1.32 265 4.00 5.37 6.60 14.0 21.7 299
1.0
A*Fp 145 292 441 592 7.45 155 24.1 386

A*Fg  1.65 3.32 5.02 6.75 8.51 17.8 27.8 38.6
0.8
A*Fp 178 3.58 542 7.30 9.20 19.2 302 422

A*Fg 220 4.45 6.75 9.10 11.50 243 38.6 54.6
0.6
A*Fp 230 4.65 7.05 9.51 12.00 25.5 40.6 57.5

A*Fg 332 6.75 10.30.14.00 17.80 38.6 63.2 92.2
0.4
A*Fp 312 6.34 9.70 13.10 16.60 36.0 58.6 84.0

2Flux in percent, i.e., A*F= 102AF.

"Table 5 . Balance between ozone production and destruction in the
natural stratosphere

Reactions Relative
Mechanism (tablein 0zone rate
. appendix) (percent)
Photolysis of oxygen 1,2 100
NO,, catalytic cycle 6,7 -70
Ozone recombination 4 -17
HO, catalytic cycles 58,59; -12

67,70,71

Transport to earth’s surface -1

decrease in total ozone amount (— AQ) have been determined
numerically over’ a range of solar zenith angles for the
foliowing conditions: 1) a range of wavelengths at a fixed
ozone decrease and ozone amount (i.e., Table 3); and 2) a
range of the ozone decrease for a fixed wavelength and the
same ozone amount (i.e., Table 4). The dependence of the
fractional increase in total flux on wavelength, solar zenith
angle, and ozone decrease may then be obtained from these
results with fairly good approximation. Since Fj,/F appears
in the numerator and denominator of the expression for AFr,
Eq. (4) gives results that are insensitive to F,/F. Using either
the results in Table 2 or F/Fg=1, the results in Table 3 may
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be represented by the expression
AFr(N)
AF(305.5) SN ®

i.e., the ratio AF(\)/AF(305.5) displays a common
wavelength dependence for all values of u,. Similiarly, the
results in Table 4 yield the approximate expression

AF 7(305.5)

g =& ©

i.e., the ratio —AF#(305.5)/AQ shows only a weak depen-
dence on the ozone decrease for each solar zenith angle.
Figures 4a and 4b show, respectively, the function f(N\) and
g( ). The combination of Egs. (5) and (6) then yields

AF (M)
AD F(A)-g(po) Q)

Equation (7) indicates that the percent increase in the total
flux of UV radiation at the earth’s surface, at a given
wavelength and solar zenith angle for clear-sky conditions, is
proportional to the percent ozone decrease in a range up to
about 20% ozone decrease (Table 4). :

One of the impacts of the increase in total UV radiation at
the earth’s surface caused by NO, effluents in the
stratosphere would be an increase in the erythemal dose for
the sunburn-producing effect on Caucasian skin. If E(X\)
denotes an erythemal efficiency as defined by the Commission
Internationale de I’Eclairage, the erythemal dose D can be
represented by

D= g EOVFr(\)dA ®)

The ratio of the fractional increase in the erythemal dose AD
(= 48D/ D) to the fractional ozone decrease can be written as

SE()\) -[AF7/AQ] -Fr(N)dM
= ®
SE()\) ~Fr(A) -dA

AD
AQ

Thus, for example, if the erythemal efficiency E(\) were con-
centrated solely at the peak of the erythemal response, A=
307.5 nm, the approximate resulting increase in AD/AQ, at a
latitude where the solar zenith angle at noon is 36.9°
(rp=0.8), would be AD/AQ=AF;(\)/AQ=(0.81)
(—1.85)= —1.50; consequently a 10% decrease in the ozone
column would lead to a 15% increase in the erythemal dose D.

Ozone Column at the Earth’s Surface
Unperturbed Ozone Column

The characteristics of the observed or unperturbed ozone
column are shown in Fig. 1, which indicates that the zonal
(i.e., longitudinal) average of the ozone column is a function
of latitude and time of the year. The vertical concentration of
ozone reaches a maximum value just above 20 km at middle
latitudes.® Thus, a large fraction of the ozone column com-
prises stratospheric ozone.

The main physical characteristics in the global distribution
of stratospheric ozone are the photochemistry initiated by
solar radiation, the chemical transitions produced by
chemically active species, and the large-scale quasi-horizontal
dynamics of the stratosphere. Ozone is almost exclusively
formed by the photolysis of oxygen, a process in which solar
UV radiation is absorbed and a warming of the stratospheric
air results. Thus, the vertical temperature gradient in the at-
mosphere changes from a negative value of about 6.5°C/km
ini the troposphere to positive values in the stratosphere. The
temperature inversion in the relatively dry and cloudless
stratosphere produces smaller rates of vertical mixing, com-
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pared with those of the troposphere, and brings about a long
residence time (of the order of a few years, depending on
altitude) for trace substances injected into the lower
stratosphere.. The quasi-horizontal, large-scale dyhamics of
the stratosphere have a characteristic time scale of the order
of a month, as established by the general circulation of air in
the atmosphere. Therefore, a continuous, large-scale
operation of aircraft in the lower stratosphere could result in
the slow accumulation and global dispersion of NO,, effluents
as a consequence of both the long residence time and the
quasi-horizontal dynamics of the stratosphere.

The chemistry of the unperturbed ozone column is given
mainly by the Chapman reactions for the O, family [i.e., O;,
0,, O('D), O(P)] and the catalytic reactions involving the
NO, species [NO, and nitric acid (HNO;)], which occur in
the middle and upper stratosphere. The NO,, species in the un-
perturbed stratosphere are a result of reactions involving
mainly nitrous oxide (N,0), which is diffused upward from
the troposphere. The average global production of nitric
oxide (NO) by this mechanism has been estimated at between
2.5 x 107 and 1.5 x 10® molecules /cm2-sec, 113 The ioniza-
tion of N, by cosmic rays can also lead to the production of
nitric oxide. Between the 60° latitude and the pole, the
mechanism is important from 10 to 30 km, and in the winter
polar region it seems to be the only formation process of NO
in the stratosphere. A possible third process is the oxidation
of ammonia (NH,) by OH radicals.

The equilibrium concentration of the unperturbed
stratospheric ozone then depends on the balance between the
production and destruction of ozone. The production of
ozone is initiated by the photolysis of molecular oxygen (reac-

" tion 1, table in the appendix) and is continued by the chemical
kinetics of O and O, (reaction 2). The destruction of ozone
occurs mainly through the NO, catalytic cycle (reactions 6
and 7), where the net effect is the destruction of ozone only.
Other ozone destruction mechanisms are given by-the recom-
bination of ozone (reaction 4) and those produced by the HO,
(H, HO, HOO) free radicals based on water (reactions 58, 59,
67, 70, and 71). This balance is shown in a global basis in
Table 5.

The role that the quasi-horizontal stratospheric motions
plays in the global distribution of ozone is evident in Fig. 1. In
the summer hemishere, the local rate of photolysis of
molecular oxygen between 30 and 50 km varies in the range of
1x10% <3[0,]1/3t< 5x10% molecules/cm? sec, a rate that
increases with increasing altitude and tends to be independent
of latitude. In the winter hemisphere, this local rate of
photolysis above 30 km decreases within the above range with
increasing latitude up to middle latitudes; at higher latitudes,
3[0,1/3t—0, a condition that prevails at every altitude in the
high latitudes of the polar night. Yet, the results in Fig. 1
show that the values of the ozone column at high latitudes are
larger during winter than during summer. Thus, ozone is tran-
sported poleward from the ozone formation region at low

‘latitudes by the large-scale quasi-horizontal motlons in the
stratosphere.

A characteristic time for the stratospheric chemistry can be
obtained from the ratio of the observed local concentration of
ozone [O;] to the local rate formation of ozone, 4[0,]/4¢,
by photochemical processes, i.e., by -using
3[0;1/8t=23[{0,]/3t. The magnitude of the chemical
characteristic time is of the order of a week at 30 km altitude,
shorter at higher altitudes, and considerably longer at lower
altitudes, Thus, the chemistry has a predominant role in the
middle and upper stratosphere, whereas the dynamics of the
large-scale motion is of crucial importance in the middle and
lower stratosphere (i.e., in the 15-25 km reglon)

General Circulation Model

The general circulation of air in the atmosphere is charac-
terized by the variability of the air motion in both time and
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space, a variability that is larger in the stratosphere than in the
troposphere. The observed statistics of the general circulation
can then be represented by meridional and zonal circulations
as well as eddy motions.! If X (¢, 6, A, p) denotes a depen-
dent variable that is' a function of time (¢), latitude (6),
longitude (A) , and pressure (p) or height (z), then the
longitudinal or zonal average of X is denoted by [X]. Thus,
X=[X]+X*, where X* is the deviation from the zonal

- average. The operation [ X] is associated with the zonal-mean

circulation and X* with the eddy motions. Similarly, the time
average of X over, say, a month or season is denoted by X.
Hence, X=X+ X", where X is associated with the standing
motion and X’ with the transient motion. The poleward
motion, for example, with X equal to the northward wind (v)
yields v=[0] + [v]’ +0* +v*’ and the poleward transport of
X (say, X =0;) is then given by!6

Xvl=[X1[0}+ [XT' 0]’ + [(X*0* 1+ [X*v*'] (10)

A main characteristic of the large-scale dynamics in the
stratosphere is the dominant role of the horizontal eddy tran-
sports over the vertical motions.!? Therefore, in contrast with
the usual modeling of advective (mesoscale) phenomena in the
troposphere, the characteristics of the large-scale motions in
the stratosphere indicate an essential need to account for both
the vertical and horizontal eddy motions in models of
stratospheric dynamics.

The most general formulatxon for determining the ozone
column must be based on the so-called primitive equations of
the atmospheric motionst 16

dU/dt= —fkxU—gVz+F (1

dT/dt=kTw/p+Qlc, ’ (12)
V -U+3w/dp=0 13)
dz/dp=—RT/gp (14)
dR,/dt=P;~L; 15)

Equations (11-15) represent, successively, the conservation
of momentum, energy, air mass, the approximate condition
of hydrostatic equilibrium, and the conservation of the
mixing ration (R;) of trace species in the atmosphere.
Equation (11) contains two scalar equations for the east-west
and north-south motions. It represents the total or individual
acceleration of the horizontal wind vector in terms of the
coriolis acceleration due to the earth’s rotation, the ac-
celeration due to the geopotential (gz) gradients along sur-
faces of constant pressure, and the acceleration due to fric-
tion. The energy equation represents the total time rate of
change of the air temperature (7) on the left-hand side,
whereas the, as yet, undefined variables w(=dp/df) and Q are
related, respectively, to the vertical wind and the net heating
rate per unit mass. The latter term provides a coupling among
the radiative, thermal and dynamical processes in the
stratosphere. The symbol R in Eq. (15) denotes the ratio n;/n,
where n, is the number concentration (molecules/cm?) of the
i™ trace constituent and » is that of air. Therefore, Eq. (15)
represents a subsystem of equations fixed by the number of
the species (n;): The terms P; (production) and L; (loss) on the
right-hand side denote, respectively, the local production and
destruction rates of species resulting, in general, from phase
changes (€.g., water), precipitation, deposition, chemical
reactions, etc. The expansion of the individual differential on
the left-hand side of Eq. (15) shows then the coupling between
the large-scale dynamics and the chemistry.

tBecause of the emphasis on methodology, the intent here is for the
average reader to primarily concern himself with the structure (and
not the derivation) of all the basic equations.
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The foregoing formulation of a general circulation model
that couples the large-scale dynamics and the ozone chemistry
is completed with the specification of the chemical species
(n;), and chemical reactions with associated data for the
calculation of the production and loss terms in Eq. (15) for
each chemical species. A complete list of 130 reactions, which
need to be considered in modeling the stratosphere, is given in
CIAP monograph 1.!8 The absorption cross sections, quan-
tum yields, and reaction rates for this set of reactions are
given by the National Bureau of Standards compilation in
CIAP monograph 1. The list of 130 reactions can be reduced
to 55 important ones, which are identified by the underlined
numbers of the reactions in the table shown in the appendix. It
is feasible to further reduce the number of the important reac-
tions from S5 to 34 reactions and 17 species.!® The 17 species

_include the O, family [O;, O,, O('D), O3*(P)], the NO,
familyi [N,, N, N,O, NO, NO,, NO,;, HNO;, HNO,], and
the HO,, family {H,0, H, HO, HOO, and H,0, ].

The system of Eqgs. (11-15) must be solved numerically
using appropriate initial and boundary conditions. The
numerical integrations of these equations require the use of
several vertical or pressure levels between the earth’s surface
and the upper stratosphere, a condition that usually defines
the vertical resolution of the model at 3 km. In the horizontal
domain, these integrations require a definition of horizontal
numerical grids over each global surface of constant pressure.
The capabilities of current computers allow the use of a
horizontal grid resolution of the order of 250 km to solve the
system of Eqgs. (11-14), i.e., for the stratospheric circulation
without chemical interactions. The zonal and time averages of
these numerical solutions then provide computed results for
the meridional circulation and eddy motions [Eq. (10)].

The Geophysical Fluid Dynamics Laboratory (GFDL),
Princeton, N.J., general circulation model (GCM) has
provided approximate numerical solutions of the system of
Eqgs. (11-15) for an arbitrary, chemically inert tracer with a
simulated continuous source located at the 65-mb pressure
level at the northern midlatitudes during the winter
(January). 72 The vertical domain of the model extends from
the ground to about 30 km, and it has a vertical resolution of
3 km. These results are based on the solution of Eq. (15) for
the inert tracer, an equation that utilizes as inputs available
solutions for the dynamics from the system of Egs. (11-14).
These numerical solutions show the meridional distribution of
the inert tracer after integrations for 18 months, a distribution
that has reached the equilibrium values except in the southern
hemisphere and at high northern latitudes.?! The
equilibrium distribution of the inert tracer is useful for
evaluating the equilibrium distribution of the NO, species,
which has been derived from approximate models, (descrlbed
in the next section), of the stratospheric dynamics.

Stratospheric Circulation Model

The limitations of available computers have prevented the
solution of the system of Egs. (11-15), even with the foregoing
simplified chemistry for the O,, NO,, and HO, species.
Therefore, it has been necessary to introduce approximations
in this system, as described below, for the development in the
short time scale (~3 yrs) of CIAP of a stratospheric cir-
culation model (SCM) at the Massachusetts Institute of
Technology (MIT). 22

A first approximation is the use of the condition of
geostropic equilibrium, which is a feature of the general cir-
culation of air at middle and higher latitudes that is almost as
prominent as -the hydrostatic equilibrium. The geostrophic
-equilibrium is produced by the approximate balance between
the coriolis and geopotential terms on the right-hand side of
Eq. (11). Just as the condition of hydrostatic equilbrium

1The following conventions have evolved in CIAP: NO, to denote
NO and NO,, NO,, to specify NO, and HNO;. The NO is used
here to denote the spec1es in the above parenthesis.
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filters out the vertically traveling sound waves (which are
unimportant for the general circulation), the condition of
geostrophic equilibrium filters out the oscillations due to
gravity waves, which are of questionable importance for the
global circulation. 16

A second approximation is to use a horizontal resolution
that is coarser than that of the available GCMs based on the
primitive equations. The MIT SCM, based on the geostrophic
approximation, represents the dependent variables (e.g.,
winds, temperature, etc.) in the spectral domain using
spherical harmonics. The horizontal resolution of the SCM
depends then on the number of the spherical harmonics used
in the representation of the dependent variables. The MIT
SCM uses 79 spherical harmonics, which yields a horizontal
resolution of the order of 1,500 km at midlatitudes, i.e., a fac-
tor of about six coarser than that of the GFDL GCM. The ver-
tical levels extend from the earth’s surface to 70 km altitude,
i.e., to include the upper mesosphere while maintaining the
same vertical resolution (3 km) as the GFDL GCM. The
tradeoff between the horizontal resolution and computing
time is rather dramatic. The MIT SCM requires only 40 sec on
an IBM 360/95 computer for a one-day simulation of
stratospheric phenomena. A high-resolution GCM using the
same computer would require longer times by at least two or-
ders of magnitude. Thus, the MIT SCM has been able to
simulte three annual cycles of the unperturbed and perturbed
stratospheres, the latter as a result of a continuous injection
of NO,, effluents at either 17 or 20 km altitude.

A third, and rather drastic, approximation in the MIT SCM
is the use of one continuity equation, Eq. (15), for only ozone.
This means that it is now required to use the equilibrium
distribution of the NO, effluents as an input for the SCM.
Since this equilibrium distribution is obtained from a zonal
average of the system of continuity Egs. (15), the MIT SCM
cannot further provide meaningful longitudinal effects for the
ozone decrease. The set of chemical reactions directly in-
cluded in the MIT SCM is, therefore, very limited; i.e., it con-
sists of the Chapman reactions, the catalytic cycle of NO,,
and the HO,, reactions (as defined by reactions 1-4, 6, 7, 9, 59,
and 71 in the table in the appendix). Since the input
equilibrium distribution of NO, is determined from a more
extensive consideration of the chemistry (as indicated below),
the MIT SCM accounts for the important effect of the NO,
species.

Two-Dimensional Stratospheric Models

The two-dimensional models utilize, in general, the zonal
and time averages of the primitive equations themselves. The
transient two-dimensional stratospheric models have utilized
so far the zonal average of only the system of continuity
Eqgs.(15) for the chemical species. The result is then as
follows:

a[R,1  [v] BIR,] 3[R,
s T e e Tl
1 0 * __a_ % ok
p— 'a—GCOSB[R*U 1+ P [Rfw*] =[P;—L;]

(16)

The second and third terms on the left-hand side of Eq. (16)
represent the transport of the mixing ratio by the meridional
circulation. The fourth term represents the poleward eddy
transport, and the fifth one the vertical eddy transport. This
uncoupling of the subsystem of Eq. (15) from Egs. (11-14)
does not allow for interactions of the chemical perturbations
with the temperature and dynamic perturbations of the
stratosphere. Another basic assumption in the two-
dimensional models is that the sum of the standing and tran-
sient eddy terms, i.e., third and fourth terms on the right-
hand side of Eq. (10), is given by a diffusion vector and the
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appropriate gradient of the meridional circulation, e.g.

a[.X) a1 X]
[Kyy 3 +K,, " ] an

X1 =—

where y denotes northward distance. A similar expression is
assumed for the vertical transports. The X,,, K,,, and K,
coefficients are specified empirically as a function of month
_ (or season), latitude and pressure level (or altitude).

The equilibrium distribution of NO, effluents in the un-
perturbed and perturbed stratospheres to be used as input for
the MIT SCM is obtained by Prinn et al. from numerical
solutions of Eq. (16) for N0, NO,, and HNO,;.%* The
statistics of the general circulation are prescribed, based on
the data of Gudiksen et al. for the meridional circulation and
‘the K,,, K,,, and K, coefficients.?* The Gudiksen et al. data
are based on the observed movement of tungsten-185 radioac-
tive debris that had been injected into the tropical stratosphere
in 1958. The chemistry used in these calculations is identified
in the table shown in the appendix. These calculations do not
predict ozone, but use instead observed ozone concentranons
The use of the observed ozone for the prediction of N,O, odd
nitrogen, and odd hydrogen in the perturbed atmosphere is
based on the expected inability of the two-dimensional model
to predict ozone concentrations with an accuracy better than
the magnitude of the ozone decrease from the SCM. The ver-
tical domain of this two-dimensional model is 8 <z<38 km
with a vertical resolution of 1 km. The time integrations are
performed until the long-lived species reach an equilibrium
value. Thus, the equilibrium distributions of the NO, ef-
fluents take into account the effect of seasons on both the an-
nual cycle of the solar radiation and the large-scale dynamics.

The relative effect of the Prinn two-dimensional model
parameterizationy of the large-scale motion on ozone reduc-
tion can be assessed from solutions of Eq. (16) with different
values of the meridional circulation and K coefficients.
Another transient two-dimensional model developed by
Widhopf solves the continuity equations for 14 species, i.e.,
the O,, NO,, and HO, species identified earlier.26 Two ad-
ditional species, H,O and CH,, are also considered, but they
are fixed in time through the use of experimental data. The
chemistry used in this model is identified in the table shown in
the appendix. In contrast with the Prinn two-dimensional
model, the Widhopf two-dimensional model does solve for
the ozone decrease. The Widhopf two-dimensional model uses

- the meridional circulation derived by Louis?’ from the zonal
averages of Eq. (12) and (13) together with appropriate ob-
served temperature fields. The eddy transports used in this
model have been obtained by Luther?’ from measurements
(up to <20 km) and extrapolations (z>20 km) of heat flux,

temperature, and wind variance data compiled for 1958-1963

by Oort and Rasmusson.!’ Therefore, the parameterized
motion used in the Widhopf model does not depend on the
type of trace substances injected into the stratosphere. The
vertical domain of this model is 10 <z <50 km, with a vertical
resolution as in the Prinn model. The time integrations are
performed with a constant dynamics that is representative of
the autumn season (October) in the northern hemisphere and
the spring season (April) in the southern hemisphere.

One-Dimensional Stratospheric Models

Because of the predominant role of the horizontal eddy
motion in the stratosphere,!’ the one-dimensional model for
the stratospheric dynamics must be based on global averages

§The NO, distributions for the unperturbed stratosphere were
derived from earlier calculations by Hesstvedt, an expedient
procedure that was necessary to meet CIAP deadlines while the
development of the Prinn model was incomplete. 3!

*§The term ‘‘Parameterization’” is used in meteorology as a, con-
traction of ‘‘parametric representation’ to denote an empirical,
rather than physico-mathematical, description of atmospheric
phenomena.

STRATOSPHERIC FLIGHT ON ULTRAVIOLET IRRADIANCE 143

of the continuity Eq. (15). Using the altitude instead of the
pressure coordinate, the result then is:

dpR; d oR; ~ ~
——— = — pK, — +pP;—pL;
at az PR oz PPi—pL; 1)

where the symbol ~ denotes the global average operation, p
the air density, and K, the one-dimensional parameterization
of the stratospheric motion given by

aR;

WR,= —K, P (19)
in which w denotes the vertical wind. Equation (19) indicates
that the one-dimensional parameterization of the
stratospheric dynamics, K,(z), must be obtained from the
ratio of the global average of the vertical flux of the mixing
ratio to the vertical gradient of the global average of the
mixing ratio. Several one-dimensional models have been
developed to investigate the effect of chemistry and the K,
profile on ozone.?* The Chang model, for example, uses a K,
profile based on average K, values from the data by Gudiksen
et al.?% on the observed movement of tungsten-185 radioactive
debris. The chemistry used in the Chang model is also iden-
tified in the table shown in the appendix.

Results for the Unperturbed Ozone Column

The degree of validity of the MIT SCM/two-dimensional
model for the unperturbed stratosphere can be assessed from
the results in Fig. 5 for the unperturbed ozone column. 2228
These results were obtained after time integrations of three
years in the SCM, which started with an atmosphere at rest
and utilized the equilibrium distribution of NO,. Time in-
crements of one hour are used in the SCM, and an integration
time of two years is required for the stratospheric values to at-
tain their equilibrium values. Figure 5 shows that this model
simulates, with reasonable accuracy, both the magnitude of
the observed ozone column as well as its variations with
latitude and time of the year (see Fig. 1). The accuracy of this
numerical simulation is somewhat dependent on the
parameterization of the vertical transport (K ;) in the subgrid
scale of the SCM. Since the Widhopf two-dimensional model
also yield reasonable results for the unperturbed ozone and
NO, species during the fall and spring seasons, it has not yet
‘been possible to assess the relative accuracy of these two
models. This is so because a conclusive evaluation of the
ozone models must include accurate comparisons between the
numerical simulation of the meridional distribution of the
NO, species as a function of seasons and the corresponding,
but as yet incomplete, observed statistics [i.e., Eq. (10) with
X=NO,, etc.] for such species. ?®

Perturbed Ozone Celumn

. The ozone chemistry for the perturbed stratosphere would
be modified mainly by the addition of the NO, engine ef-
fluents in the flight corridors of the lower stratosphere. Im-
portant mechanisms for the ozone column decrease, AQ in -
Egs. (7) and (9), are the upward transport of the NO, ef-
fluents to the middle stratosphere (20-35 km region, where
chemistry is important) and the large-scale transports. in the
middle and lower stratosphere. Since the ozone decrease
depends on the equilibrium distribution of the NO, effluents
in the middle stratosphere, the independent variables for the
decrease of the ozone column, as a function of latitude and
season (e.g., Fig. 1), are the strength and location of the air-
craft NO, sources; i.e., the annual, global injection rate of
NOX(ENOX, 10° kg/yr), and the altitude (z., km) as well as
latitude (.) of the flight corridors in the lower
stratosphere.** :

**The longitude of the flight corridor (e.g., New York-Buenos
Aires) would only modify the latitudinal direction of the aircraft
NO, sources.



144 H. HIDALGO

FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

SO°N LU LY AU LI B LA B A ) | S AL A 4
\joo (360
~ -
340 .
380 340
60°N |- \
360 320

- 340 -]
320
300
o _\/ 20

.28 N

10 1 12

N
o
FS
o
(2]
~
@
0+

MONTH

Fig. 5 Calculated latitudinal and monthly variations of the zonal
average of the ozome column (m-atm-cm) for the unperturbed
stratosphere.22
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Fig. 6 Percent decrease of the global average of the ozone column as
a function of the annual, global injection rate of NO, effluents at 17
km altitude [omit 10-2 factor in Eq. (20) for the above results].!

The MIT SCM/two-dimensional results for the perturbed
stratosphere indicate that the destruction of ozone by the
NO, catalytic cycle is slow at the altitude of the flight
corridors in the lower stratosphere. The significant ozone
destruction occurs after the NO, has been transported upward
to heights in excess of 25 km. Consequently, most of the
ozone reduction occurs above 25 km, but this ozone reduction
also has the effect of reducing the amount of ozone available
to be transported to lower altitudes. The net effect is a reduc-
" tion in ozone at all altitudes below 50 km. The only sink for
the additional odd nitrogen is in the troposphere. The
distribution of odd nitrogen in the stratosphere is controlled
by the dynamics with most of the NO, removal occurring in
the region of the tropopause gaps.2>¥

Figures 6 and 7 show the decrease in the global average of
the ozone column for three model types as a function of the
annual, global injection rate of NO, effluents (Eyo, in 10°
kg/yr as NO,) for flight corridors at 17 and 20 km altitudes.
The former altitude is applicable to the Concorde and the lat-
ter to an advanced supersonic transport (SST). ‘

The procedure used to obtain the one-dimensional results in
Figs. 6 and 7 first requires determination of the unperturbed
equilibrium solution for a fixed solar zenith angle of usually
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km altitude [omit 102 factor in Eq. (20) for above results].!

45°.2 The equilibrium solution is essentially reached in this
model after time integrations for 5 years. A given amount of
NO, effluence (Eno,) is then introduced at a given altitude,
and the effluents are distributed uniformly in a 1 km-thick
spherical shell. After the integration with respect to time
yields the perturbed equilibrium solution, the fractional
decrease in the ozone column can be obtained from the un-
perturbed and perturbed solutions. The calculations are
repeated for other NO, injections to generate the fractional
ozone decrease as a function of the annual, global injection
rate of NO, at a given altitude. The fractional ozone reduc-
tion from the Chang model may be represented by!

—AR=10"2[2+0.8(z.—17)] -

. [ENOX X 10—9] [0.88+ (0.07/3) (20—z¢) ] (20)

where — AQ is the fractional decrease in the global average of
the ozone column, z. the altitude of the flight corridor in the
range 17<z,<20 km, and Eyg, the annual, global injection
rate of NO, effluents in the range 0.1<Eyo, x10°< 3
kg/yr.

The Widhopf two-dimensional results in Fig. 6 and 7 take
into account the effect of latitude on solar zenith angle.?3:26
The NO, effluents are introduced in a zonal band, 1 km-thick
and 10° wide, centered at the corridor altitude and at 50° N
latitude to simulate a North Atlantic flight corridor. The
calculations have been made for an NO, injection rate of
1.65 x 10° kg/yr (as NO,) at either 17 or 20 km altitude, and
for one-sixth this value at 20 km to deduce the effect of the in-
jection rate on the ozone decrease. This two-dimensional
model has yielded the equilibrium values for the zonal average
of the stratospheric ozone column (10 <z < 50 km) for the un-
perturbed and perturbed stratosphere with constant
dynamics. The equilibrium values are obtained after time in-
tegrations for 7.5 years. Figures 6 and 7 show the decrease in
the global average of the ozone column as determined from
the difference of the integrations with respect to latitude of
the unperturbed and perturbed zonal values. Figure 8a
shows the decrease in the zonal average of the stratospheric
ozone column in the Northern and Southern Hemispheres as a
result of NO, injections at S0°N latitude. Figure 8b displays
the zonal results as normalized with the decrease in the
corresponding global averages. This figure shows that the
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normalized zonal ozone decrease tends to be independent of
the strength or altitude location of the aircraft NO, source at
50° N latitude. These two-dimensional results may be
represented by!

Aan = [2'2+0'07(1'65_ENOx X 10—9)] .
[1+0.14(20~7,) 1 F,AD o

where AQ,y, is the fractional decrease in the zonal average of

the ozone column, F, the normalized factor given in Fig. 8b,
and AQ is given by Eq. (20). A value of F, equals unity
provides the ratio of the two-dimensional to one-dimensional
decrease in the global average of the ozone column.

The Cunnold-Prinn et al. results in Figs. 6 and 7 are ob-
tained from the MIT SCM and the auxiliary Prinn two-
dimensional model for determining the equilibrium NO,
distributions.?23%3! These results are obtained after time in-
tegrations for three years in the SCM, which utilizes the
equilibrium distribution of the perturbed NO, derived from
the Prinn two-dimensional model after time integrations for
25 years. These results thus take into account the effects of the
latitudinal and seasonal variations of the solar radiation on
the chemistry and large-scale dynamics. The available results
consider an injection rate of NO,, of 1.8 x 107 kg/yr (as NO,)
between 40° and 50° N latitude at either 17 or 20 km altitude.
Figure 9 shows the decrease in the zonal average of the ozone
column in the northern and southern hemispheres for the 20
km altitude as a function of the seasons.?! The MIT
SCM/two-dimensional results may be represented by!

0.10 -
AQqep/ap = [1.6+ =5 (20-2) ]F(,SAQ 22)

where AQgcm/2p is the fractional decreasein the zonal average
of the ozone column, Fq is the normalized latitudinal (§) and
seasonal (S) factor shown in the right-hand side ordinate of
Fig. 9, and AQ is given by Eq. (20). Again, a value of Fyg
equals unity provides the ratio of the SCM/two-dimensional
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Fig. 8a) percent decrease of the zonal average of the ozone column
for fall season as a function of NO, injection conditions; b) same as a)
but normalized with the global average of the ozone decrease.?

ozone column. The factor Fg is a function of the altitude of
injection, i.e., it tends to be a weaker function of latitude for
injections at 17 km altitude compared with that in Fig. 9 for
the 20 km injection.

The annual, global injection rate of NO, effluents in the ex-
pression for AQ in Egs. (20) to (22) is given by the product of
the annual fuel-flow rate during stratospheric flight and the
emission index of NO,; i.e., by the expression
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Table 6 Fuel-flow projections for 1990 and 2000 in 10° kg/yr3?

Altitude Expected traffic Upper-bound traffic
(km) 1990 2000 1990 2000
9-12 43.7 75.0 81.6 193.9
12-15 15.3 29.8 28.5 76.1
15-18 0.7 1.8 1.4 5.6
18-21 14.6 37.4 26.2 110.6

Table 7 Ozone reduction from the SCM/2-D results as a function of
the annual, global injection of NO,

Flight corridor NO, Ozone reduction (%)

altitude emissions 45°N, 45°8S,
(km) (kg/yr) summer summer
20 1.8x10° 20.5 6.7
20 1.8x 108 2.7 0.9

where ENOX is given in kg/yr, N denotes the number of air-
planes flying in a given corridor, £, the number of engines per
airplane, f the average fraction of the day that the airplanes
fly at the corridor altitude, W/, the average fuel-flow rate per
engine (kg/hr-engine) during flight at the corridor altitude,
and Elyo, the emission index of NO, (g of NO,/kg of fuel).
The constant is the number of hours in a year divided by 103.
An upper limit of Eyo, can be obtained from optimistic (i.e.,
upper-bound) projections of the aircraft traffic in the
stratosphere.

Table 6 summarizes projections of subsonic (9-15 km) and
supersonic (15-21 km) airline traffic by the end of this century
as given by CIAP monograph 2.3 Since the annual, global in-
jection rate of NO, is given by the product of the fuel-flow
rates in Table 6 and the NO, emission index, it can be seen
that the SCM/two-dimensional results and the two-
dimensional results for the higher injection rate (Figs. 6 and 7)
are near the maximum Evyg, value, i.e., they correspond to
the upper-bound supersonic traffic in the year 2000 with a
1974 NO, emission index (Elyo, =18 g of NO,/kg of fuel).

The SCM/two-dimensional results in Fig. 6 indicate that
the average magnitude of the decrease in the global average of
the ozone column for a flight corridor at 17 km altitude varies
linearly from about 0.7% for an NO, (as NO,) injection rate
of 2x 10% kg/yr to about 7% for an NO, injection rate of
2x10° kg/yr. These reductions of ozone are average values,
because they can be larger or smaller by a factor of about 2 as
indicated by the two other model types in the same figure.
This variation is mainly caused by the current uncertainty in
the description of the stratospheric dynamics.

When the altitude of the flight corridor is increased from 17
to 20 km, the above average values for the reduction in the
global average of the ozone column increase to about 1.7 and
13% for NO, injection rates of 2x10% and 2x 10° kg/vr,
respectively, (Fig. 7). Again, these average values can be
larger or smaller by factors of about 1.3 or 1.6, respectively,
from the uncertainty in the description of the stratospheric
dynamics.

The SCM/two-dimensional results in Fig. 9 together with
Eq. (22) indicate that the decrease in the zonal average of the
ozone column at middle northern latitude increases over that
of the global average by a factor (F) of about 1.7 during
summer. Table 7 illustrates the relative effect of the strength
of the aircraft NO, source at the worse altitude (20 km) on the
ozone decrease at middle latitudes during summer in both
hemispheres. The results for the lower injection rate in Table
7 assumes that Fg is independent of the injection rate at the
given altitude of injection, an assumption based on the
Widhopf two-dimensional model results (Fig. 8b). The results
in Table 7 and Eq. (23) indicate that a significant reduction in
the NO, emission index of aircraft engines would also result in
a significant reduction of the ozone column decrease.
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A comparison of the results in Figs. 8a and 9 indicates a
significant discrepancy in the ozone decrease during the fall
season at middle northern latitudes for nearly identical NO,
emissions at 20 km altitude. The resuts from the GFDL GCM
for the meridional distribution of an arbitrary inert tracer can
be used to assess the accuracy of the NO, distributions from
the SCM/two-dimensional and Widhopf two-dimensional
models. A comparison of the GFDL GCM and the Prinn
results indicate no significant difference between them, i.e.,
on the way to equilibrium, the Prinn model does, at one point,
approximate the GFDL GCM 18-months result.® The best
time for similar comparisons between the GFDL GCM and
the Widhopf results is after the completion of ongoing
calculations, using the Widhopf model, to account for the an-
nual cycles of both solar radiation and dynamics as well as the
effect of dropping the lower boundary to the earth’s sur-

Jface.tT

Summary of Perturbed Ozone
and UV Radiation Results

The combination of Eqs. (7) and (22) yields the total UV
radiation increase as a function of the annual, global injection
rate of NO, effluents at middle northern latitudes, the
corridor altitude, the latitude in both hemispheres, and the
seasons. Since the injection rate of NO, is proportional to the
NO, emission index (Ely, ) of aircraft engines [i.e., Eq.
(23)1, the UV radiation increase can be related to the level of
this emission index. The methodology thus shows that 1) the
UV radiation increase is approximately proportional to the
ozone decrease in a range up to about 20% ozone decrease
[i.e., Eq. (7)], and 2) the magnitude of the ozone decrease is
nearly linear with the magnitude of the NO,, emission index of
aircraft engines (Eqs. 22, 20, 23). Thus, a significant reduc-
tion of the NO, emission index would lead to a significant
reduction of the UV radiation increase (i.e., Table 7 and
Eq.7).

Using Eq. (8) for the unperturbed and perturbed
stratosphere and the results from the MIT SCM/two-
dimensional model for the upper limit NO, injection rate of
1.8x10° kg/yr at 20 km altitude between 40° and 50° N
latitude, the corresponding erythemal dose increases during
summer at 30° and 60° N are, respectively, 30 and 58%.3034
These changes in the erythemal doses would be similar to
those now being received some 15° of latitude to the south.
However, it must be emphasized that this result is based on
the use of the projected upper-bound SST traffic for the year
2000 at 20 km altitude (e.g., Table 6) with aircraft engines that
have an NO, emission index based on 1974 engine technology
(i.e., Elyo, =18 g of NO,/kg of fuel).

A conclusive validation of the methodology for the UV
radiation increase from the ozone decrease due to an increase
in NO, must yet overcome 1) the somewhat limited scope of
observations concerning the statistics of the NO, species
(NO, and HNO;) in the unperturbed stratosphere,? and the
unknown long term variations of the UV radiation at the top
of the atmosphere. For example, computations from a one-
dimensional model for the unperturbed stratosphere indicate
an ozone increase of as much as 6% when the UV radiation is
increased by 50% in the 175-200 nm range together with a
20% increase in the 200-240 nm range;?® and 2) the present
theoretical limitations of stratospheric circulation models
concerning the vertical resolution in the model, the descrip-
tion of the ozone chemistry in the model, and the role of the
large-scale dynamics in the equilibrium distribution of air-
craft NO, effluents in the middle stratosphere. The former
limitations prevent the accurate matching of theoretical and
observed NO, profiles for the unperturbed stratosphere as a

tTRecent results indicate that the SCM/two-dimensional results
also agree with those obtained from a two-dimensional model
developed by Crutzen. 3
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function of latitude and season; the latter one prevents takihg e.g., the cooling of the stratosphere from a significant ozone
into account feedback effects in the perturbed stratosphere, decrease on the ozone chemistry. 12 .
Appendix
Reactions Used In Ozone Models 18-23,24.26
-Chang23 Prinn?* Widhopf26
A. The Chapman or ‘‘pure air”’ reactions?®

* 1. O, +hy(below 242nm)—-0+0 X X b.e

*2. 0+0,+M—-03+M X X X

*3. O3+hy—0,+0 X X X

* é. 03 +O—’02 +02 X X X

*5 0+0+M~0,+M

B. Reactions of the oxides of nitrogen that enter the catalytic cycles
for ozone formation destruction

* 6. NO+0O3;—+NO,+0, X X X
* 7. NO +0—-NO+0, . X X X
* 8. NO, +0+M—NO;+M

* 9. NO, +hv (below 400 nm)—~NO + 0O X b b

10. NO, +hp (below 245 nm)—NO +O(' D)
*11. NO+NO +0,—2NO,

*12. NO+O+M-NOC, +M X X
*1_3_. N02 +_O3—'NO3 +02 R X X
*14. NO; +hv (redlight)— NO + O, x x

*15. NO, +NO3 +M—N,05; +M

*16. N,05 +M—NO, +NO; +M

*17. N, Oj;5 +hr(below 380 nm)—2NO, + O(?)
" *18. Ny05+0~2NO, +0,(7)

*19. NO; +NO--2NO,

*20. NO; +NO, —~NO, +0, +NO

C. Sources and sinks of the active oxides of nitrogen, NO and NO,
_21. N, +hp(below 120 nm)—~N+N

*2_2_- N+03"'NO+02 X X
*23. N+0O,—NO+O X X
*24. N+NO —-N,+0 X X
*25a. N+NO,—~NO+NO X X
*25b. N+NO,—N, +0,
*26. N+OH—NO+H

27. N+HO,—OH+NO
*28. NO +hp(below 190nm)—-N+O X X

Source from troposphere

29. N,O+hys—N, +0('D) ; x X X
*30. N,0+O0O(!D)—N, +0, X X
*31. N,0+0(!D)-NO+NO x X X
*32. NH;+OH-NH,+H,0

33. NH, +oxides—~NO,(?)

D. Interactions between odd hydrogen and odd nitrogen

*34. HO+NO, +M-HNO; +M X X X
*35. HO+HNO; ~H,0+NO; X X
*36. HNO; +hy (below 325 nm)—HO +NO, X X X

*37. HO+NO+M-—HNO, +M
*38. HO+HNO,—~H,0+NO,
*39. HNO, + hy (below 400 nm)~HO + NO
*40. N,O; +H,O0 (on particles)—2HNO;(?) .
* *4la. HO, +NO—HO +NO, X X . X
41b. HO, +NO+M—HNO; + M(?)
*42. HO, +NO,—~HNO, + O,

E. Reactions of excited oxygen species

*43a. O; +hp(450-650 nm)—'O% +0 , ' X X
*43b. (310-340 nm)— 0, (1 A) +OCP) X x X
*43c. (below 310 nm)— O, (! A) +O('D) X X X
*43d. (below 220 nm)— O, + O('S) (?)

*44. O('D)+0,—~0+0,('%) .

*45. O(!D)+M—-0+M ) X X X

*46. 0,('A) +M—0,+M

*47. 0,('Y)+M-0,+M

48. O('D)—O+hy (630 nm)
49. 0,('E£)—0, +hV (760 nm)
50. 0,(*A)-~0, +hV (1270 nm)
*51. O('D)+0;—~0,+0,

*52 Oz(lA)+O3—’02+02+O
53. 0,(1L)+0;-0,+0,+0



*74. HO+CH,-~H,0+CHj;
*75a. CH; +0,—~CH;00
*75b. —-CH,0+HO
76. CH300+hy—H,CO+HO(?)
*77. CH3;00+NO—CH;0+NO,(?)
hy—
*78. CH300+NO--CH3;O00NO—1? (?)
hy—
*79. CH;00 +NO, —CH;O0NO, —?(?)
*80. CH;00+HO,—~CH;O0H+0,
81. CH3;0+HO,~CH;0H+O0,
*82. CH3;0+0,—-CH,0+HO,
83. CH;3;O0H+hv—CH,0+H,(?)
84. CH,;OH+OH~-H,0+CH,0OH
*85a. H,CO+hv—H, +CO
*85b. -H+HCO
*86. H,CO+OH~HCO+H,0
*87. H,CO+0—~OH+HCO
*88. HCO+O0,~CO+HO,(?)
*89. OH+H,—-H,0+H
*90. OH+CO—-CO,+H
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F. Reactions of free radicals based on water (HO,)
*54. O('D)+H,0—2HO X X X
*55. O('D)+H,—~H+HO X
*56. O('D)+CH,—CH; +HO X X X
57. H+0, +M—~HOO+M X X X

*58. H+0O3;—-HO(v=9+0, X X X
*59. HO+O—-H+0, X X X
*60. HO+HO—-H,0+0 X b
*6l. HO+HO+M-H,0,+M
*62. HO+HOO—-H,0+0, X X X
*63. HOO+HOO—-H,0,+0, X
*64. H,0, +0O—-HO+HOO
*65. H,0, +hv—HO+HO X X
*66. H,0, +HO—H,0+HOO X X
*67. HO+03;—~HOO+O0, X X X
*68a. HO (v=2)+0;—~H+0,+0,
*68b. -HOO+0,
*69. HO(v>3)+03—~0OH+0,+0
*70. HOO+0O;—-HO+0,+0, X X X
*71. HOO+0O—-HO+0, X X X
*72a. HOO+H—~HO+HO
*72b. ""Hz +02
*72c. -H,0+0

H,O0+Hyr~H+O0h X

HO, +hy—~0O+OH X

G. Reactions related to methane

*73. O+CH,—~CH3;+HO X

2The reactions are grouped by reactive species. The notation used is as follows: the underlined reaction num-
ber denotes that the reaction is considered to be significant in stratospheric chemistry; the (*) that a summary of
available data is available in Ref. 18, and the (?) that the reaction is proposed to explain some effect although it
has not been observed in the laboratory. Other reactive species involve sulfur (reactions 91-110) and chlorine

(reactions 111-130.)!8
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