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ABSTRACT 

The heavy-lift launch vehicles (HLLV) proposed for use in constructing satellite power systems (SPS) 
would deposit var ious contaminants in the middle atmosphere, c ontaminants that could conce ivab l y have 
adverse effects on climate and upper air structure. These contaminants consist of the ma jor constitu
ents of wate r vapor, hydrogen, carbon dioxide, and carbon monoxide, and the minor constituents of s ul f ur 
dioxide and nitric oxide in the rocket effluent , as well as nitric oxide formed during reentry. 

To assess the magnitudes of the effects, we have constructed new models or modified existing models. 
They are: one- and two-dimensional photochemical models , a plume model, a noctilucent c l oud and contrai l 
model, a reentry model, and a model of the lower ionosphere, all of which are described i n detail in the 
report . Using a scenario of 400 launches per year for 10 years, we have performed a ssessments and 
arrived at t he following conclusions: (1) The buildup of water vapor, nitric oxide, C0 2 , and CO , and 
s ulfur dioxide, including a possible " corridor" effect (zonal enhancement centered on the l aunch lati
tude) is not like ly to be significant . (2) Perturbations to odd-oxygen (0, 0 3 ) are not l ike l y t o be s ig
nificant in that ozone total column density decreases are probably less than 0.1%; in fac t , ozone 
increases due to NO deposition may occur. (3) Perturbations t o odd-hydrogen spec ies (H, OH, R0 2 ) are 
not l ikely to be significant in the stratosphere and mesosphere; however, t here coul d be a doub l ing of 
thermospheric hydrogen. (4) The effect of water vapor emission on global cloud cove r age would be negli
gible. Al though t he possibility of impressive local noctilucent cloud displays near the launch latitude 
is possible, we do not expect them to have any climatic significance. (5) Perturbations of HF, VLF , and 
ELF communication links will be minimal compared to normal var iability, however, D-re gion electron con
centra t ions and conductivity may be greatly enhanced local ly during atmospheric reentry. 
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1. INTRODUCTION 

The U.S. Department of Energy is responsible for examining new or alternative energy sources . One such · 
potential energy source which has been proposed is that of solar power col lected by suitable satellite 
systems and transmitted to Earth in the form of many microwave beams. Among the i mpo r tant f actors, 
which must be addressed as part of the feasibility investigation for such a system, ~s the envir onmental 
impact of the heavy-lift launch vehicles (HLLV) necessary for the construct ion of soiar power systems in 
space. The purpose of the study reported here is to assess the effects on the middle atmospher e (stra t o
sphere, mesosphere, and lower ionosphere) of launching about 400 HLLV's per year for 10 yea r s or more ; 
other investigating teams are dealing with environmental effects on the trop'osphere, thermosphe re, and 
upper ionosphere . 

The principal emissions from the HLLV that can be expected to modify atmospheric composition 
vapor, hydrogen, and carbon dioxide deposited by rocket launch engines (Table 1), and nitric 
during reentry. In addition, small amounts of nitric 

a r e water 
oxide formed 

oxide and sulfur dioxide are expected to be formed in 
the combustion process and deposited during launch. 
Water vapor and hydrogen deposition profiles given in 
units of molecules cm- 1 are presented in Fig. l; note 
the discontinuity at an altitude of 56 Ian, where the 
first stage, which uses methane as fuel, cuts off and 
the second stage, which uses hydrogen as fuel, 
ignites. Also note the large increase in the deposi
tion rate as the vehicle approaches an altitude of 
120 Ian; the increase is a result of the nearly hori
zontal flight near the end of the trajectory and 
burnout at 120 km. Carbon dioxide, a product of 
methane combustion, is also emitted up to first 
stage burnout; its deposition rate has been 
estimated to be 0.4 of the water vapor rate 

120 

100 

(Ref. 1). The emission rate of nitric oxide 
during the launch phase is also shown in Fig. 1. 
The emission rate of sulfur dioxide is estimated 
by asswning that the first-stage fuel contains 
0.05% sulfur. 1 Because the production of nitric 
oxide during reentry is the subject of a rather 
lengthy calculation, we defer its discussion to 
a later section. 
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Table 1. 

Effluent 

S02 

HLLV Launch Effluents (Ref . 1) 

Mass per launch, 

50 

tont)e s 

3860 
160 

1650 
750 

<0.5 

100 

Alt i tude interva l, 
km 

150 

10-125 
10-1 25 
10-56 
10-56 
10-56 

200 

H2· H2o DEPOSITION, molecules cm-1 X 1023 

NO DEPOSITION, molecules cm-1 X 1020 

Because of the complexity of the physical pro
cesses occurring in the stratosphere, mathe
matical models are required to obtain quantita
tive estimates of the effects of HLLV operations. 
General models that consider the interactions of 
radiation, chemistry, and dynamics are beyond 
current capabilities. Renee, a range of more 
specific models must be used to describe each 
area of concern. 

In the following sections we discuss the atmo
spheric photochemical models used in this 

Fig. 1. Deposition rates (mo lecules cm- 1 ) of water 
vapor, molecular oxygen, and nitric oxide assuming a 
launch rate of 400 heavy lift launch vehicles per 
year. Note the staging at 56 Ian. 

assessment, including a model for high-altitude cloud formation, a calculation of ni tric oxide produc
tion during reentry, and an ionospheric model. We then apply the models to the assessment of RLLV 
effects on the middle atmosphere, evaluating both possible global effects as well as short-term local 
effects, and we discuss uncertainties in the assessment. Finally, we summarize our conclusions, identi
fying those effects that could be significant and may require further study. 

2. ATMOSPHERIC PHOTOCHEMICAL MODELS 

The atmosphere is extremely difficult to model. Even the tenuous stratosphere and mesosphere present 
great difficulties. In fact, atmospheric simulation by mathematical models bas been cal l ed the "last 

1 K. L. Brubaker, Argonne National Laboratory, private communication, 1980. 
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great unsolved pr oblem of classical ·phys i cs . " Suh statements usually refer to the simulation of atmo
s pheric motions , but even the considerably less complex problem of simulating atmospheric photochemis t ry 
i n troduces a number of approximations that depart from reality. For example, the set of chemical species 
and reactions tha t can be accommodated is necessarily restricted in scope, atmospheric variability cannot 
be simulat ed, and large-scal e long-period averaging must be invoked. 

The transport of spec ies is s impli f ied to an even greater degree. One-dimensional models, which in some 
sense simulate average global conditions, can repre sent only vertical transport and usua lly do so with 
the so-called "eddy diffusivity." Two-dimensiona l models are less limited in that they can include an 
" eddy-di f fusion t ensor , " which represents motions leading to mixing, and meridional bulk motions. In 
the mode l used in the study reported here, the bulk velocities are obtained by zonally averaging the wind 
fields predi c t ed by t hree-dimensional models; eddy coefficients were obtained by an adjustment procedure 
based on mat chin g computed tracer distributions with their observed distributions. 

To carr y out t he required assessments most e fficiently and realistically, two photochemical models a re 
us ed: a one-dimensional (1-D) model and a two-dimensional (2-D) model. The 1-D model, which contains 
over 50 species , i s mos t use fu l for investigating globally or hemispherically averaged changes in compo
si t i on; i t is a l so capable o f simulating a much larger system of species and reactions than the 2-D 
model , which is limited t o about 25 species below 55 Ian and 9 species above 55 km. The 2-D model, on 
the other hand, can simulate meridional variations in composition changes and is thus able to treat pos
sib l e seasona l and "corridor" effects; the lat ter refers to enhanced changes in a zone containing the 
l a unch or r eentry windows . Because both models have been described in detai l in the literat ure 
(Ref s . 2-5) , only brief descriptions are given here . Both models are based on the continuity equations 
for t race const i tuents 

an. 
-at- + ~• (niy +pi) = pi - Li ' (1) 

where Pi and Li are production and loss rates, respectively, for the ith constituent, y is the 
meridi onal bulk ve locity , Pi is the "eddy flux" representing large-scale eddy motions, and ni is the 
number density of the ith constituent . In the 1-D model the velocity y is, of course, absent, and 
t he eddy f lux i s written as 

-Ke ['anti + (~ + :Jz) nJ ez ' (2) 

where e2 is a vertical unit vector, Ke is the eddy diffusivity, and T and H are the temperature and 
mean a t mospher i c scale he ight, respectively. Because the 1-D model extends into the lower thermosphere, 
molecular diffusion cannot be neglected ; a term Pin representing molecular diffusive flux must there
f ore be added t o p1 : 

Here, Hi is the sca le height of the ith constituent 

m H 
m. 

l. 

(3) 

(4) 

IDi and m are t he molecular mass of the ith constituent and mean molecular mass, respectively , k is 
t he Bol tzmann constant, and g is the gravitational acceleration. The 2-D model, which does not extend 
in t o the t hermosphere, ignores molecular diffusion. However, the eddy diffusion is more complicated 
t han in the 1-D model because it is a tensor, that is, it contains "off-diagonal" elements, 

(5) 

whi ch a re important below 25 km. 
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2.1 The 1-D Model 

The 1-D model extends from an a lt i tude of 10 km to 120 km with a 2-km grid spacing; time steps are vari
able, depe nding on the nearness to equilibrium. The form of the flux equation used in the model is 
slightly diffe r e nt from that given a bove in t hat mixin g fractions rather than number densities are used. 
The flux e quation, wh i ch now contains bo th e ddy , and molecular diffusion terms, is 

(6) 

where pi is the mixing fraction , 

y T(z) rf z dz' J 
ToMo exp G zo H(z') 

(7) 

and T0 and M0 are atmospheric temperature and number density, respectively, at a reference altitude, 
z 0 • The vertical profile of eddy diffusion used in the model is shown in Fig. 2. 

Solutions of the species continuity equations, 
which are based on approximate , but very s tab le 
and efficient, numerical integration schemes, 
often violate mass conservation within groups 
of related species such as the nitrogen oxides 
(NO, N02, N03, NzOs, HN03). This problem is 
overcome in the model by employing a technique 
that accurately monitors the total concentra
tions of nearly conserved sets, or families, of 
compounds (Ref. 2); the concept of aeronomic 
families is well-known in aeronomy. Our tech
nique uses an equivalent continuity equation 
for an entire family of gases, which is obtained 
by summing the continuity equations of all the 
family members after each is multiplied by an 
appropriate factor, a i, representing the number 
of odd-atoms of the type considered in the 
species. The criterion for assigning a is 
based on the time constant for switching odd
atoms among species; if the time constant is 
short a ~ l; but if it is long, a = 0. Thus, 
summing (1) for a particular set of species we 
obtain: 

1,2, ... L, (8) 

where t is the family index, 

a.¢. 
l l 

(9) 

(10) 

(11) 

and {i} t indicates the subset of species in the 
Uh family. 
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Fig. 2. The eddy diffusion coefficient (K) pro file 
used in our one-dimensional model studies . 
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The family flux, which follows from (6), is 

(K + D) as£ 
<Pi = - -y Clz 

The factor mi/ill in (12) is a weighted average value, 

DS 2 (~£ _ i) 
Hy m 

Cl. p. 
l l 

(12) 

(13) 

which is nearly time invarian t , because the ratios of species concentrations within a family are nearly 
constant under most conditions. Obviously, the species boundary conditions, which we discuss later, are 
also additive for families. 

What makes the family technique useful is that the net photochemistry for the family, represented by 
Ps - Ls in (8), usually contains only slow processes that affect the total family abundance, and pre
cludes the rapid cyclic chemical interactions that occur between family members. Accordingly, the summed 
continuity equations in (8) are inherently more stable than the individual species continuity equations, 
and their solution can be made very accurate. 

Family concentrations obtained from (8) are used to correct the species abundances computed using (1) 
and (6). The families of species utilized in our model are given in Table 2 in the hierarchical order 
in which they are solved and applied to correct the species concentrations. For example, HN0 3 is a mem
ber of the hydrogen and nitrogen families, but it is adjusted during the hydrogen correction cycle and 
remains fixed during the nitrogen cycle. 

Hydrogen: 
Carbon: 
Nitrogen: 
Sulfur: 
Chlorine-oxide: 
Odd-chlorine: 
Bromine: 
Oxygen: 

Table 2.- Families of Species 

a b 
H(l), OH(l), H02(l), H202(2), HN02(l), HN03(l), HOCl(l) 
CH(l), CH2(l), CH3(l), CHO(l), CH20(l), CH30(l), CH302(l), CH402(l) 
N(l), NO(l), N0 2(1), N03(1), HN02(1), HN03(1), Nz0s(2),' ClON02(l)b, BrONOz(l)b 
S(l), SO(l), S02(l), S03(l), HS03(l), H2S04(l) 
Cl(l), ClO(l), Cl02(l), ClON02(l), HOCl(l) 
Cl(l), ClO(l), Cl02(l), ClON02(l), HCl(l), HOCl(l) 
Br(l), BrO(l), HBr(l), BrON0 2(1) 
0(1), 0 3(1), 0 1 D(l), N02(l), N0 3 (2), HN03(l), Nz0s(3), ClO(l), Cl02(2), ClON02(2), 
BrO(l), BrON02(2) 

aThe number in parentheses is the species weight a within the family. 
bThe species is not corrected in this family, but rather in the corresponding halogen family. 

Two types of families are easily recognizable: one in which the family members recombine in pairs 
(hydrogen, nitrogen, oxygen), the other in which the members recombine with species outside of the fam
ily, or do not recombine at all (the other families). Families can also be classified according to 
their internal chemistry: the members of some families cycle rapidly among themselves in reaction loops 
(hydrogen, nitrogen, oxygen, chlorine), while the members of other families react in a chain, one species 
leading to the next, from the family source to its sink (carbon, sulfur). Note that the consideration of 
families requires the identification of the atom carriers in key aeronomic processes. For example, in 
the oxygen family we can readily find reactions that might not seem to involve oxygen atom transfer or 
recombination, but actually do; thus, the reaction of ClO with NO to form Cl and N0 2 (which is rapidly 
photolyzed to NO and 0) does not involve any odd-oxygen production or loss according to our criteria for 
odd-oxygen (see Table 2). Thus, the family concept is helpful in understanding aeronomic reaction 
mechanisms. 

The chemical rate coefficients used in the model are essentially those tabulated in Ref. 6, except that 
t he photolysis rate for NO is t aken f r om Refs. 7 and 8. Furthermore, we include a source of mesospheric 
N( 2D) (f i rst excited state of N) due to the ionization of NO by solar Lyman-a radiation: 

(14) 
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(14) concluded 

In the model, di urnal averaging of photodissociation rates and reaction rate coefficients is performed 
using, respect i vely , the techni ques r eported in Refs. 9 and 10. 

For each spec i es we s pecif y a lower boundary f lux ¢i o and an uppe r boundary flux, ¢iu• which may be 
fixed or have a s pecif i ed time dependence. At the lower boundary we also i nc lude a flux component , 

¢B = vB ( nB - n. ) , (15) 
i i i l l 

by defining the "ve locity" at t he boundary, vBi' and concent r ation , nBi (if nBi = 0, our code s et s 

il>Bi = 0 automatically ); ni
1 

i s computed by the mode l. Whenever we use boundary condit ion ( 15), we 

usually set the boundary velocity, v Bi' equa l to 1 cm sec- 1
, which is estimated from typical tropospheric 

mixing rates. A justification for t his appr oa ch together with its mathema t i cal application i s given in 
Ref. 3. Upper boundary conditions a r e i mp osed i n a somewhat similar manner exce~ t that a llowance must 
be made for the escape of hydrogen. The mean escape f lux o f R atoms is about 10 cm- 2 sec- 1 (Ref . 11), 
which must be included in the computa t ions of bo t h Hand H2. We specify the upper boundary fluxes a s 

<l>H bnH 2anR
2 '} ( 16 ) 

qiH2 = anH 2 

with the total escape flux •Pr given by 

( 17) 

The constant b is then determined f rom simul 
taneous estima t es of the escape flux and nH, 
while a must be estimated from the f lux of H2 
at 120 km. 

In Fig. 3, 1-D model predict i ons for the ambient 
atmos phe re are compared wi t h observat i ons. The 
a greement between predic tion of atomic oxygen, 
0( 3P) , and its observa t ion is reas onable cons i d
e ring the large zenith angle of t he observation; 
the high- altitude computed concentrat ions a r e 
perhaps a factor of 2 too large between 90 and 
100 km, but a t other altitudes the agreement is 
quite good. Comput ed ozone concentrations are 
generally within the e rror bar of the Krueger
Minzner (Ref. 16) empirica l model, although t he 
high-altitude (above 45 km ) predicted concentra
tions are somewhat too small. Predictions fo r 
OH a nd water vapor appear to lie within the range 
of observed values; however, it s hould be rema r ked 
t hat the range of observe d water va po r i s qui t e 
broad, ext ending f rom as low as 2 ppbv to 10 ppbv. 
Als o, the OH observations were made at large s olar 
zenith angles whe reas the comput ed values are f or 
average mid-lati t ude daytime condi t ions ; t o cor
respond t o the same conditions, the predicted 
values would have t o be reduced by a f actor of - 2. 
The predic t ed ni t ric oxi de abundance in the 
stratosphere l ies well wi t hin the r ange o f mea
surements . However, in t he upper meso sphere and 
lower t hermos phe r e , there is dis agreemen t; thi s 
dif ferenc e may be due in part t o the l arge zenith 
a ngle of the obse rvations and i n part to adjust
ment s needed i n t he mesospheri c NO photochemical 
s ink and in the di ffusi on r ate. 
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Fig. 3. Vertica l profiles of H, OH, H2 0, 0( 3 P), 0 3 , 

and NO calculated with the one-dimens ional mode l. 
The concentrat ions are average daytime values. Mea
sured concentrations shown are : 
OH: I I Anderson (Ref. 12); Whit e Sands, N. Mex . , 

in Apri l with solar zeni t h angle of 86° 
f--0-1 Anderson (Ref . 13) ; Pales t i ne, Tex. , in 

July and January wi t h s olar zenith angle 
of 80° 

H20: 0--0 Summary and r eview of measuremen t s given 
by Ellsaesser e t al . (Ref . 14 ) 

0( 3P ): ~I Howlett et al. (Ref. 15 ); White Sands, 
N. Mex., in December with sol ar zenith 
angle c lose to 90° 

f-0-1 Summar y and review of measurement s given 
in Ref. 6 

0 3: f--A---1 Krueger and Minzner (Ref . 16) 
NO: Summary and review given in Hudson and 

Reed (Ref . 6) 
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2.2 The 2-D Model 

The 2-D model extends from the s u r face to an alt itude of 90 km in 2.5-km steps and from lat. 80°N to 
l at. 80°S in 5° steps; time steps are f ixed at 1 day. The form of the flux equation used in the model is 
that given in (5) above. The temperature T, wh i ch is a function of season and latitude as well as 
a ltitude, is taken from Re f. 18 for altit udes below 20 km and from Ref. 19 for higher altitudes. The 
two-dimensional divergence operator is represented in the meridional p lane of a sphere by 

'V· ( e8 3 
8 A d ) = R cos 8 ae cos + e - • 

z 3z 
(18) 

where 8 is the latitude, ee is the tangential unit vector, and R is the radius of Earth. 

Transport parameters are specified in the model for each season. They are of two types: bulk velocity, 
which represents large-scale mean meridional motion, and "eddy diffusivity," which represents smaller 
scale motions. The parameters that we have adopted are physically reasonable and lead to satisfactory 
predictions of observed tracer distributions. 

The mean meridional circulation is obtained by the kinematic method from the averaged equation of mass 
continuity, which states that 

l2- + ? . (py) = 0 , 
3t 

(19) 

where p is the atmospheric bulk density and y is the large-scale atmospheric velocity. With the 
assumption that the density field is in a steady state, the approximate form of this equation in spheri
cal coordinates is 

R cos 38 
cP"-V cos e) + 3(pw) = o , 

dZ 
(20) 

where the overbar denotes an average with respect to time and longitude, and v and w are the mean 
meridional and vertical velocity components. Equation (20) implies the existence of a "stream function" 
~ for the total flux such that 

2nRpv cos e ~ 
dZ 

2nRpw cos e (21) 

If the distributions of p and v are known, the first of e quation (21) can be integrated vertica l ly to 
obtain ~ . and w can then be obtained from the second. 

The density was obtained from t he hydrostatic equation using temperatures discussed previously. The 
mean merid ional circulati on is b ased on that published by Cunno ld e t a l . (Ref. 20), which was extrapo
la t ed upward to 90 km. The res ul t ing stream f unct ion satisfies (2 1) . 

The eddy fluxes are modeled by dif f u sion coefficients Kyy• Kyz• and Kzz ( the local "y" axis is tangent 
to the meridian; i.e ., dy =Rd ) . The magnitude of Kz z i n this model i s generally somewhat smaller 
t han that i n a one-dimens ional mode l because v er tical t r ansport in two-di mens i onal models is affected by 
lar ge-s cale bulk mot ion (w ) as we l l as by edd y mixing . The assume d valu e s of KYY' which is the ho r i zon
t a l anal og of Kz z • are strongly l a t itude- dependen t , but he igh t-inde pende nt. 

The most interesting of t h e Ki j• however, is t he "off- diagonal" Kyz ( .::Kz y ) b ecause it leads to an 
a p pare nt coun ter- gr a dient f l u x o f ozone . It has been convinc ingly a rgued by Newa l l (Ref. 2 7) t hat the 
" mi x i n g s ur faces " in t h e l owe r s t r atos ph ere s l op e mor e stee ply t oward the p o l e t han do the surfaces of 
potent i al temp e r atu r e . That i s, parce ls o f oz one movin g po lewa rd i n the lower st r at osphere tend a l so to 
move fart her downward in the transport region t o alt i tude s where t he ir des truction bec omes less effi
cien t . Hence we see a bui l d up o f ozone column dens i ty at high lat i tude s. Such an effect is associated 
wi th d i abatic p r ocesses, whic h cause the r ela tive slo pes of s ur faces of cons t ant mixing and con s t ant 
potential temperatur e to shift. One c a n in p rinc iple ca l c u late the Ki j by computing the variances of 
ob served winds over a long period of time. In p r acti ce , one can obta in on l y order-of-magnitude estimates 
in t h is way. Our Kij• which are based on observed tra c er dis tribut ions, are consistent wi th the order
of-magnitude estimates obtained from win d - v a r iance calcu lat i ons. In order to facilitate computation of 
the Kij• we employ a suggestion by Brasseur (Ref. 22) that they be expressed in the form 
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(22) 

where e i s a function of l atitude alone and 
These func t i ons are readily adjusted to yie ld 
const ituents. 

Z is a function of height alone (note t hat our Zyy = 1). 
K-fields that result in smoo t h distribut ions of trace 

End boundarie s are taken at lat . 80°8 and lat. 80 °N because meridional f luxes ar e expected to be small at 
t hose lat i t udes . Hence, the end boundary conditions are t aken t o be zero f lux of a ll constituents 
acr os s the ver t i cal boundaries. The upper boundary conditions are given by set ting t he f l uxes equal to 
zero f or all species except H, NO, and 0( 3 P). We have che cked the upper bounda ry condi t i ons (at 90 km) 
f or the various species against results from a one-dimensional model tha t ex t ended up to 120 km. It was 
found t hat the effect of choosing a mixing equilibrium condit ion at t he upper boundary had very little 
eff e ct on any of the constituents at altitudes below 50 km. The l ower boundary condi t ion used for al l 
spec ies except N20, CH4, HN03 , N02, 0 3, HCl, H202, and t he halocarbon s, is chemi ca l equi l i brium because 
of their short l ifetimes against chemical loss . Because HN0 3 , RCl, and H202 are wa t e r so luble, their 
numb e r dens i t i es a r e set equa l to zero at the l ower boundary. The number dens i tie s of CH4, N02, and NzO 
are fi xed a t 3 .7 x 1013 cm- 3 , 3 x 10 9 cm- 3, and 7 .5 x 10 12 cm- 3 , respectivel y , at the lower boundary, and 
that o f 0 3 is f ixed at 6 x 10 11 cm- 3 in order to conform to measured va l ues. 

We now tur n our attention to the numerical so l ution of the governi ng equations . The me t hod of "time 
spli t t i ng" i s used to faci litate the computation; that is, the chemistry and t r anspor t portions of the 
equations are i n genera l solved at di fferen t time steps. The techni que fo r the " chemi s try" step is dis
cuss ed f i r s t; t he technique that applies to t ranspor t is de scribed in Ref. 5 . 

For a l ti t udes of 55 km and below the chemical rate equations are s olve d us i ng the fo llowing type of 
implic i t t echnique. Equation (1) leads to the finite diffe rence form 

nj+i - n j 
i i 

T 
(23) 

in which the s upe rscript j ind i ca t es the index of the t ime st~p T. Equation (23) can be l i nearized 
by taking t he first term in a Taylor s eries expansion about Qi J : 

(24) 

The m members of the se t of mass conservation equations are thus coupled and r equi r e s olu tion by inver
sion of a l a rge mat rix at each grid point. Diurnal averagi ng of photodissocia t i on rates and reaction 
r a t e coef f i c ients is performed i n a manner similar to that of the 1- D model. 

At al titude s above 55 km, the kine tic equations become s uf f i c ient ly stif f that t he foregoi ng technique 
f a i l s . In order to solve t he equations for high altitudes , we simplify t he· system by e l i minating all 
consti tuent s except 0( 3P), 03, 0( 1D), OH, H02, H, H20 , and NO. To so lve the kineti c equations , we 
a s s ume 0 ( 3P), 0 ( 1D) , and 03 to be in photochemical equilibr i um with eac h other , and also assume t hat OH, 
H02 , and H are in photochemical equilibrium with each ot her . We then compute to t al odd hydrogen 
(HOx = OH + H0 2 + H in this case) and odd oxygen (Ox = 0( 3P) + 0 3 + 0 (1D) ) c oncentra tions by solving the 
c oupled equa tions for Ox and HOx· The computed concent r at i ons a r e then parti t i oned among member species 
by a ssumi ng photochemic~l equilibrium abundance ratios. 

To ass ess the inf luence of ozone on the temperature s truc ture (and thus t he chemi cal compos it ion) of the 
upper st r atosphere and l ower mesosphere, we have i ncluded a heating and cooling code. The heating algo
rithm i s deve loped f r om the work o f Lacis and Hansen (Ref . 23 ) . The i r method , a parame t ric treatment 
based on accura te mu l tiple-s cattering computat i ons , inc l udes t he e ff ec t s of Ear t h ' s albedo. (Earth's 
a lbedo is a s s umed to be cons t ant and equal to 0 . 34; see Ref . 24, p. 2-2) . The vert i ca l di stributions of 
ozone bo t h above and below t he calculation point are accounted for in t he calcu l at i on of t he absorbed 
and scat t e red s olar radiation. Because the heat i ng ra te i s dependen t on t he zen i t h angl e and the number 
o f hours of daylight, diurna lly avera ged heating r a tes are ca l culated as desc r ibed i n Ref. 9 . The heat
ing r ates are calculated at each latitude and altitude eve r y 7 days s o t ha t the chan girtg solar position 
and number of hours of daylight are taken into account. 
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T~e cooling rates are computed from a Newtonian cooling model (Ref. 25) such that 

R(0,P) A(e,P) + ~ B(P)6T(8,P) , 
i 

(25) 

where R is the cooling rate (in degrees/day), 6T is the model-calculated temperature minus the stan
dard atmosphere reference temperature, and A(0,P) and B(P) are latitude- and pressure-dependent con
stants. The A(8,P) were determined by requiring the radiative cooling to exactly balance the radiative 
heating for the standard reference temperature (6T = O) and ozone profiles. The B(P) were taken from 
Ref. 25. 
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Fig . 4. Ve rtical profiles of H, OH, H20, 0( 3P), 0 3 , 

and NO concentrations calculated with the two
dimensional model. The measured concentrations are 
as shown in Fig. 3. 

In Fig. 4, 2-D model predictions for the ambient 
atmosphe re (autumn, lat. 40°N) are shown. The 
agreement with observational data is about the 
same as that obtained with the 1-D model, except 
for NO; the mesospheric concentrations appear to 
be about an order of magnitude too small be tween 
55 and 85 km. We attribute the low predicted 
values to the absence of a mesospheric source of 
NO and to slow upward transport of NO f rom the 
stratosphere; the vertical eddy diffus ivity in 
the mesosphere is probably a factor of 3 too low, 
a state of affairs that is not readily correct
able, because of limitations in calculational 
stability. 

2.3 Simplified Plume Model 

To complement our one-dimensional ( 1-D) and two
dimensional analysis of the widespread photo
chemical effects caused by rocket emissions, we 
utilize a simple model of an expanding r ocket 
plume to study potentially important local 
effects of the rocket plume . The model is 
applied for both rocket launch and r eentry 
events, and is predicated on severa l approxima

tions. The s i mulated launch-reentry plume is oriented vertically and has cylindrical symmetry. The 1-D 
model is used to sample the entire plume, although the plume may be truncated in altitude ex t ent t o s imu
la t e a slanted f l ight trajectory. The plume is given an initial width corresponding to a short per i od 
of expansion. The rocket injectants at each height are averaged over the initial area of the trai l, and 
these concentra t ions, when added to the ambient concentrations, represent the starting conditions f or 
the 1-D model. 

The area of the rocket trail is assumed to increase with time according to the relat i on (Ref.48 ), 

(26) 

where A is the area (cm2
) , K is the effective horizontal diffusion coefficient (cm2 /sec) and time 

t = 0 at the initial expansion t ime of the plume (sec), t 0 • Obviously the initial area and time can be 
relat ed by A0 = 2Kt 0 • The constituents under study are always taken to be uniformly distributed acros s 
the plume. 

For a chemical ly active species in an expanding plume, it is easy to show that the ra te of change of i t s 
average plume concentration, n, due to expansion only is, 

dnl = -(n _ na) 1 dA 
dt expansion A dt 

(27) 

where na is the ambient concentrat-ion. Equation (27) presumes that chemistry occurs unif ormly across 
t he plume, that the plume expands by mixing in air containing an ambient abundance of each gas, and that 
mixing withi n the plume is instantaneous. I f K is constant, equation (27), by virtue of equation (26), 
becomes, 
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dnl 
dt . expansion 

n - na 
- t + t 0 

(28) 

This term is readily incorporated in a 1-D model as a pseudochemical process. 

The expanding cylindrical plume model just described is functionally similar to a Fickian diffusion pl~me 
model . In the latter case, one may consider the rate at which molecules diffuse out of an imaginary 
cylinder ~entered in a growing Gaussian plume. At times exceeding the initial spreading time, t 0 , the 
two plume treatments give essentially the same solution. 

3. A NOCTILUCENT CLOUD MODEL AND ROCKET CONTRAILS 

With the deposition of large quantities of water vapor in the mesosphere by SPS rockets, it is l i kely 
that exhaust contrails will form. An important question is whether these contrails can evolve into, or 
trigger, widespread and persistent high-altitude clouds or enhance naturally occ urring clouds. At high 
l at itudes in the summer, the meteorological conditions at the mesopause are such that tenuous night
luminous (noctilucent ) clouds (NLC) are a not infrequent sight. However, at low latitudes, NLC are never 
seen, except occasionally following rocket launches. 

Obviously, it would be most informati ve to test for the occurrence of rocket clouds from a liquid-f ue led 
rocket wi th an appropriately designed atmospheric experiment. It is also useful, however , to make 
detailed physical simulations of r ocket contrails and clouds. We have constructed a comprehensive noc
tilucent cloud mode l as part of this assessment. A summary description of the model i s given in Table 3, 
and a schematic outline of the interactions between the four basic elements of the model, water vapor , 
i ce crys tals , meteoric dust and air ions , is given in Fig. 5 . Detai l s of the physics and photochemis try 
used in the model are given i~ Ref . 28 and in references therein. Reference 15 also su11D!larizes exis t i ng 
noctilucent cloud observations and reviews previous NLC modeling work . By performing a variety of s en
siti vity studies with the model, Ref. 28 concludes that the mode l yields a reasonable s imulation of typi
cal noctilucent cloud properties. Here, the model is used to estimate the effec ts of rocket water vapor 
emissions on local and global cloudi ness. 

Basic s t ructure 

Basic elements 

Table 3. Description of the Noctilucent Cloud Model 

One-dimensional model, 70-105 km in 0.5-km steps. thirty-five particle size bins f rom 
0.001 µm t o 2.56 µm radius. Particle volume doubles between size bins. Temperature, 
density. and diffusion coefficient profile s are fixed. Sola r fluxes are calculated at 
each height in 96 wavelength bins. Time-dependent or steady-sta te simulations. 

Water vapor Fixed concentration at the lower boundary, source from methane decomposition, loss by 
photolysis. Water condenses on and evaporates from ice crystals. 

Ice crystals Formed by nucleation of meteoric dust, ion nucleation, and homogeneous nucleation, all 
involv ing water vapor. Microphysics includes growth, coagulation (with other i ce 
crystals and dust), sedimentation, diffus i on, and charging. Crystal shape effect s 
(cubic, hexagonal, and amorphous ice) are also included. 

Meteoric dust Produced from ablating meteors as 10-A smoke. Microphysics includes nuclea t i on into 
ice crystals, coagulation, release from evapora ting crys t als, sedimentation, diffusion, 
and charging. 

Ionization Formed by galactic cosmic ray bombardment and NO photoionization. Lost by ion-electron 
and ion-ion recombination, nucleation, and collection by particles. Electrons are 
produced by photoemission. 

Figure 6 shows the predicteo size distributions for ice and dust particles in an amb i ent noc tilucent 
cloud. Also shown is the change in the ice particle s i ze spectrum at 82 km resulting from a doubling of 
the ambient water vapor . The optical depth of the ambient (model) cloud at 550 nm is about 7 x 10- 5 , 

in line wi th values estimated from NLC observations. The optical depth of the perturbed c loud is 
1.3 x 10- 4

• Thus, the opacity is roughly doubled when water vapor is doubled. 
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Fig. 5. Schematic out l ine of the noc t i lucent cloud mooel showing the major elements of the model (water 
vapor, ice crysta ls, meteoric dust and air ions), ·and . . their basic interactions. 
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4. CALCULATION OF NOx PRODUCTION DURI NG 
HLLV REENTRY 

According to Ref. 29, the average mass of the 
HLLV at reentry is 452.6 metric tonnes. The to t al 
projected area of the craft is determined from 
the f i gures given in Ref. 29 as approximately 
2,280 m2

• The initial orbit height of the craft 
is given as 450 km. Refe r ence 29 specif ies also 
that the decelerat ion of t he HLLV during reentry 
shall be less than 1.4 g. The report does no t 
specify, however, the entry flight traj ectory or 
the lift and drag characteristics of the gl i d ing 
body needed in a trajectory calcul at i on. Presum
ably such aerodynamic data have not yet been gen
erated. In order to estimate the amounts and 
spatia l distributio~s of NOx produced duri n g the 
reentry flight, therefor e , the f ollowing assump
tions have been made: 

1. The functiona l relationship between the drag 
coefficient and the angle o f a ttack of the craft 
is the s ame a s f or the Space Shuttle Orbiter, as 
given by Ref. 30. 

2. The lift coefficients of the vehicle are 
expressible as a product of the l i ft coeff i c i ent 
values of the Space Shuttle Orbi ter gi ven by 
Ref . 30 and an arbitrary fixed cons tant not 
greater than unity. Controlling l ift coe f f i c ients 
i n this manner would be possible, fo r instance , 
by varying the angle of wing f lap. 

3. The angle of attack rema ins f ixed at a hi gh 
value initially . When the craft rea ches a 



certain i n termediate altitude (of about 70 to 80 km) , the angle of a ttack is changed at a steady rate to 
a low value. 

4. The orbit of the HLLV is inclined 45 ° to the e quator. 

5. The end point of the entry flight def ined as t he point where al titude is 50 km) is lat. 40 °N and 
l ong. 120 °W, s o t hat t he craft could l and on an airfield in cent r al Calif ornia. 

6. Atmosphere rotates with the Earth without any s lip. 

The entry t raj ectory can be varied by varying (1) the duration of t he r etro-rocket burn at the orbit 
(the amount of fue l required for this purpose would be very smal l, and s o its mass is ignored, (2) the 
lif t coe ff icient (i.e., flap angle) , (3) the i nitial angle of a ttack , (4) t he final angle of attack, 
(5 ) the altitude at which the angle of at t ack 
be gins to decrease , and (6) t he rate at which 
t he angle of a tt ack is changed. In the pres
ent wor k , these variable parameters were 
changed over a wide range in order to generate 
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a fami l y of possible entry trajectories that 
s ati s fies the condition of maximum al l owed 
decelerat ion of 1. 4 g . The calcula tion requires 
a s t rai gh tforward numerical integration of the 
Newtonian equa tions of motion in two dimens ions. 
Earth was a s s umed t o be a perfect s phere, and 
the atmospheric data o f the U.S. Standa rd 
Atmo sphere (Ref. 31) were used for the calcu
lation . Figure 7 shows the profiles of such 
f light t r a ject ories. As indicated, the trajec
tor i es are produc ed by varying retro-6V, that 
is, the ve l ocity decrement a chieved by firing 
the retro-rockets, between -0.105 and 
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Fig . 7 . Possib l e entry traj ector ies. 
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7.5 88 and 7 .583 krn/s- 1
, and entry angles of -0.896 ° and - 1. 103°, respec tively ~ Of these, three typical 

trajectories were selected for computation of the NOx produc t i on rate. Ac cord ing t o t he distance 
r equired for the reentry flight to end, they are referred to her e as " sha l l ow," "nominal, '' and " steep" 
t r a jectories, as shown. The Mercator projection of the entry t ra j ec tor ies is shown in Fig. 8. 

The rate of NOx production along these trajectories was ca lculated by the method of Pa r k (Re f. 32). In 
brief , the method as sumes that the amounts of NOx produced by a s pacecraf t are the s ame as t hat produced 
by a circul ar cone having the same overall chord length, overall surface area, and ang l e of attack. 
Such a me thod i s s hown in Ref. 32 to yield approximately the same amount of NOx as a real spacecraft 
wi th a b lunt nose, at least up to the point where s uch an "exact" calcula t ion was possible. The com
put e r code used by Park (Ref. 32 ) was run in the present s tudy. The code ca l culates the t hermodynamic 
variab les simultaneously with the chemical rate equations t o comput e t he concentrations of N and NO in 
t he flow around a given cone. The computation is carried out unt i l t he fl ow leaves t he trai ling edge 
of the s pacecraf t . Then the as s umption is made that the NO molecules are chemica lly frozen, but that 
a ll N a t oms convert t o NO in the wake. This assumption slightly overestimates t he t o t al NOx concentra
t ion i n the wake because it i gnores the mu t ual destruction process N + NO + N2 + O. But such error 
would be smal l because ( 1) the tot a l concentra t i on of N is quite small, and (2) there are far more 02 
than NO molecu l es in the wake for N atoms to react with. 

The ca l culation yie lds the number of NOx molecules deposit ed a l ong t he wake per unit length of the wake 
f or each ent r y f light . By integrating the number of the molecules along the tra j ecto r y, one obtains 
the integrated (regionally or globally) number of NOx molecules produced. The overa l l ef f i ciency of 
NOx formation is calculated from the relation 

total chemi cal .energy of NOx pr oduced 
n 

(29) initial kinetic energy of HLLV 

total number of NOx molecule s produced x s 

(l/2)M V/ 
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where E is the forma tion energy of one NO 
molecule, £ = 1.515 x 10-12 erg, (0.95 eV), M 
is the mass of HLLV, and vi· i s the entr y 
velocity . To be consistent with the two
dimensional atmospheric model adopted i n the 
present work, the global atmosphere was pa r ti
tioned by the latitude increment of 5° and a l t i
tude increment of 2.5 km. Figure 9 shows t he 
distribution of NOx by altitude. The total 
amounts of NOx produced per flight, in terms of 
mass equivalent of NO, and the effic i ency of con
version of the initial kinetic energy i nto NO 
are: 

Trajectory Mass of NOx, tonnes Eff i ciency , 

Shallow 53 .0 0.0124 
Nominal 65.5 0.0153 
Steep 71.2 0.0167 

The efficiency values obtained here are nearly 
equal to those for the Space Shuttle Orbite r 
(Ref. 32) and for large meteoroids (Ref . 33). 

Figure 10 shows the production of NO molecules 
cm- 3 as a function of alti t ude and lat i tude for 
the nominal entry case (45° angle of attack). 
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Fig. 10. Production of NO as a function of altitude 
and latitude for the nominal entry case (45° angle 
of attack). 
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5. A MODEL OF THE LOWER IONOSPHERE 

To as sess the effect of compositional changes (i.e., in H20 and NO) due to HLLV's on the structure of 
the lower ionosphere, it is necessary to construct a model that includes the appropriate ion chemistry. 
The model used here considers a total of 24 charged species (i.e., o+, ot, NO+, Nt. ot·H20, H30+•0H, 
H+•H20, H+o(H20)2, H+•(H20)3, H+•(H20h, N0+·02, NO+·N2, NO+•H20, NO+•(H20h, NO+o(H2 0) 3,'0-, 02,-03, o-;; , 
C03, CO~, NOz, N03, N03·H20, and electrons) in a given specified background neutral a tmosphere consisting 
of N2 , 0, 0 2, 0 3 , 0 2 ( 1 6g), NO, N0 2 , and H20. The concentrations of minor species were taken f rom the 
1-D photochemical model (see Sec - 2.1), except that the NO concentrations between 70 and 80 km were set 
equal to 107 cm- 3 as recommended by Mitra (Ref. 34) and based on available theoretical resul ts and 
observed ionospheric data. The basic principles used in constructing lower ionospheric models we r e 
described in several standard texts and monographs (e.g., Refs. 34-37). . 

Solar Lyman-a and x-rays and galactic cosmic rays constitute the sources of primary Nt, ot, O+, and NO+ 
ions and electrons. The primary ions initiate the ion-molecule reactions listed in Table 4; eventually, 
t he positive ions are neutralized by electrons and negative ions. Negative ions are formed by electron 
attachment to neutral species (mainly 0 2 and 0 3). Attachment initiates a number of n€gative ion reaction 
sequences (also listed in Table 4); again neutralization is the ultimate sink for negative charge . Clus 
tering of positive ions to neutral species such as N2, 02, C02, and to H20 in particular, is an extremely 
important process in the D-re~ion because it is responsible for the conversion of the primary ions oT 
and NO+ into hydronium ions H •(H20)n. Accordingly, all known important clustering processes were 
inc luded in the model. The high air density of the D-region insures that ion-molecule reactions will 
occur rapidly. In addition, the recombination of positive and negative charge occurs in the time scale 
of - 1 hr. Consequently, the charged species were assumed to be in a local steady-state condition, and 
their equilibrium number densities were obtained by solving the set of coupled chemical kinetic equations 

(30) 

where Pi and Li are the production and loss rates of the ith ion. The equations are coupled because 
the production of the ith ion generally involves many other ions, as is evident from Table 4. Simi
larly, the loss of the ith ion involves not only reaction with neutrals but also charge recombination 
processes. 

Table 4. Ion Reaction Rate Coefficients 
Rate Coefficient = ATS exp(-a/T)a 

Reaction Ab 

o+ + N2 + No+ + N 
o+ + 02 + ot + o 
Nt + 0 + NO-r- + N N! + 02 + ot + N2 
N2 + 02 + NO+ + NO 

o! +NO + No+ ++02 
Oi + 02 + ~ + 04 + M 
oi + o + 02 + o3 

O+ + H20 + 02•H20 + 02 
02•H20 + H20 + H30+•0H + 02 

ot·H20 + H20 + H+·H20 + products 
+ + H+O ·OH+ H20 + H ·(H20)2 +OH 

H ·H20 + H20 + M + H+·(H20)2 + M 
H:·(H20)2 + M + H+•(H20i + H20 + M 
H •(H20)2 + H20 + M + H •(H20)3 + M 

H+·(H20)3 + M + H+·(H20)2 + H20 + M 
H+·(H20)3 + H20 + M + H+•(H20)4 + M 
H+·(H20)4 + M + H+•(H20)a + H20 + M 
No++ H20 + M + NO+•H20 + M 
NO+•R20 + H20 + M + NO+ •(H20) + M 

NO+•(H20)2 + M + NO+•H20 + H20 + M 
NO+·(H20)2 + H20 + M + NO+•(H20)3 + M 
NO+•(H20)3 + M + NO+~(H20)2 + H20 + M 
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3.6 (-10) 
3.4 (-10) 
1.4 (-10) 
6.4 (-7) 
1.0 (-17) 

6.3 (-10) 
2.0 (-30) 
3.0 (- 10) 
2.0 (-9) 
9.0 (-10) 

3.0 (-10) 
3 .0 (-9) 
2.75(-17) 
9.6 (11) 
1.86(-17) 

1.95(11) 
1. 94 (-17) 
l. 36 (11 ) 
7 .9 (-17) 
4.4 (-16) 

1.0 (-14) 
4.4 (-16) 
l. 9 (-12) 

a 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

17100 
0 

11000 
0 

8360 
0 
0 

0 
0 
0 

s 
-1.0 
-0.48 

0 
-1.67 

0 

0 
0 
0 
0 
0 

0 
0 

-4 
-5 
-4 

-5 
-4 
-5 
-4.7 
-4.7 

0 
-4. 7 

0 



Table 4. Conc luded 

.Reaction 

NO+·(H2 0) 3 + H20 + H+• (H20 )3 + HN0 2 
NO+ + C0 2 + M + NO+•C0 2 + M 

No+ · C0 2 + M + No+ + C02 + M 
NO+ · C0 2 + H20 + NO+•H20 + C02 
NO+ + N2 + M + NO+• N2 + M 
NO+• N2 + M + NO++ N2 + M 
NO+•N2 + C02 + NO+•C02 + N2 

NO+• N2 + H20 + NO+•H20 + N2 
0 3 + e -+ o- + 02 
o- + 0 3 + 03 + 0 
o- + 0 2 + 0 2 + 03 + 02 
02 + e + N2 + 02 + N2 

0 2 + e + 02 + 02 + 02 
02 + 0 + 0 3 + e 
02 + o~ + 02 + 0 2 + e 
02 + 0 3 + 03 + 02 
02 + 02 + M + 04 + M 

02 + C02 + 0 2 + C04 + 02 
03 + 0 + 02 + 02 
03 + C02 + C03 + 02 
C03 + 0 + 02 + C0 2 
C03 + NO + N02 + C0 2 

C03 + N0 2 -+ N03 + C02 
N02 + 03 -+ N03 + 0 2 
04 + NO + N03 + 02 
04 + C02 + C04 + 0 2 
C04 + NO + N03 + C02 

C04 + 0 + C03 + 0 2 
N03 + H20 + 02 -r N03 •H20 + 0 2 
N! + e + prqducts 
0 2 + e + products 
NO+ + e -+ products 

XY+ + e + produc tsC 

x+ + y- + product sd 

w- + hv + products + e 

aT denotes atmospheric t emperature . 

7.0 (-11) 
1.89(-22) 

3. 1 (4) 
1 .0 ( -9 ) 
2.0 (-31 ) 
1. 5 (6) 
1. 0 (-9) 

1. 0 (-9) 
1. 0 (-1 2) 
7 .0 (-10) 
1.0 (-30) 
1.0 (-31 ) 

1.8 (-30) 
3. 3 (-10) 
2.0 (-10) 
3.0 (-10) 
1. 0 (-30) 

2.0 (-29) 
1. 4 (-10) 
4.0 (-10 ) 
8.0 (-11) 
9.0 (-12) 

8.0 (-11 ) 
1.8 (-11 ) 
2.5 (-10) 
4.3 (-10) 
4. 8 (-11) 

1.5 (-10) 
7.5 (-29) 
2. 9 (-7 ) 
2.0 (-7) 
4.0 (-7) 

1.0 (-5) 

1.0 (-7) 

0. 2 

a 

0 
0 

4590 
0 
0 

2450 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 

0 

0 

0 
-3 

-4 
0 

-4 .4 
-5. 4 

0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

-1 
-1 

0 

0 

0 

bin units of sec- 1 for unimolecular reactions, cm3 s ec- 1 

for bimolecular reac tions; and cm 6 sec- 1 fo r thermolecular 
reactions. 

cAll other dissociative recombination processes. 

dAll ion-ion recombinat i on proces s es . 

A fast st i ff dif fer ential equation s olver, due to Gea r (Ref . 38) was us ed to obtain the solut i ons of 
e quat ions (30). The production and los s mechanisms of each species were determined automatically by t he 
computer code by s canning t he library of chemical reac t ions used in the model. De t a i l s of t hi s compu t a
t ional scheme ar e des cribed by Prasad and Huntres s (Ref. 39) in the context of t heir mode l of i n t erstel
lar chemistr y, i n whi ch 137 species and more than 1,400 chemical r eactions are i nvol ved . 

Table 5 presents the values of the electron number density ne, and the r at io of the c oncen trat ion of 
ne gative i ons to the concentration of electrons, \ , at various a l t itudes , with ambi ent abundances of 
wa t er vapor and n i tric oxide computed with the photochemica l mode l s. The data in Table 5 simula te 
globa l ly aver aged da ytime equilibrium conditions. Our quiescent values of ne and A ar e consistent with 
ob se rvat i ons and with the results from other models as de scribed in the prev ious ly r eferenced t exts and 
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monographs. This demons trates the adequacy 
of the model for the present assessment where 
only possible changes in the ionosphere due to 
alterations in the neutral atmosphere caused 
by HLLV operations are sought . 

6. THE ACCUMULATION AND DISPERSION OF 
ROCKET EXHAUST CONTAMINANTS 

The models described above have been used to 
simulate the accumulation and dispersion of 
the substances deposited during HLLV launch 
(water vapor, nitric oxide, carbon dioxide, 
carbon monoxide, su lfur dioxide) and created 
during reentry (nitric oxide) . In order to 
simulate the long-term effects, the 1-D and 
2-D photochemical models were run for 
10 years of continuous HLLV operations at 
the rate of 4000 launches per year with the 

Table 5 . 

Altitude, 
km 

100 
90 
85 
80 
75 
70 
65 
60 

Simula t ed 

[H20], 
cm- 3 

1.3 (7)c 
1. 3 (8) 
4. 1 (8) 
1. 3 (9) 
3 .0 (9) 
7. 3 (9) 
1.5(10) 
3.0(10) 

Unperturbed Dayt ime 
a ged I onosphere 

[NO], 
cm- 3 

1.0 
4.8 
1.5 
1.0 
1. 0 
1.0 
9.6 
6.5 

(8) 
(7) 
(7) 
(7) 
( 7) 
(7) 
(6) 
(7) 

[eL 
cm- 3 

4. 5 
7. 5 
4 .1 
8.0 
6.1 
1. 7 
2.9 
7.6 

(4 ) 
(3) 
( 3) 
(2) 
( 2) 
( 2) 
(1 ) 
(0) 

Gl oba lly 

[X- ] ,a 
cm- 3 

1.6 
4 . 7 
3.6 
1. 0 
7 .1 
9. 8 
1. 2 
2.0 

(0) 
( 0 ) 
(0) 
(1 ) 
(1 ) 
( 1 ) 
(2) 
(2) 

a[X- ) = concentration of all nega tive i ons. 

b>.. = [X-] I [e] . 

Aver-

"Ab 

3.6(-5) 
6.3(-4) 
8.6(-4) 
1.3(-2) 
1.2(-1) 
5.8(-1) 
4.2 (0) 
2.6 (1) 

injectants averaged over different horizontal ex tents (Nor t hern Hemisphere, the globe, e t c.). The 1-D 
model simulations appeared to have reached a steady state. The 2-D model simulation s had closely 
approached a steady state in the mesosphere, but ha d not quite attained steady sta te in the s t r a tosphere. 
The 1-D model directly simulated water vapor deposition at all alt itudes up to 120 km . Wa ter vapor 
deposition at higher altitudes was simulated by inserting it into the model at 120 km a lti tude fr om where 
it could be transported downward or converted photochemically to H2 and flow upward as wel l as downward. 
The H2 could escape as discussed below . In the 2-D model, which did not contain H2 , all water depo sited 
above 90 km altitude was assumed to be injected a t 90 lan; the upper boundary condition was const ruc ted 
such that water vapor could move across the boundary seeking equil i brium of high-a ltitude wa t er vapor 
(i.e. , above 90 km) with the water vapor below. The short-term effects are trea t ed with the p l ume (dis
persion) model discussed in Sec. 2. In the present section we discuss the widesprea d accumu l ation of 
injectants under quasi-steady-state conditions and the dispersion of the water vapo r con t rails and 
reentry nitric oxide plumes for single events . 

6.1 Water Vapor 

The predicted increases in the water vapor abun
dance obtained with the 1-D and 2-D photochemi
cal models for 10 years of HLLV operations are 
shown in Fig. 11. It is apparent f rom the 
results of the 2-D model that no signifi cant 
' 'corridor effect" (enhanced accumulation in 
the vicinity of the launch latitude) is likely 
at altitudes below 70 km. At an altitude of 
85 lan (the highest a ltitude at which the 2-D 
model yields reliable result s ) the computed cor
rodor enhancement is only -15%, which suggests 
that corridor effects are probably negligible 
at middle atmospheric levels. Thus the changes 
in air composition caused by HLLV water vapor 
deposition can be adequately simulated with 1-D 
photochemical models. The globally avera ged 
increase in H2 0 obtained with the 1-D model is 
shown by the broken curve in Fig. 11. I n the 
stratosphere (i.e., at altitudes below 50 km) 
the two models predict nearly the same increase 
in water vapor. However, between 50 and 75 km 
(lower mesosphere), the increase obtained with 
the 2-D model is about double that obtained 
with the 1-D model . The difference is a conse
quence of the difference in vertical transport 
rates and the fact that the 2-D model does not 
simulate conversion of water vapor to H2 ; 

the vertical neddy diffusion" coefficient in 

PERCENT INCREASE OF H20 AT 30° N 
5 10 15 

E 70 
.::t. 
w· 
Cl 60 ::> 
!::: 
I-
-' 50 <( 

40 

30 
107 108 109 10 10 10 11 

D. CONC ENTRATION,cm- 3 

Fig. 11. Computed abs olu t e increase in t he water 
vapor concentra t i on a ft e r 10 yr of l aunches of HLLV 
at a rate of 400 yr- 1 . The s ol id l i nes represent the 
results from the 2-D model and t he broken line the 
globally averaged comput ed incr ease f rom the 1- D 
model. 
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the 2-D mode l is somewhat smaller than that in the 1-D model. On the other hand, the actual value is 
uncertain and our results give an indication of the effects of this parameter on the H2 0 prediction. 

Many meteorologists believe that the influx of water vapor to the stratosphere is controlled by the low
t emperature "cold trap" of the tropical tropopause (Refs. 14, 40, 41). The mechanisms that remove water 
vapor from the stratosphere are still unknown, but are probably dominated by subsidence at mid-latitudes 
and hi gh latitudes. We have made s uch an assumption in our model calculations. Another loss mechanfsm 
for water vapor i s photochemical conversion to relatively inert molecular hydrogen in the mesosphere, 
mainly through the reaction sequence. 

(31) 

OH + 03 + H02 + 02 (32) 

H + 02 + M + H02 + M (33) 

(34) 

Some of the H2 diffuses to the troposphere, and some is dissociated at high altitude, contributing to 
the hydrogen escape flux to space (for discussion of the escape mechanisms, see Ref. 42). According 
to recent measurements the hydrogen escape rate is - 10 8 H atoms cm- 2 sec- 1 (Ref. 43). An escape flux of 
this magnitude was imposed as an upper boundary condition on the hydrogen in our 1-D model . 

Molecular hydrogen may also be converted back into water vapor by reactions such as 

(35) 

(36) 

However, in the mesosphere, H2 is produced at the expense of H20, and diffuses into the stratosphere and 
eventually the troposphere. 

The effect of the deposition of water vapor and hydrogen at high altitudes (up to 120 km) is a substan
tial thermospheric buildup of molecular and atomic hydrogen. The H2 dominates below -120 km and the H 
above 120 km (e.g., see Refs. 43, 44). The computed increase in total hydrogen above 100 km (globally 
averaged) i s one of about a factor of 2 (i.e., a doubling of thermospheric Hand H2 ). The implication of 
such a large increase in thermospheric hydrogen worldwide are beyond the scope of the present study, but 
mus t be boldly underscored. It has been suggested to the authors by B. M. McCormac 2 that the population 
of ring current protons in the magnetosphere could be substantially altered by charge exchange. We men
tion her e that because combustion is not stoichiometric, hydrogen is deposited along with water vapor in 
a volumetric ratio of 0.3. The 1-D model takes account of H2 photochemistry, but the 2-D model does not . 

Because the short-term local dispersion of water vapor rocket emissions is associated principally with 
the production of "contrails" (small ice particles), we defer discussion of this problem to Sec. 8. 

6.2 Nitric Oxide 

Nitric oxide deposited in the stratosphere during the launch phase of the HLLV leads to an increase in 
the global NO abundance of less than 1% over ambient concentrations for 400 launches per year. 

Mes ospheric nitric oxide is not normally produced there. Rather, i t is produced by photochemical pro
cesses in the stratosphere and the thermosphere and then transported upward or downward, respectively. 
The stratospheric source results from the reaction of 0( 1D) with nitrous oxide, and thermospheric nitric 
oxide i s produced through the dissociation of N2 , mainly via ionic processes. 

However, NO created in the mesosphere and lower thermosphere during HLLV reentry can lead to substantial 
increases in its upper atmospheric abundance. The relative magnitude of the increase depends on the 
background NO concentrations which are quite uncertain . Figure 12 shows the predicted absolute increases 
in NO concentrations caused by 10 years of HLLV l aunches at the rate of 400 per year and reentry on the 
nom i nal trajectory . These represent less than 20% increases in NO at all heights. 

~ Lockheed Palo Alto Research Laboratory, 1980. 
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The " corridor" effect for NO is much more pro
nounced than was the case for water vapor . 
Nitric oxide has a rather short lifetime in the 
mesosphere , about 4 days at an altitude of 
70 km and even shorter at higher altitudes. This 
is a consequence of rapid photolysis by solar 
ul t raviole t radiation (refs . 7, 45), 

NO + hv ~ N + 0 , (37) 

followed by the odd-nitrogen destruction reac
t ion , 

N + NO ~ N2 + 0 (38 ) 

Of course , reaction (37) must compete with the 
NO recycling reaction 

N + 02 ~ NO + 0 , (39) 

which inhibits NO loss; the rates of reac
tions (38) and (39) are compar able at the 70-km 
al t itude. 

The NO lifetime can therefore be expressed as 

80 

E 70 
..::I. 

w' 
0 
:::> 
I
;:: 
.....I 

<{ 60 
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(40° ZONE ) 

so---~~.._~...__.__.__._ ................ ~~__.--~ .......... ~.._~~~--~-
105 106 107 

.1.NO, cm-3 

Fig. 12 . Computed increase in mesospher i c nit r i c 
oxide after 10 yr o f HLLV r eentrie s . 

t ::: k3e(NO] + k39[02] 
NO 2J37k38 [NO] 

(40 ) 

In equation (40) , k denotes a r ate coeffici ent and J a photolysis r at e ; values o f t he r eact i on coeffi
cients were taken from Ref. 6 and photolysis rates from Ref . 7. Since the concentrati on of 0 2 dec r eases 
rapidly with ascending altitude, the lifetime also decreases, reaching an a symp totic va l ue o f - 2 days at 
90 km . One can account for the relatively strong enhancement of NO in the region of rocke t r een t r y by 
noting that the NO is likely to be destroyed by the sequence of reactions (37) and (38) befor e i t can be 
transported meriodiooally over a significant distance . For the transport pa ramet er values used in the 
2-D model, the mean distance through which material is transported meridionally in 4 days i s on l y 
- 400 km . 

The mesospheric source of nitric oxide includes photochemical reactions which dissocia te N2 , bo t h EUV 
and X-rays (Ref. 46) as well as solar protons, meteorites (Ref . 33 ) , etc . The 1- D mode l includes such 
sources of NO as well as a flux from above 120 km of - 10 8 molecules cm 2 sec- 1 • 

The NO predictions from the 1-D and 2-D models are in rough qualitative agreement, but dif fe r in detail s . 
Because i t i s not possible t o s imulate the reentry trajectory in the 1-D model, substantia l dif fe r ences 
between the results from the two models are expected . Nitric oxide also coo l s the thermosphere i n the 
5.3-µm emission band (Ref . 47), but the amount of NO produced above 120 km by HLLV r eentry i s very small, 
and this effect is expected to be negligible. 

We have also simulated the dispers ion of an NO reentry trail with the aid of the plume mode l d i sc uss e d 
in Sec. 2. Figure 13 illustrates t he d'spersal of NO at points a long the r eentry f light path where NO i s 
generated in large quantities (see Figs . 7, 9) . The horizontal eddy diffusivity employed for t he calcu
lations was 10 8 cm2 sec- 1

; actually, K is scale-dependent and hence i s time-dependen t (Re f . 48) , its 
effective value increasing with time. For periods of less than 1 day, K ::: 10 8 cm2 s ec- 1 i s a r eason
able value, but it increases rapidly t hereafter, with the result that t he trai l unde r goes r api d dispe r sa l 
to concentrations approaching ambient values. The effect of such large NO enhancements on ionospher i c 
structure will be discussed later . 

6. 3 Carbon Dioxide and Carbon Monoxide 

The firs t stage of the HLLV burns methane fuel and carbon dioxide is a princ ipal pr oduc t of combust i on . 
Since the methane molecule contains carbon and hydrogen atoms in the ratio of 1 to 4, a s sumi n g stoi ch i o
metric combustion one expects the volume rate of C0 2 emission to be one half that of water vapor a t 
altitudes below 56 km. Actually, according to Ref . 1 , the combustion is not stoichiometric ; t he C0 2 
volume emission rate is about 0.4 that of water vapor and that for CO is about 0. 3 tha t for wa t e r 
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Fi g . 13. Ni t ric oxide concentrations in a dispers
ing trail f ormed during the reentry of an HLLV. The 
plume model describe d in the text was us ed . The 
horizontal dif fusion coe f f i cient is 10 8 cm2 sec- 1
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Three sec t i ons of the plume along the reentry tra
jecto r y are s hown. The ambient 1-D mode l nitric 
oxide profi l e is also gi ven. 
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Fig. 14. Computed increase in the mixing rat io of 
carbon dioxi de after 10 years of HLLV launches at 
a rat e o f 400 per year. 

(Ref. 1) . Although C0 2 depos ition ceases at an 
altitude of 56 km, it i s e f f ectively mixed upward 
from t hat height because its only s ink, diffusion 
t o the troposphere, is a s low process. As a 
result, the ab solute i ncr ease in the C0 2 content 
should rough l y approximate one ha l f that fo r w~ter 
vapor . Figure 14 shows the computed change in the 
mixing r a tio of C0 2 for seve ral alt i tud es. The 
inc r ease in the mixing ratio of C02 at an altitude 
of 50 lan therefore ranges f r om about 3 x 10- 3 ppmv 
to abou t 7 x 10- 3 ppmv, which should be compared 
with the mixing ratio in the ambient atmosphere 
of -300 ppmv. The fractional change is only about 
1 to 2 par t s in 10 5

, which seems t o be much too 
small to caus e a significant increase in the 
stratospheric-mesospheric cooling rate. If all o f 
the cool i ng in this region were due to emission of 
infrared radiation by C0 2 , a ve ry rough estimate 
of the r e sult ing temperature change is - 10- 3 K or 
less. The hea t ing-cooling models described in 
Sec . 2 . 1 were used to c onfirm this estimate . 

Carbon monoxide emitted by HLLV' s cannot accumu
late like ·co 2 because CO is rapidly oxidized t o 
C02. Af terburning in t he rocket plume should 
convert most of the emi t ted CO into C0 2. 3 Other
wise, the CO will mix into the. atmosphere and be 
oxidized principally by reacting with OH, 

CO + OH ~ C02 + H , (41) 

with a rate coefficient -1 x 10-13 cm 3 sec- 1 , 

corresponding to an up per atmospheric lifetime of 
Teo ~ 3 months. Reactions of CO with 0 2 , 0 3 , 
H02, e tc. , are extremely s l ow and can be ignored. 
Inasmuch as stra tospheric OH concentrations are 
- 1 x 10 7 molecule s cm- 3 (Ref . 13), the lifetime 
of injected CO could be as short as 2 weeks, 
assuming OH levels are not greatly perturbed . CO 
concentrat ion increases would have to exceed 
10 1 0 molecules cm- 3 to af f ect OH concentrations 
(background amounts of CO in the stratosphere 
vary f rom -2 x 10 1 0 molecules cm- 3 near 20 lan to 
- 1 x 10 9 mo l ecules cm- 3 near 40 lan based on 
recen t mode l calculations) . Thus, if s ignificant 
amounts of CO remained in the rocket plume, the 
OH abundance near the pl ume could be reduced by 
reaction (41). However, OH would also be influ
enced by t he large quantity of water contained in 
the plume, which migh t compensa te the CO effect. 

In t he near-wake of the rocket, and in t he launch 
corridor, CO buildups might be larger. High con
c entrations o f emitted CO could reduce OR levels , 

l engthening the residence time of CO in t he exhaust plume. However, the plume would be rapidly diluted 
with ambient air as it disperses , allowing the OH reaction cycle to begin depleting CO quite efficiently , 
per haps at a r ate approaching (or, locally, exc2ed i n g) t he globa l oxida t ion r a te(s ) estimated above. In 
add i tion , be cause actual CO emi ssions are probably much lower than the upper-limi t values just consid
er ed, CO ~erturbations by SPS rockets will very likely be negli gible. Calcula tion with the 1-D model 
for the globally averaged cas e indicates that the CO abundance would be increased by less than 10%, which 
would have a negligible effect on the distributions of other constituents. 

3 Based on calculations supplied by K. L. Brubaker , Argonne National Laboratory. 
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6. 4 Sul fur Dioxide 

It has been estimated 4 t hat the first-stage fuel of the HLLV cou l d c ontain 0. 05% sulfur by mass. The 
year ly depo s ition of sulfur dioxide in the stratosphere i s there f or e es t ima t ed to be no t more than 
- 200 tonnes yr- 1 , as compared wit h an estima ted - 2 x 10 5 tonnes yr- 1 of 80 2 pr oduced in the stratosphere 
f rom COS of tropospheric origin (Ref. 49). Based on the work r eported i n Ref. 49 , we estimate tha t the 
r e s ulting fractional increase in the mass concentra t ion of the s t ratospheric ae r osol layer would be 
negligible and not affect Earth's albedo and mean surface t emperature. 

7. PERTURBATIONS TO ODD-OXYGEN AND ODD-HYDROGEN 

The computed accumulations of excess water vapor and nitric oxide lead t o predicted change s in the dis
tribution of odd-oxygen and odd-hydrogen (HOx) species. The odd-hydrogen concentrat i on is enhanced 
ma inly through the reactions 

(42) 

(31) 

where water vapor photolysis occur s at high altitudes (above 70 km). 

The odd-hydrogen generated i s distributed among 
several species including H, OH, H0 2 , and, a t low 
alt itudes , R202 and HN03 . Our c omputa tions show 
t hat the increase s in HOx ab undances are signifi
cant only in the mesosphere and the rmosphere; in 
the stratosphere , fractiona l OH and H0 2 increase 
only about 0.5% at 50 km, and decrease wi t h 
descending altitude. Of c ourse such strato
spheric per t urbations will influence the ozone 
co lumn dens ity s omewhat, as is discussed below. 
Figure 15 shows computed absolute i ncrea se s in 
HOx species c oncentrations. The calculat ions 
were carried out with the 1-D mode l fo r global l y 
averaged conditions, which are approxi mate 
according to t he 2-D results in Fig. 11 , indi
cating no s t rong corridor e ffect. Al though the 
res ults for OH and H0 2 from the 1-D and 2- D 
model a gree quite we ll up t o 60 km, they dive rge 
at highe r altitudes. The predict ions ma de with 
the 1-D model are probably mo re reliable because 
the chemica l scheme used was more compl e te than 
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Fig. 15. Predicted absolute changes in H, OH, and 
H0 2 concentrations due to water vapor emissions by 
HLLV' s . The result s correspond to 10 yr of emissions 
for 400 l aunches yr - 1
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t he scheme used in the 2-D model, H2 was i ncluded in t he 1-D mode l , and t he technique fo r simulating 
water vapor deposition above 90 km more rea l ist ic. At a l t itudes above 80 to 85 km , the 2-D model pre
dictions are not expected to be re liable i n any case because of pr oximity to the upper boundary. 

I n the region near the mesopause, excess injected atomic hydrogen may i nfluence the thermal balance. 
The chemiluminescent reaction wi t h ozone , 

H + 0 3 -+ OH* + 0 2 , (4 3) 

would enhance hydroxyl (Meinel) vibrational band emiss i on and coo l the atmos phere. More important l y, 
hydrogen cata lyzes odd-oxygen recombination t hrough reaction (43) f o llowed by 

OH + 0 -+ H + 02 (44) 

The net react i on cycle releases as hea t the chemical energy stor ed i n a t omic oxygen, provid i ng an addi
t i onal local heating s ource. We have not been able to quantitat ive l y a ssess the i mpor tance of t his heat 
s ource because of complications involving turbu l ent heat transport. 

4 By K. L. Brubaker, Ar gonne National Laboratory, 1980. 
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I n t h e mesosphere and upper stratosphere , odd-oxygen species, 0 3 , 0( 3P), and 0( 1D), are strongly influ
enced by t he catalytic reaction sequences (43) and (44), in addition to the Chapman oxygen reac t ions . 
Other important catalytic cycles are 

H + 02 + M + H02 + M (33) 

OH + 0 + H + 02 (44) 

H02 + 0 + OH + 02 (45) 

net : 0 + 0 + 02 

and 

OH + 03 + H0 2 + 02 (32) 

H02 + 0 + OH + 02 (45) 

net: 0 + 03 + 202 . 

The str a t os phere i s more complex than the mesosphere, but several key odd-oxygen reaction cycles have 
been ident if i ed : 

(32) 

(46) 

and 

(47) 

N0 2 + 0 + NO + 02 (48) 

net: 0 + 0 3 + 20 2 • 

Interes tingly, nitric oxide deposited in the lower stratos phere may l ead to ozone increases (Ref. 50) 
through the decomposition of peroxy compounds, e.g., 

NO + H0 2 + N0 2 + OH (49) 

(SO) 

N0 2 + hv + NO + 0 (51) 

The c r itical reaction (49), also interferes with the odd-oxygen destructive cycles (32) and (45), and 
(32 ) and (4 6) . 

We have computed ozone column changes due to water vapor and n i tric oxide inj e ction by HLLV launch and 
reentry oper ations. The computed globally averaged ozone reductions due to water vapor deposition 
(400 launches yr- 1

) are about 0.01%, with no ap~arent corridor ef fect. This i s less than one tenth the 
oz one reduc tion computed for the Space Shuttle. Simila r calculations have been made for nitric oxide 
depos it i on during a tmospheric reentry. On the other hand, the predicted increase in ozone obtained with 
the 1- D mode l is only -0 . 01% . We attribute the difference between the two results mainly to dif f erences 
i n t he simulation of transport ; the 2-D model s imulates horizonta l transport, whe reas the 1-D model does 
no t . Of l esser i mpo rtance are differences in mean sun angle (the 1-D model uses a mean solar zenith 
angle which is time invariant, while in the 2-D model, the solar zenith angle is latitude- and time
i ndependent) and to di f ferences in lower boundary conditions. In the 2-D mode l, NO is transported 

5R. C. Whi tten, unpublished computations . 
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downward into the stratosphere and then stored below altitudes where i t is photodissoc i a ted. Because of 
reaction (49) an ozone inc rease is predicted, about 0.02% globally averaged, using the 2- D model. The 
computed latitude dependence of the column increase is shown in Fi g. 16a for t wo seasons. It should be 
noted that such increases are highly uncertain, 
and it may be just as likely that small ozone 
decreases would occur for NO injection in the 
lower stratosphere (Ref. 51). Figure 16b shows 
predicted changes in ozone concentration as a 
function of altitude. 

Figure 17 shows the computed changes in the 
ozone and atomic oxygen concentrations above 
40 km. There is reasonably good agreement 
between the globally averaged 1-D model results 
and the 2-D model results. The predicted changes 
in mesospheric odd oxygen species do not seem to 
be especially significant, except perhaps with 
respect to chemical heating near the mesopause; 
reductions in 0( 3P) at the mesopause may lead to 
slightly lower mesospheric t emperatures , but the 
magnitude of the cooling, although difficult to 
estimate, is probab l y small (recall that the 
0 concentration is smaller because the H concen-· 
tration is larger, so that the overall rate of 
the exothermic reaction cycle (43) and (44) is 
not altered as significantly). 

8. ROCKET CONTRAILS AND NOCTILUCENT CLOUDS 

Meinel et al. (Ref. 52) reported seeing meso
spheric clouds to the west of Tucson, Arizona, 
on several evenings in 1963. The sightings were 
unusual in that natural NLC's are never observed 
at such low latitudes. Meinel et al. correlated 
the events with rocket launches in southern Cali
f ornia, and attributed the clouds to water vapor 
and particulates deposited near the mesopause by 
rocket engines . They likened the clouds to NLC. 

Benech and Dessens (Ref . 53) also observed arti 
f icial noctilucent clouds (ANLC) on two evenings 
when test rockets were being accelerated through 
the upper mesosphere. · on the second occasion, 
careful observations were made of the evolution 
of the cloud, which was v isible against the 
darkening twilight sky for more than 30 min. 
Initially, a bright exhaust trail appeared, but 
this quickly dissipated except for a short seg
ment (-10 km in length) near the mesopause height. 
The segment elongated over a 50-lan horizontal 
distan~e and eventually became distorted. 

Benech and Dessens state that the rocket deposited 
260 g H20, 520 g HCl, and 1,600 g Al 20 3 along 
the 10-km segment of the trail that was persis
tent. It is interesting to note that 1 kg of 
H20 can be dispersed into 0.1 µmice spheres to 
produce a 30 lan2 cloud with a vertical optical 
thickness of about 10- 4 ; that is, a small nocti
lucent cloud. The 1,600 g of Al 203 alone would 
not be sufficient to form a visible cloud, 
because the ejected particles are typically much 
smaller than 0. 1 µm., and are optically transparent 
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(Ref. 54). On the other hand, Al203 particles are 
excellent ice sublimation nuclei. The combinat i on 
of H20 and HCl could form a condensate of lower 
vapor pres sure than pure water. The supersatur~
tion r equired to nucleate 0.01 µm Al 203 particles 
would a lso be lower than that required to nucleate 
the 0.001-µm me teoric dus t normally found in the 
mesosphere . Benecb and Des s ens suggest in addi
tion, that after sunset , the Al203 particles may 
be cooler than the ambient air due to efficient 
radiative cooling; this woul d give Al203 a 
further advantage as an ice nucleating agent . 

Past observa t ions of mesospheric clouds associated 
with r ocke t l aunches, therefore , indicate that 
tenuous short-lived clouds are generated by solid
fueled rockets, which emi t copious quantities of 
sublimation nuclei. To our knowledge, mesospheric 
clouds have never been observed following any of 
the large Sa turn V l iquid fuel (H2-02 ) rocket 
launches f rom Cape Kennedy , Florida . The major 
exhaust constituent of those rockets is H20. 
Admittedly, launches f rom Cape Kennedy could pro
duce clouds far to the east of Fl orida where the 

preva i l ing winds could dissipate them before the first twilight. Yet, no reports of unusual night
luminous clouds , which might be expected with such lar ge water injections, have been uncovered. Accord
ingly,. t he re i s l ittle evidence l inking large injections of (pure) wa ter into the mesosphere with exten
sive persistent , optically-thick clouds. 

Based on the proj ected SPS water vapor increases reported in Sec. 5, we expect less than a factor of 
2 increa se in water va por between 8~ and 90 km over the Northern Hemis~here due to SPS rocketry . Hence, 
the like l y increase in the (average) noctilucent cloud opaci ty is <10- . We estimate a corresponding 
sur f ace t emperature change s0.01 K (Refs. 55, 56), which is negligible. 

The s outhern extent in latitude of noctilucent clouds , l i kewis e , should not be greatly affected by SPS 
rockets. No rma l ly, these clouds occur sporadically at latitudes as l ow as 45°. Theon et al . (Ref. 57) 
no ted t ha t NLC do not automatical ly occur whenever t he mesosphere is extremely cold . They proposed that 
ano ther fac tor, probably e i t her an enhanced water vapor concentration or a suitable condensation nucleus 
i s needed to fo rm NLC. Thus, the change in water vapor induced by SPS rockets might increase slightly 
the f r equency of NLC below 70°, without a measurable climatic ef f ect. Above 70° latitude, Donahue et al. 
(Ref. 58) detected (from the OG0-6 sa tel l i t e) a pe rs istent circumpolar cloud layer at 80 km in suanner. 
I nasmuch as mode l s of atmospheric circulation indicate substant ial upward convection of air at the summer 
poles (Ref. 59), the likely source of water fo r t he circumpolar clouds is the po lar upper stratosphere. 
In Sec . 6 it was f ound that SPS rockets wi l l not noticeably dis t urb the stratospheric water vapor reser
voir . Thus, rocke t H2 0 emissions should have an even smal ler effect on circumpolar clouds than on low
l at itude NLCs. 

Using the rocke t plume 1'expansion11 model outlined in Sec. 2. 3 and the nocti l ucent cloud microphysics 
model described in Table 2, a rough simulation of an HLLV launch pl\.lllle was made. We ignore the compl ex 
aerodynami ca l effects in the early development of the r ocket trail, and assume that after a short relax
ation time ( - 100 sec ) the trail has reached temperature and pressur e equilibrium with the ambient atmo
s phe r e and has a cross-sectional area of - 1 km 2 • At this time, the exhaust water vapor is uniformly 
dis tribut ed across the pl ume, which is centered on the vertica l axis of the 1-D NLC model. Of course, 
t he initial concentration of water vapor in the plwne i s not a llowed to exce ed the local air density. 
No rmal ly, con t rails are s een just behind rockets, so tha t our initial spreading time of -100 sec is 
s omewhat arti f icia l; on the ot her hand, the initial adiabatic expansion of the plume is very rapid and 
cooling and nuc l eation can occur earlier . 

In t he plume model, a burst of homogeneous water nucleation occurs, and, because of the high supersatura
t i on , these par ticles grow rapidly to sizes of -1 µm (radius). As a resu l t, the water vapor in the plume 
is cons umed, t he s upersaturation over the (presumed) frozen particles falls to - 0, and further nucleation 
and growth ceases. It is important to note that the vapor pressure over ice is significantly lower than 
the vapor pressure over liquid water. Homogeneous nucleation produces supercooled water droplets, and, 
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because the s uperc ooled drop l e ts may not f reeze imme diately, they may remain liquid t hroughout the growth 
phase. As the droplets froze, the cont rail mi ght t ake on the appearance of a cirrus cloud . 

Sub sequent to the termination o f partic le growth, the dominant contrail process is the expansion, which 
rapidly di lu t es the particle c on centrati on. Interest i n gly, the water vapor concentration is not diluted, 
because the water vapor r emains in e qui l i br ium with t he particles, which evaporate and maintain a con
stant concentration of the vapor phase. Coagulation and sedimentation are important secondary processes. 
For example, t he sediment a tion r at e of 1 -~m ice spheres at 80 km is about 60 km day- 1

. We have neglected 
temperature feedback effect s i n the plume ( i nfrared and u l traviolet radiation, photochemistry, and latent 
heat); proper treatment of these effects i s beyond the scope of this assignment. 

As the rocket trail continues to expand, the ratio of gaseous to condensed water increases steadily at 
each height (for a fixed ambient temperature). Eventually a point is reached where the particles begin 
to evaporate rapidly to maintain the vapor pressure of the water. At a given altitude this occurs when 
the plume has expanded to such a size that the total water vapor injected, if uniformly distributed over 
the plume area, would just produce ice saturation. Hence, after a short time, the contrail is confined 
to the coldest region of the mesosphere (assuming that the rate of horiz on t al expansion is roughly con
stant with height) . The contrail also disappears abruptly when the water vapor in the coldest region 
becomes sufficiently diluted (allowing that the ambient water vapor concentration is moderately under
saturated). No persistent clouds are predicted because pure ice crystals cannot form and grow in the 
absence of sufficient water vapor saturation. Meteoric dust is present in the mesosphere (Ref. 60), but 
is probably too small (<0.005 µm) to act as sublimation nuclei unless the supersaturation exceeds -10 
(Ref. 28). 

Figure 18 summarizes the HLLV plume calculation. 
The initial optical depth along the axis of the 
contrail exceeds 100. The opacity falls off 
rapidly as the plume expands. To be clearly 
visible in daylight, the opac i t y t hrough the 
width of the contrail must exceed 0.1 . Note 
that, while the opacity along the axi s of the 
trail decreases rapidly with time (approximately 
as A- 1

, where A is the cross-sec t i onal area), 
the opacity across the ~rail decreases more 
slowly (roughly as A- 1

/
2
). Our calculations 

indicate that the t r ail could be visi ble for 
12 hr and cover an a rea of severa l h undred square 
kilometers. The ac tual horizontal extent of the 
contrai l c ould b e much larger because of t he 
slant of t he launch tra j e ctory and the s tre tchin g 
and twisting of the trai l by wind shears. 

After several hours , the opacity of the trail 
be gins to de c r ease at a f a s te r rat e because t he 
i c e pa r ticle s at some a l t i tudes are spontaneously 
evaporat i ng. 

A s ubvisi ble c l oud co uld pers i st i o r abo u t 1 day 
b e f o r e t he water v a por s aturat i on point was 
rea ched at all hei gh t s. This remnant con t rail 
might p roduce a s pecta c ul a r noctiluce n t c loud 
di s play a t fir s t dust o r d awn af t er an HLLV 
l a unch. 
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Fig. 18. Simulated HLLV launch plume characteris
t i cs . Shown are the (ver t i cal) opt ical depth along 
t h e axi s of the p lume at 550 nm, a nd the cross
sectional area o f the p lume as a function of t i me 
afte r passage of t he r o cket . Th e a v erage s iz e of 
the ice particles in t he pl ume an d t he hei ght extent 
o f t h e cont r ail are indica t e d i n the f i gure. 

In summary, we f ind t hat the effec t o f SPS ro c ket wate r vapo r emis sions on g l obal cloud co vera ge is 
n e gl igible fr om t h e po int of v i e w o f c l imatic hange . Prel iminary simu lations of rocket p l umes i ndic ate 
t hat contrai ls wi l l fo rm behind HLLVs and tha t t he y might pe r sist for -1 d a y . However, the con t r a ils 
would cover on l y a sma l l g l obal a rea and have little cllmat ic significance. Exce?t for the poss ibility 
of i mpressive local noc ti luc ent c l oud d i s p l a y s in t h e launch corr idor, we have uncovered no evidence for 
sustai ned , widesp read c l oud s caus d by l iquid propellan t rocket s. We st r e ss, however, that o u r conclu
sions a r e bas ed on limit e d s cie nt i fic data and a pp r ox i mate computer models and should b e considered pre
liminary and tentative. 
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9 • PERTURBATIONS OF THE LOWER IONOSPHERE 

9.1 Long-Tern Global Effects 

Increased water vapor in the ionosphe r ic D-region due to HLLV launches i s expected to increase the rela
tive abundance of posit ive ions clus t ered to wate r mol ecules and to decrease the electron concentration, 
ne, because t h e dissociative recombina tion of c lus ter ions is very fast. Our r esults, however, show no 
significant changes e ither in the elec tron densi t y profile or i n the tota l number densities of cluster 
i ons. A glob a lly averaged wate r va por concentrat i on profi le appropria t e f or 400 HLLV launc hes per year 
(see Sec. 6 . 1) was used in c a lcula ting t he pe rtur bed ionosph re, and the number densi t ies of NO were 
f ixed at ambien t l evels. HLLV-induced water vapor enhancements are appreciable (i .e ., ?20%) only in the 
upper D-regi on where water clust e ring t ions i s inefficient. At lower a lt i t udes (S80 km) whe r e clus
t er i ng is rapid, the c omputed wa t er vapor concentration increase was sl5%. This sma ll i ncrea se i n water 
vapor c ou ld not cause a marked change e ither in ne or in the ionic composition , because there is 
a lready s igni f icant clus t ering at ambient water vapor levels . Although tempe rature chan ge s a l ter the 
r a t es of c lus ter processes, the temperature changes caused by H2 0 (and NO) deposi t ion are expected to 
h a ve a negligible e f f ect. 

The a dop ted amb i ent nitric oxide concentrations , [NO ], and the computed enhancement s, !::. [NO] due to 0 
deposi ted by reentering space vehic les are shown in Table 6. Two cases are s hown: (1) one using !::.[ NO] 
from the 1-D photochemical model and ( 2 ) one using similar data from the 2-D mode l . The limita t ions of 
the two mode l s re l a t ive to NO predictions discussed earlier suggest that these two !::.[NO] a re good es ti
mate s of upper and l owe r bounds on !::. [NO]. The computed values of !::.(NO] (the differ ence between col
umns 3 and 5, and column 1) are as large as 30% so that the predicted changes i n e l ec tron oncentr at ion 
are more no ticeable than the ef fects of water vapor alone. This is evident from Table 6 which indicates 
small decr eas e s i n elec tron concentration at an altitude of 60 km and above 85 km. These decreases are 
t he result of increases in the dissociative recombination coefficients due t o clus t ering of wa t er va por 
to i ons . That de c rease exceeds the increase in ionization rate due to enhanced NO . 

Tab le 6. Pred icted Ionos pheric Perturbations Due to Nitric Oxi de 
Deposition 

Al t. , Un:eerturbed Perturbed Collision 
[NO], [e], Case 1 Case 2 fr equency , km cm- 3 crn- 3 [NO ] [e] [NO) [e] a 

100 1. 0 (8)b 4 . 5 (4) l. 0 (8) 4.5 (4) 1.0 (8) 4 . 5 (4) 3 .2 (4) 
90 4.8 (7) 7 . 5 (3) 4.8 (7) 7.4 (4) 4.8 (7) 7.4 (3) 1. 9 (5 ) 
85 1. 5 (7) 4 . 1 (3 ) 1.6 (7) 3.9 (3) 1. 5 ( 7) 4.1 (3) 4. 5 (5) 
80 1. 0 ( 7) 8.0 (2 ) 1. 1 (7) 8.3 (2) 1.0 (7) 8. 2 (2) 1.1 (6) 
75 1.0 (7) 6. 1 ( 2) 1. 3 (7) 6.5 (2) 1. 2 (7) 6.4 (2) 2 . 4 (6 ) 
70 1.0 (7) 1. 7 (2) 1. 4 (7) 1.9 (2) 1.4 (7) 2.0 (2) 5. 3 (6) 
65 9 . 6 (6) 2.9 ( l) 1. 7 ( 7) 3.4 (1) 1.5 (7) 3.3 (1) l. 1 (7) 
60 6.5 (7) 7 .6 (0) 7 .3 (7) 7.2 (O) 7. 4 (7) 7. 6 (0) 2 . 2 (7) 

a These values have been corrected for the energy dependence of the collision 
fr equency (see Re f. 36). 

b l. O (8) ::: 1 .0 x 10 8
• 

The ionos pheric D- r egion c ontributes significantly to the absorption of radio waves used in communica
tions. The absorp t ion coe fficient is given by (approximately) 

(52) 

where + and - sign s r efer to t he ordinary a nd extraordinary modes, respectively, and where µ, v, w, 
a nd ne a r e the r eal par t of t he refractive i ndex , electron-neutral collision frequency, angular f r e
qu ency of the r ad io wave, and elec tron density, respectively (Ref. 34); WL is the product of the elec
t r on gyrofrequency and the ~o s ine of the angl e between Earth' s magnetic field and the direct ion of the 
radio wave. When v >> lll , o, o: ne / v; on the othe r hand, if v << w, a o: n ev . In either case, inc r eased 
electron dens i ty in the D-region could l ead t o increased ab s orption of r adio wav e s. To obtain a simple 
est imate of this effect, le t u s consider HF wa ves (3- 30 MHz) for which the D-region absorpt i on would be 
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given by 

L 
2.33 x 10- 6 

(f + fL)z 
nev dh dB (mks units) (53) 

toward the upper portion of the range (Ref. 34) where the absorption is in dB and the int~gral is_over 
the entire D-region (asswned here to extend from 65 to 85 km). Using the values of ne and v from 
Table 6, it is clearly seen that the D-region absorption of HF radio waves may be increased by about 10% 
during daytime. In comparison, much larger i ncreases are encountered during large-scale geophysical 
disturbances (e.g., sudden ionospheric dis turbances) which create serious conununication problems. It is 
therefore doubtful whether the predicted 10% increase in D-region absorption would create a serious 
problem. Nevertheless, the question deserve s more de tailed examination. It should be pointed out that 
expression (53) does not app l y at frequencies whe r e w - v. Then a more complicated expression involving 
Dingle functions must be used (see Ref. 36) . 

Propagation of extremely low frequency (ELF) waves is controlled by the low frequency, or de, conductiv
ity of the air, particularly the conductivity scale height (Ref. 61). Our calculations show that the de 
conductivity is hardly affected, the scale height even less so. Moreover, ELF communication links cover 
large horizontal distances, that is, latitudinal zones over which 6[NO] and, consequently, changes in 
de conductivity, may vary considerably in any case. The simple approach of Ref. 61 suggests a negligible 
effect of SPS on ELF propagation. 

We looked for but could find no evidence that metal atoms would be deposited by ablation during HLLV 
reentry. 

9.2 Short-Term Local Effects 

Initially the nitric oxide-produced by a reentering SPS vehicle is extremely localized along the entry 
trajectory. With the passage of time, this dense column of NO expands over wide regions. Table 7 pre
sents computed NO densities at various altitudes and at two times after the reentry, 6 hr and 1 day, 
obtained on the basis of the simplified NO dispersion model discussed in Sec. 2.3. The corresponding 
daytime equilibrium electron concentrations are also shown in these tables. Clearly, a significant local 
ionospheric absorption could occur near the reentry point. There is therefore a need to reexamine this 
possibility, using more accurate mathematical models. It is also necessary to consider micrometeorolog
ical factors, for example, local winds, which might force the initial column to evolve differently on 
different days. On the other hand, it seems unlikely that large regions would be affected by radio wave 
disturbances. 

Table 7. Nitric Oxide and Electron Concentrations Near Reentry 

Densities, cm- 3 

Altitude, NO e - Unperturbed 
km 

6 hr day 6 hr day from table ne 

100 2.0 (+9) 6.0 (+8) 6.0 (+4) 4.8 (+4) 4.5 (+4) 
90 9.0 (+10) 9.0 (+9) 2.7 (+5) 8.6 (+4) 7.5 (+3) 
80 6.2 (+10) 1. 2 (+10) 1. 8 (+5) 1.3 (+4) 8.0 (+2) 
70 1.5 (+11) 2.5 (+10) 2.6 (+4) 8.0 (+3) 1. 7 (+2) 
60 8.0 (+10) 1.5 (+10) 1.6 (+l) 8.5 (+-0) 7.6 (+-0) 

9.3 Uncertainties 

Ionospheric D-region predict i ons are based on very uncertain physical systems. The uncertainties arise 
from a lack of information about the reactions occurring in the ionosphere, and of experimental values 
for certain parameters, such as rate constants and ionic mobilities. Observations of D-region electrons 
and ions often produce conf lic ting and i nexplicable results. Thus, the accuracy of current ionospheric 
predictions is probabl y reasonable, but quest ionab le . They are also limited by the accuracy of the pre
dictions of neutral a tmosphe r i c changes. The predictions for short-term ionospheric effects are expected 
to be more uncertain than the long-term predictions, because the factors controlling the spatio-temporal 
evolution of 6[NO ] are more complex. The nature of the predicted ionospheric effects, however, suggest 
that this problem may need to be inve stigated more carefully. Our present results should therefore be 
regarded as preliminary esti mates. 
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10. POSSI BLE CLIMATIC EFFECTS OF LARGE ROCKET OPERATIONS 

Some of the potentia l climatic effects of rocket clouds, for example, were mentioned in previous sections 
of this report. Here we discuss the more general mechan isms for climatic change. 

Changes in the mixing ratios of radia t ively active minor constituents caused by HLLVs could conceivably 
alter atmospheric heating rates and produce cli matic changes (climate here is defined narrowly as the 
time-averaged meteorological state at Earth's surface). At least a 10-yr average would be required to 
obtain a representat i ve cli mate that is not polluted by sampling error. Since compositional changes due 
to HLLVs are confined to levels above the midstratosphere, we must look for mechanisms that couple these 
higher levels with the troposphere. Such mecha nisms can be radiative or dynamical. Radiative mechanisms 
involve perturbations of upper atmospheric composition or temperature that affect heating at the surface 
either through changes in the extinction of visible solar radiation or through changes in the transport 
of infrared radiat ion. Dynamical mechanisms involve high level circulation changes, including changes in 
reflection and absorption of planetary waves, t hat force changes in tropospheric winds, pressure, and 
temperature. 

Radiativ e mechanisms for climatic change have been examined in a number of radiative-convective one
dimensional models, including those of Ramanathan et al. (Ref. 62), Schneider and Coakley (Ref. 63), and 
Manabe and Wetherald (Ref. 64). Such models examine the globally averaged radiative balance for various 
atmospheric compositions, with dynamics essentially excluded, except for the constraint that vertical 
temperatur e gradients cannot exceed the adiaba ti c lapse r a te. An examination of the results of these 
models indicates that the most important changes in composition associated with HLLVs, namely decreases 
in ozone and increases in H2 0 and NOx, would not have a significant effect on climate, at least as mea
sured by changes in surface temperature. For example, Ramanathan et al. (Ref. 62) computed a surface 
temperature increase of only 0.06°K for a 10% increase in stratospheric water vapor. Since HLLVs are 
expected to produce at most a 0.5% increase in water vapor, their globally averaged effect through this 
mechanism can be ignored. Ozone decreases should be even less important, since they are concentrated 
strongly at levels well below the maximum in ozone heating at 50 km. Even if ozone were to be decreased 
at all heights by the maximum value of 1%, surface temperature decreases would amount to no more than 
O.Ol°K (Ref. 62). This decrease would be made even smaller by the expected increase in NOx, which acts 
to warm the troposphere by absorbing solar radiation reflected from the surface. Thus, on a globally 
averaged basis, radiative mechanisms would be ineffective in causing significant climate changes asso
ciated with HLLVs. 

It is conceivable that the radiative effects could be enhanced by the formation of "corridors" of HzO 
and NOx enhancement (or ozone reduction). For example, if all the water vapor from the HLLVs were con
centrated in a 5° wide latitudinal band, water vapor increases of 10% within that band would be possible. 
However, this is not likely to result in a local 0.06°K increase in surface temperature, for horizontal 
heat transport will smear out any synoptic scale heating on a much more rapid time scale than the several 
months it takes to build up significant water vapor increases. In any case, it was shown in Sec. 6 that 
the establishment of a water vapor "corridor" enhancement is highly unlikely. 

It should be noted that cloud cover is an extremely important parameter in the assessment of climate -
and a critically uncertain one as well. However, it appears that changes in cloud cover associated with 
HLLVs will be insignificant. In the mesosphere, noctilucent cloud incidence is not likely to increase 
greatly, as shown in Sec. 8 of this report. As for the troposphere, changes in water vapor will be less 
than 0.1%, hardly important for climatic change. Moreover, very little sulfur or particulate materials 
are expected from HLLVs, so that condensation or nucleation processes are not likely to be affected 
significantly. 

Dynamical interactions between the troposphere and upper atmosphere have traditionally been thought of 
as a "one-way street," that is, the troposphere performs work on the stratosphere, but does not respond 
in turn to stratospheric motions. This is because stratospheric motions contain much less energy than 
tropospheric motions, which is due to the much lower mass of the stratosphere. The mean meridional 
circulation of the stratosphere, for example, would not have much effect on the troposphere since 
meridional wind speeds are comparable in magnitude to tropospheric wind speeds and thus much less ener
getic because of lower air density in the stratosphere. However, eddy motions, such as large-scale 
planetary waves, generally amplify as they propagate upward, maintaining a nearly constant energy per 
unit volume. If one a l lows for these waves to be reflected in the stratosphere by some mechanism, with 
the amplitude and phase of the reflected waves being governed by stratospheric conditions, it is pos
sible for the stratosphere to have a feedback effect on tropospheric planetary waves. In fact, as 
Charney and Drazin (Ref. 65) pointed out, the westerly jet of the winter upper stratosphere does act as 
just such a reflect ion mechani sm. The i mpl i cations of this for changes in climate are significant, for 
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if changes in the zona l jet could be reduced by compositional changes a t high a l t i tudes, pl anetary wave 
reflection characteristics would also be affected, thus affecting the phase or amplitude of pl anetary 
waves in the troposphere (Ref. 66). 

A number of investigations have explored this mechanism, including those of Ave ry (Ref. 67) and Geller 
and Alpert (Ref. 68) . These studies focus ed on the l inear planetary wave response of a n umber of zonally 
averaged atmospheres to topographic and diabatic forcing. Compari s on of results f or di fferent cases · 
could then show whether different types of changes in the stra tospheric zonal wind had s ignificant 
effects on tropospheric climate. The major result of the studies is t h a t zona l wind changes of 20% or 
more must occur below about 35 Ian for planetary wave phase or amplitude changes at the surface t o 
approach the interannual variability (Ref. 68). Of course, this result does not take into account t he 
highly nonlinear nature of stratospheric motions; still, it is a good indication of the magnitudes 
necessary to cause signif i cant dynamically induced climate change. 

The implications of this result for SPS operat ions can be crudely asses sed by making some estimates for 
the effects of HLLV water vapor emission. The radiative-convective model of Manabe and Wet he rald 
(Ref. 64) suggests a 10°K decrease in stratospheric temperatures ass ocia ted with a qui n t upling of water 
vapor. Scaling this down to an expected 10% maximlUll H20 increase if HLLV water vapor rema ins a t low 
latitudes, we obtain temperature decreases of -0.2°K. Comparing this with the equator-pole temperature 
gradient of about 40° (which is proportional to the zonal wind strength), it can be seen that the maxi
mum expected change in the zonal wind is only 0.5%, well below the threshold for significant e f f ec ts on 
reflected planetary waves. As before, HLLV-induced ozone changes would have even less e f f ect, s ince 
they are confined to l evels above 40 Ian. 

Based on these est i mates, we conclude that no significant effects on Earth's climate shou ld r esult f rom 
the projected launch schedule of HLLVs (400 yr- 1

) . That is, we expect no temperature changes, locally 
or globally avera ged, in excess of 0.1°K and no dynamical variati ons exceeding 5% of the interannual 
variability in planetary wave activity . 

11. SUMMARY 

Based on detailed theoretical analysis, it is apparent that we have uncovered no serious envir onmenta l 
hazards associated with operating HLLVs in the middle atmosphere. On the contrary, we conclude t hat: 

1. "Corridor" effects, that is, enhancements of important constituents i n a na r r ow latitude zone cen
tered on the launch point, a re not likely to occur. The reason is that meridional transport is suffi
ciently rapid to spread the effluents fairly uniformly over the globe before a steady state i s reached. 

2. With the possible exception of mesospheric nitric oxide, changes in neutral composition of the atmo
sphere below 90 km are not likely to be significant . Specifically, ozone decreases wou l d probably no t 
exceed 0.1% globally . 

3. Deposition of carbon dioxide in the stratosphere should not cause noticeable changes in the strato
spheric thermal balance; thus, the coupling to photochemistry is insignificant. 

4. The climatic effects of extended HLLV operations are probably ne gligible. The effects cons i dered 
here include enhancements of stratospheric aerosol opacity due to S0 2 deposition by l aunch motors and 
alteration of planetary wave propagation characteristics in the stratosphere. 

5. Perturbation of HF, VLF, and ELF communication links by launch and reentry ope rations will be minimal 
compared to normal variability and natural disturbances of the ionosphere. The widespread i onos phe ric 
effects are small (VLF and ELF) , and short-term e ff ects are l ocalized (HF). 

On the other hand, there are some potentially important SPS effects that require further r esearch : 

6. There may be a worldwide buildup of thermospheric hydrogen, perhaps a doubling of the hydrogen 
globally f or continuous H2 and HiO deposition above 70 km. The enhanced hydrogen in the ma gnetos pheric 
ring current region may reduce the population of current-carrying protons through cha rge exchange. 

7. Extensive rocket cont r ails may form during HLLV launch and these may persis t for a day or more , 
although extensive triggering of noctilucent cloud s i s highly unlike ly. 
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8. The D- re gion e lec t r on number den s ity and conduc t i v i ty may be grea t ly enhanced locally dur i ng a tmo
spheric reen try. However, t he modif ied region mus t be l a r ge i f VLF and ELF propagati~n were t o be 
affected. 

On t hat no e we onclude t his report, hoping t hat f uture work will res o lve the quest i ons raised in 
i t ems (6) and (8). 
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