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EFFECTS OF ROCKET EXHAUST PRODUCTS IN THE THERMOSPHERE AND IONOSPHERE

by

John Zinn and C. Dexter Sutherland

ABSTRACT

This paper reviews the current state of our understanding of the problem
of ionospheric F-layer depletions produced by chemical effects of the exhaust
gases from large rockets, with particular emphasis on the "Heavy L i f t Launch
Vehicles" (HLLV) proposed for use in the construction of solar power satel-
l i t e s . The currently planned HLLV f l i g h t prof i le cal ls for main second-stage
propulsion confined to alt i tudes below 124 km, and a br ief orb i t c i rcu lar iza-
t ion maneuver at apogee. The second stage engines deposit 9 x 10 H2O and H2
molecules between 74 and 124 km. Model computations show that they diffuse
gradually into the ionospheric F region, where they lead to weak but wide-
spread and persistent depletions of ionization and continuous production of H
atoms. The orbi t c i rcular izat ion burn deposits 9 x 10 exhaust molecules at
about 480-km a l t i tude. These react rapidly with the F2 region 0+ ions,
leading to a substantial (factor-of-three) reduction in plasma density, which
extends over a 1000- by 2000-km region and persists for four to f ive hours.

For purposes of computer model ve r i f i ca t ion , we include a computation
representing the Skylab I launch, for which observational data ex is t . The
computations and data are compared, and the computer model is described.

I . INTRODUCTION

Present understanding of ionospheric F-layer

depletions caused by exhaust products from large

rockets began with the observations by M. Mendillo

et a l . ^ of an abrupt decrease in vert ical electron

column density along the trajectory of the launch

of Skylab I , May 14, 1973. The effect was a t t r i -

buted*"4 to the chemical reaction of rocket ex-

haust molecules, primarily H20 and H2, with 0+ ,

the dominant F2-layer ion. These reactions pro-

duce molecular ions H20
+ and 0H+, which recombine

rapidly with electrons, causing a reduction in

electron-ion concentrations.

Practical interest in these ionospheric de-

pletions ("holes") has increased with the advent

of proposals to build large space structures in

earth o rb i t , such as the solar power sa te l l i te

(SPS). Current SPS system studies cal l for space

transportation ac t i v i t ies on a far larger scale

than any carried out heretofore. The proposed

primary cargo vehicle, called the "heavy l i f t

launch vehicle" (HLLV), is approximately six times

larger than the NASA space shuttle vehicle (see,

for example, the NASA SPS Concept Evaluation docu-

ment ), and HLLV launches would occur with a f re-

quency of several per day. The present paper i s

concerned with prediction of the ionospheric and

environmental effects of HLLV launches.

According to current design studies,5 the

HLLV will be a two-stage vehicle with the capa-

bi l i ty of second-stage flyback. I t is to be used

for transportation between the surface and a low-

earth orbit (LEO) at 450- to 500-km altitude. The

second-stage engines are to be fueled with 300

metric tons of liquid hydrogen and 2000 tons of

liquid oxygen. Hence, the exhaust gases will

consist primarily of H20 and H2 in the'molar ratio

3:1, about 9 x 1031 molecules in a l l .

Present launch plans, designed in part to

minimize F-layer depletion effects, call for igni-

tion of the second-stage engines at 75-km altitude
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and engine shutdown with orbital insertion at

108 km, after descent from an intermediate apogee

at 123 km. This launch trajectory5 leads to an

eccentric initial orbit with an apogee at about

480 km. Upon arrival at apogee, the vehicle exe-

cutes a circularization maneuver, involving the

burning of 21 metric tons of propel 1 ant and emis-

sion of 9 x 10^9 exhaust molecules. Upon comple-

tion of Its mission in LEO, the HLLV returns to

earth. The deorbit maneuver requires 11 tons of

propsliant and emission of 5 x 10 exhaust mole-

cules.

•It is interesting, if not altogether rele-

vant, to note that the number of exhaust molecules

from a single HLLV, about 103Z, is similar to the

total number of electron-ion pairs in the global

ionosphere, again about 1O32, Since each H2J

molecule is capable, under proper circumstances,

of destroying two ion pairs, the effect of one

HLLV is potentially large. Fortunately, those

circumstances are seldom met.

This paper examines the conditions that de-

termine the "chemical efficiencies" of exhaust

molecules for destroying F-layer ions. It des-

cribes two-dimensional computer model studies of

an HLLV launch and a circularization maneuver, and

a model simulation of the Skylab I launch (see

also Zinn et al.6).

II. BACKGROUND

Observations of the creation of a large iono-

spheric hole by the launch of Skylab I (Saturn V

rocket launch, 1230 EST, May 14, 1973) were re-

ported by M. Mendillo et al.*> The ionospheric

electron column density was observed to be reduced

by 50% or more over a period commencing within ten

minutes after the launch and persisting for about

four hours. The depletion extended over a region

of approximately 1000-km radius. The observations

were made in the course of routine Faraday-rota-

t ion measurements of the VHF signals from geosta-

tionary sate l l i tes ATS-3 and ATS-5.

The ionospheric depletion is attr ibuted to

inject ion of rocket exhaust products, primarily

H20 and H2, which lead to enhancement of the ef-

fective electron-1on recombination rate through

the substitution of polyatomic Ions HgO*, t^O*,

and 0H+, e tc . , in place of the normally occurring

0+ . The effect is confined to the F-layer above

200-km alt i tude where 0+ 1s the dominant posit ive

ion. The main reactions are

0+ + H20 - H20
+ + 0 (1)

and

H20
+ + e - * H + OH . (2)

Reaction (2) is about 105 times faster than the

direct recombination of electrons with 0+, i.e.,

0+ + e" * 0 + hv . (3)

Reaction (1) is much faster than either of the

normally occurring F-layer charge-transfer reac-

tions

0+ + 02 * 02
+ + 0

0+ + N, - M0+

(4)

(5)

The OH radical formed in Reaction (2) can react

further with 0+. The dominant reaction path is

0+ + OH * 0 2
+ + H , (6)

which is followed by rapid neutralization of the

Oo I

0 ?
+ + e" + 0 . (7)

In most cases, however, the OH radical is des-

troyed by reaction with atomic oxygen, i.e.,

OH + 0 * H + 0 2 , (8)

before Reactions (6) and (7) can occur to a s ign i -

f icant extent.

The result of the two cycles, Reactions (1)

and (2) and Reactions (8), (4), and (7) in se-

quence, Is the destruction of two electron-ion

pairs by each HgO molecule.

Similar processes occur with other common

rocket-exhaust products, such as Hz or C02. With



Hj>, the sequence i :

P* + H2 • 0H+ t H , (9)

followed by

O H * <• e~ + H . (10)

[The 0(^D) is a metastable, electronically excited

oxygen atom that decays primarily by emission of

630.0-nm radiat ion. ]

The severity, geographic extent, and duration

of the F-layer depletions produced by the exhaust

product molecules are determined by a combination

of interacting processes including chemistry,
diffusion, gravitational settling, and advection
by prevailing winds. The molecular diffusion and
settling rates are both rapidly increasing func-
tions of altitude. For a quantitative description
of these coupled processes, we bu i l t a two-dimen-

sional computer model. Some numerical results

from the mc-'fl are detailed in the following sec-

t ions. Details of the model itself are amplified

in Appendices A .=tnd B.

The strong .'on-removal effects induced by

exhaust product molecules are confined to the

ionospheric '<•? layer ^bove 200 km, where the nor-

mally occuring ion species is predominantly mona-

tomic 0*. Relow ISO km, the dominant ion species

are polyatomic (pr incipal ly NO and 02 ), and the

effect ive rates of recombination of these ions

with electrons are not affected much by the addi-

tion of contaminant n.'/lecules such as H20 or H2.

(In the E and Fl layers, the addition of H20

should not lead to a drastic enhancement in the

effective recombination rate. I t might produce a

noticeable effect, nevertheless, by forming com-

plex ions such as N0+ • nH20, H30
+ and H30

+

• nf^O. The recombination coefficients for these

complexes are believed to be from 3 to 10 times

larger than those of the normally occurring simple

ions, N0+ and 0 2
+ ) .

The fastest process affecting the removal of

exhaust product molecules from the F-layer is

gravitational settling (regulated, of course, by

molecular collisions). The time required for an
isolated water molecule to fall across the F-layer
from 400- to 200-km altitude is about two hours.

For an H2 molecule, the time is about six hours.

(The settling rates are computed in detail in the

numerical model. The center of mass velocity of a

gas cloud depends in detail on its vertical densi-

ty profile. However, when the cloud is far from

its final hydrostatic equilibrium distribution, a

useful approximate value of the settling velocity

is given by w - - ( l /2)g/v, where g is the accele-

ration due to gravity and v is the molecular col-

lision frequency. For an H20 cloud falling in an

atomic oxygen atmosphere, the formula gives w — 5

x 101 /n m/s i f n is the local number density in

cm"3).

During their f a l l , the molecules diffuse

laterally, and they react with 0+ ions. An iso-

lated H20 or H2 molecule falling across the day-

time F-layer has a better-than-90% chance of reac-

ting with an 0+ ion, i f the 0+ concentration has

not already been depleted by reactions with other

H20 or H2 molecules. In most cases associated

with large rocket exhausts, the descending H20 and

H2 cloud is denss enough to react with all the 0+

ions in its path. Thr concentration of molecules

is overwhelmingly larger than the concentration of

0+ ions, so effectively all the ions are

removed. The excess H20 and H2 molecules fall

through intact.

The diameter of the cloud increases with

vertical distance fallen, and the cloud continues

to spread after the settling has largely ceased.

The H2 cloud spreads about four times as fast as

the water cloud.

I f , after destroying the existing ionization,

the excess H20 and H2 settled completely out of

the f-layer, the ionization would soon return due

to the action of solar extreme ultraviolet radia-

tion. In the daytime, the ion replenishment would

take about two hours. However, the ri^O and Ho

would not settle out completely. Instead, they

would maintain a quasi-steady concentration pro-

f i l e , falling off exponentially with altitude (2)

approximately as exp[-(z - zo ) /Hj . Here z0 is the

altitude of maxin <m concentration and H is a scale

height equal to about 50 km for H20 and 100 km for

H2. The base altitude z0 descends with time, but

at an ever-decreasing rate. After 8 hours i t

would be about 150 km, and after 24 hours i t would

be 120 km.



The H20 and H2 are gradually destroyed chemi-

cally, mainly by reactions with 0 + ions. The rate

of destruction is essentially equal to the rate of

production of ions by sunlight--a number of the

order 103 cm"3s'1 at 150- to 200-km altitude.

With this small destruction rate, the molecules

can survive for several days.

It is also notable that the reactions leading

to destruction of H20 and H2 all lead invariably

to production of H atoms (Reactions 2, 6, 8, 9,

and 10). Repeated HLLV launches will lead to

production of very large quantities of H atnns,

possibly enough to modify the upper thermosphe.-e.

Dispersal of the exhaust products is hastened

by the ionospheric winds. Typical wind speeds in

the F-layer are 300 km h"*, and they exhibit con-

siderable shear.^"^ This enhances the growth

rate of the depleted region, but it also speeds up

the recovery. Neutral winds in the ionosphere are

believed to have a rather regular diurnal behav-

ior. Therefore, to a limited extent, their ef-

fects may be regular and predictable.

The size and severity of the ionospheric

depletion are influenced, of course, by the ini-

tial conditions of the problem, that 1s, by pro-

cesses that occur early 1n time and determine the

"initial" concentration and spatial distribution

of the exhaust products. One such process is the

condensation of water vapor to form ice crys-

tals. Such condensation is to be expected on

theoretical grounds,6»*3,14 and it was observed to

occur, in fact, during the translunar injection

burn of Apollo 8 (Molander and Wolfhard15).

A similar ice cloud was observed in the Los

Alamos-Sandia Lagopedo experiments (HE detonations

in the F-layer). The condensation has an impor-

tant influence on the rate of gravitational set-

tling of the water. The 1ce crystals have an.

evaporative lifetime of about five minutes,6 long

enough to fall a great distance before they evapo-

rate. The net effect is that the condensation

leads to rapid transport of some of the water to

much lower altitudes.

The initial settling rates of the exhaust

gases are also influenced by "hydrodynamic" pro-

cesses (as opposed to "diffusive"). That 1s, at

early times when molecular concentrations of those

gases are large (i.e., comparable with the back-

ground air), the falling gases impart substantial

velocity to the air. When the air participates in

the downward motion, it is less effective for

slowing the descent. During that early stage, the

falling velocities can be quite large, and it is

Important to understand the processes in some

detail. These details are not included in our

model. We attempt to simulate their effects by

the way we set initial conditions for the numer-

ical problem, as we describe later.

III. SKYLAB I LAUNCH

The most complete set of actual data on an

ionospheric depletion resulting from a rocket

launch was obtained on the launch of Skylab I, as
1 9

reported by Mendillo et al. ' An important test

for our two-dimensional models, naturally, is to

run a set of computations representing that spe-

cific case and to compare the computed results

with the data.

The data of Mendillo et al. for ray paths

penetrating the ionospheric F2 peak at a distance

of 300 to 500 km from the rocket path (from an

observing station at Sagamore Hill, MA), showed an

abrupt drop in electron column density to below

50* of its normal value. The low electron densi-

ties persisted for about four hours. A similar

but smaller drop was observed for a ray path pas-

sing 900 to 1000 km from the rocket track (as

observed from a station at London, Ontario). A

definite but still less abrupt drop was observed

from Goose Bay, Labrador, on a ray path 1200 km

from the track at the point of second-stage engine

shutdown. A small but perceptible drop was ob-

served from Urbana, Illinois, for a ray path about

1200 km from the rocket track. A possible but

\/ery indistinct drop was seen from Narssarssuaq,

Greenland, on a ray path 2000 km from the engine

shutdown point. From the aggregate of the obser-

vations, one must conclude that a substantial

electron depletion was produced out to a distance

of about 1000 km from the rocket burn trajectory,

and a small but measurable depletion was produced

as far away as 2000 km. The depletion lasted for

about four hours.

An approximate altitude-vs-range trajectory

for the Skylab launch is shown in Fig. 1. Also

are linear rates of injection of exhaust
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Fig. ! . P ro f i l e of the Skylab I launch t ra jec -
to ry , along with the calculated l i near
rate of exhaust emission per ki lometer of
ground t rack .

products ( i n molecules per ki lometer) along the

t ra jec to ry . These quant i t ies are derived from the

paper by Mendi l lo, et a l .

The gases were in jected at a ve loc i ty of

4.5 km s"1 r e la t i ve to the rocket, while the

rocket accelerated gradually to a f i na l burnout

ve loc i ty of 7.3 km s" 1 . Therefore, for the lower

part of the t ra jec to ry , the exhaust gases were

injected tangent ia l ly downward; for the upper part

(above 350-km a l t i t u d e ) , they were projected for-

ward along the t ra jec to ry . Because molecular

c o l l i s i o n mean-free paths above 350-km a l t i t ude

a r e v e r y long, most of the exhaust molecules re-

leased above that a l t i t ude tended to fo l low bal -

l i s t i c t ra jec to r ies that carr ied them hundreds of

kilometers downrange from the i r points of o r i g i n ,

and terminated at about 270-km a l t i t u d e , i . e . ,

about four mean-free paths deep in the atmosphere,

where the f a l l i n g molecules were stopped by c o l l i -

s ions. The exhaust products were also released

with some la te ra l ve loc i t y , amounting to about

1 km s"1 on the average. Accordingly, in the

course of the i r b a l l i s t i c f a l l to 270-km a l t i t u d e ,

they were dispersed some distance out from the

rocket t ra jec to ry plane. Through these consider-

a t ions , we were able to calculate an approximate

" f o o t p r i n t " of the rocket exhaust deposit ion on a

horizonal plane at 270-km a l v i l.ude, i . e . , a set of

contours of the number of molecules l a i d down per

un i t area. The calculated foo tp r in t i s shown in

Fig. 2. Also shown are some of the observational

l i nes -o f - s i gh t for the to ta l electron content

ATS-3
900 1000 1500 2000

DOWNRANGE DISTANCE, km

Fig. 2. Computed "footprint" of the Skylab I
exhaust cloud on a plane at 270-km
alt i tude. Contours of the concentration
of exhaust molecules per square
centimeter.

measurements (Mendillo et a l . 1 ) . The lines-pf-

sight al l passed quite high above the rocket t ra-

jectory and above the altitude of the F-layer peak

in the trajectory plane (altitude t ic marks are

indicated on the lines-of-sight in Fig. 2).

The t\ o-dimensional computer model uses car-

tesian coordinates (x,z), where the x coordinate

is horizontal, z is vert ical , and the xz plane

coincides with a geomagnetic meridian plane. In a

computation designed to model some aspects of the

Skylab launch, we chose a magnetic meridian (x,z)

plane that intersects the launch trajectory plane

1300-km downrange (at an angle of 70°). The par-

t icular meridian plane was chosen because i t in-

cludes the Sagamore Hill-ATS-3 observational l ine-

of-sight. Some details of the model are described

in Appendices A and B.

In i t ia l conditions for the computations were

taken from the 270-km footprint contours in

Fig. 2, but with the following additional adjust-

ments:

a. I t was assumed that ten percent of the water

molecules, upon their arrival on the 270-km

horizontal plane, were in the form of 0.1-um

diameter ice crystals (percentage estimated

by P. Bernhardt14). These ice crystals sub-

sequently fe l l under gravity while evapora-

t ing, with the fal l ing rates and evaporation

rates calculated by Zinn et al ,** as described

in Appendix C. This process led to a fa i r ly



rapid redistr ibut ion of some of the water

molecules from 270 km down to about 150 km.

The computer code contains automatic algo-

rithms to generate th is red is t r ibut ion,

b. The i n i t i a l mass density of H2 and H20 mole-

cules at 270-km al t i tude was comparable wi th ,

and in some cases larger than, the local

density of the a i r . This would have led to

Taylor-urstable mixing and hydrodynamic set-

t l i n g . The mixing would have proceeded

rapidly unt i l the excess density was reduced

to about 10? over ambient, or perhaps less.

The computer code contains automatic algo-

rithms to simulate the effects of this mixing

process.

After these preliminary manipulations, the

computer model enters i t s free-running mode. The

model includes chemistry, photochemistry, and

dif fusion with gravitational and electromagnetic

terms, and horizontal winds, under assumed condi-

tions of quasi-steady flow. Further details are

described in Appendices A and B. The code output

includes two-dimensional contours of concentra-

tions of H2O, H2> H, and electrons at predeter-

mined intervals of time. I t also produces v e r t i -

cal prof i les of concentrations of ions and of

neutral molecules, and vert ical integrals of elec-

tron concentrations (TEC) for comparisons with

Faraday-rotation data.

Figure 3 shows some resul ts. The figure

consists of computed contours of H20, H2, and

electron concentrations one hour after the

launch. By this time, according to the model, the

exhaust gases have d:ffused 1000- to 2000-km

la te ra l l y . The spreading is fastest at 300- to

500-km a l t i tude, and i t is faster for H2 than for

H20. The peak electron concentration d i rect ly

under the trajectory has been reduced to about

one-twentieth of i t s original value. However,

along the Sagamore H111-ATS-3 l ine-of -s ight , the

reduction is less severe. (The approximate l i ne -

of-sight is shown in the f igure.) The influence

of the winds is evident. The centers of the H2

and H20 clouds have been displaced about 200 km in

the magnetic southward direct ion. The plasma hole

moves downwind with the exhaust cloud, influenced

only s l ight ly by the geomagnetic f i e l d .
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Fig. 3. Computed concentration contours for H20,
H2, and electrons (number per cubic cen-
timeter) one hour after launch of Sky-
lab. The (x,z) coordinates are in the
magnetic meridian plane 1300-km downrange
from the launch point, and the cross-
sectional view is perpendicular to the
launch plane at an angle of 70° looking
back along t ra jectory. The original ex-
haust deposition war in the central plane
x = 0. Also shown are the B-f ield direc-
t ion and the observational l ines-of-s ight
from Sagamore Hi 11 to sate l l i tes ATS-3
and -5 .

The Sagamore Hill-ATS-5 Une-of-sight is also

represented schematically in Fig. 3 as a ver t ica l

l ine on the magnetic northward side of the t ra jec-

tory plane. The computations show the ionospheric

hole blowing rapidly away from this l ine of

sight. The same 1s indicated by the data. 1



700

-2000 -2000

Fig. 4. Computed concentration contours for H2O,
Ho, and electrons (number per cubic cen-
timeter) three hours after launch of Sky-
lab. The (x,z) coordinates are in the
magnetic meridian plane 1300-km downrange
from the launch point, and the cross-
sectional view is perpendicular to the
launch plane at an angle of 70° looking
back along trajectory. The original ex-
haust deposition was in the central plane
x = 0. Also shown are the B-field direc-
tion and the observational lines-of-sight
from Sagamore Hill to satellites ATS-3
and -5,

Figures 4a, b, and c contain similar contour
plots from the same computation, but for a time
three hours after the launch. By this time, ac-
cording to i.ne computation, the center of the

exhaust product cloud has blown out of the Saga-
more Hill/ATS-3 line-of-sight, and the electron
density Integral is beginning to return to nor-
mal. I t also blows out of the Sagamore Hill-ATS-5
line of sight.

Figures 5a and b are plots of total electron
content vs time for the Sagamore Hill/ATS-3 line-
of-sight. Figure 5a is the observational data on
the Skylab launch day, taken from the paper by
Mendillo et a l . 1 Figure 5b is a plot of the com-
puted TEC for the same line-of-sight for the 24
hours preceding and 6 hours following the Skylab
launch. The qualitative features of the computed
TEC-vs-time curve agree with the data. The same
can be said for comparisons of the computed re-
sults with the data from the other lines of sight.

From the computations, we draw the conclusion
that the ionospheric hole did not actually recover
after four hours, but rather blew out of the ob-
servational lines-of-sight. According to the com-
putations, a significant plasma depletion s t i l l
existed at sunset and persisted overnight.

The model results depend cr i t ical ly on the
thermospheric wind description used in the compu-
tations. We made a considerable effort to arrive

(a)

(b)

w 16

i 12

OBSERVATIONS
SKYLAB
LAUNCH

I

COMPUTER
SIMULATION

Fig. 5.

3 6 9 12 15 18 21

LOCAL TIME (h) 14 MAY 1973

(a) Measured total electron content vs
time following Skylab I launch on line-
of-sight from Sagamore H111 Observatory
to ATS-3 (from Mendillo et a l . I > z ) .
(b) Model computation of TEC vs time for
same line-of-sight for the 24 hours pre-
ceding and 4 hours following the Skylab
launch.



at a reasonable model for the winds (see Appendix

B). Our current results with respect to wind

f ie lds on the Skylab launch trajectory are quite

d i f ferent , and probably more re l iab le , than our

previous published results in Ref. 6.

We s t i l l conclude, as in Ref- 6, that the

ionospheric hole blew out of the observational

l ines of sight, and did not actually recover in

four hours as the TEC records seem to imply.

However, i t is fa i r to ask what other evidence

exists to support our current bel ief that the

dominant F-layer wind direction was magnetic

southward, rather than some other d i rect ion. Some

supporting evidence comes from the general charac-

ter of the diurnal TEC variations observed during

the month of May 1973, which are shown by Mendillo

et a l . The steady increase in electron column

density from morning through afternoon implies an

F-layer wind system that is dominantly northward

in the morning and southward in the afternoon,

according to our computer model. Also, the simi-

lar character of the post-launch TEC records for

the several di f ferent l ines of sight1 is further

evidence of a southward wind.

I t is noted by Mendillo et a l . that a geo-

magnetic storm occurred on the afternoon of May

13, and that somewhat depressed TEC levels were

therefore to be expected on May 14, the day of the

Skylab launch. The depressed electron column

densities would probably be associated with en-

hancements in ionospheric east-west E f ie lds and

vert ical plasm.1 d r i f t s . E-field effects are not

included in this set of computations.

I V - HLLV SECOND-STAGE BURN AT 75- TO 124-km ALTI-
TUDE

The current Solar Power Sate l l i te HLLV launch

scenario, designed to minimize F-layer problems,

ca l ls for burning the second-stage engines only up

through 124-km a l t i tude. This leads to an eccen-

t r i c i n i t i a l o rb i t , which is later circularized by

a br ief burn near the apogee point at 477 km.

With respect to F-layer depletion problems,

this launch scenario 1s def in i te ly preferable to

the "direct insert ion" alternative where the se-

cond-stage engines are burned a l l the way to the

circular-orbi t a l t i tude. The 1on chemistry 1n the

75- to 124-km al t i tude range (D and E layers) is

very di f ferent from that which occurs in the F-

layer. The normally occuring ion species are N0+

and 02
+ instead of 0+. These ions rapidly recom-

bine with electrons, but they are continually

replenished in the daytime by solar photoioniza-

t i on . At night they largely disappear. Addition

of water vapor or H2 does -,ot have a very drastic

effect on these processes.

Diffusion and gravitational set t l ing are both

much slower at these alt i tudes than they are in

the F-layer. Horizontal spreading of the exhaust

products would be caused primari ly by f luctuating

horizontal wind shears, and might amount to

1000 km per day. (The estimate of 1000-km per day

for the spreading of exhaust products in the a l t i -

tude range 75 to 125 km is based on theoretical

estimates of the vert ical shear of the t ida l wind,

from Garrett and Forbes.^ A typical value is

1 m/s/km, or a velocity difference of 50 m/s over

50 km. A velocity difference of 50 m/s, i f exten-

ded over a 24-hour period, would lead to a lateral

displacement of 4000 km. The shear would actually

vary in an irregular but quasi-periodic fashion.

These numbers suggest that 1000 km is a reasonable

order-of-magnitude estimate of the net daily dis-

persion). A gradual upward di f fusion would also

occur, bringing some H2 and H20 molecules into the

F-layer in the course of one or two days.

We r i a computation that represents a por-

t ion of the HLLV second-stage burn t ra jectory,

covering a ground distance of 300 km and an a l t i -

tude range between 118 and 123 km, with deposition

of 2.54 x 1031 molecules of H20 and 8.5 x 1030

molecules of H2. The launch was assumed to occur

at Cape Canaveral at noon.

The computed results showed, as expected,

that exhaust-cloud dif fusion and set t l ing rates

are quite slow. In the course of 24 hours, some

water and H2 does diffuse up to the F2 layer,

where 1t reacts with 0+ ions. Because the molecu-

lar dif fusion rate is very slow, the 0+ ions are

replaced by solar photoionization about as fast as

they are destroyed. At the same time, the H20 and

H2 molecules are destroyed as fast as they diffuse

into the F2 layer. Although the 0+ ions are re-

placed rapidly, the reaction sequence leads to a

net production of H atoms. The H atoms are not
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Fig. 6. Computed concentration contours for HpO,
H2, and electrons (number per cubic
centimeter) 24 hours after hypothetical
HLLV launch, which was assumed to occur
at Cape Canaveral at noon on May 14. The
view is perpendicular to the launch plane
looking west.

destroyed, and they may accumulate in the upper

thermosphere.

Figures 6a, b, and c include sets of contours

of H2O, H2> ar)d electron concentrations at noon,

24 hours after the launch. They show that the H20

and H2 molecules are destroyed almost as fast as

they diffuse into the F2 region, and, in the day-

time, the electrons are replaced as fast as they

are removed. At night the electrons are not re-

placed, and their concentration at t..e F2 peak is

decreased to about 70% of the normal value.

It is possible that the H atom production

could be a significant environmental problem. Its

net effect could be to increase the density of the

upper thermosphere. Within the first 30 hours

after the HLLV launch, 1.3 x 1031 H atoms are

produced above 100-km altitude from the added HgO

and H2. This can be compared with the normal

global inventory of H atoms above 100 km, which is

of the order of 4 x 10 3 2, and it implies that each

HLLV launch could increase the thermospheric H

inventory by about 3% per day if other sources and

loss rates remained unchanged. From each launch

the H production would continue for about five

days, leading to a maximum upper limit global H

atom inventory change of about 15%. However, an

increase of thermospheric H-atom concentration

would probably lead to an increased exospheric

escape rate. The concensus of a number of studies

on the global H-atom escape rate gives a value of

about 1 x 10 3 2 atoms per day. Thus, the normal

thermospheric residence time for an H atom is of

the order of four days (or perhaps one to ten

days).

The subject of thermospheric H-atom inven-

tories and escape rates needs to be studied more

carefully. The present calculations suggest that

a doubling of the upper thermospheric density

might be possible if a schedule of frequent HLLV

launches were initiated. The possible consequen-

ces of a density doubling could be serious, though

presently a matter of vague speculation. Thermo-

spheric wind patterns could be affected, as well

as relativistic electron precipitation rates and

global climate.

The HLLV would also deposit large quantities

of water vapor in the mesosphere. At the meso-

pause (~ 85-km altitude), the normal temperature

is about 180K, and the saturation concentration of

water vapor in equilibrium with ice at that tem-

perature is 2.6 x 10 1 2 molecules cm"3. According

to the design rate of output of water vapor in the

HLLV exhaust (4. x 10 2 9 molecules per linear kilo-

meter), we would expect a large contrail to form

at 85-km altitude with crosswise dimensions of at

least 14 km. A contrail of this size would per-

sist for at least several hours. [At the normal

mesopause temperature of ca 180K, the saturation

vapor pressure of water would be .05 d/cm2, cor-

responding to an H20 number density of 2 x 10 1 2

molec/cm. The normally existing H2O concentra-



tion at the mesopause is less than a thousandth of

this value. The HLLV, in its flight across this

region, would emit about 4 x 10 2 4 H20 molecules

per linear centimeter, resulting in local H20

concentrations that would exceed saturation for

some period of time. The length of time required

for the concentration to drop below the 2 x 10

molec/cnr' saturation level would be determined by

wind shears and turbulent diffusion. Effective

diffusion coefficients in this altitude regime,

determined from radio meteor and chemical release

data, vary between 106 and 107 cmz/s, see S. Zim-

merman and Murphy, leading to supersaturation

lifetimes of the contrail ranging between five

hours and two days.]

A cumulative effect is possible over the

course of many HLLV launches. Under normal condi-

tions, water vapor is a major contributor to radi-

ative cooling at the mesopause, tes to molecular

rotation transitions in the wavelength range 20 to

100 gm. The normal contribution of HgO to the

cooling rate is about one degree Kelvin per day.

A local increase of HjO concentration would lead

to an increase in the cooling rate and a lower

equilibrium temperature. It is possible that a

ten-fold increase in the mesopause f^O concentra-

tion, resulting from many HLLV launches, would

lead to a temperature decrease sufficient to pro-

duce a permanent 1ce cloud. The photochemical

lifetime of mesospheric H£0 vapor is about 40

days.

V. HLLV ORBIT CIRCULARIZATION AMD DEORBIT MANEU-
VERS

With the niain HLLV second-stage burn confined

to altitudes below 120 km, the effects on ioniza-

tion in the F-layer are, as we have shown, fairly

small. However, relatively small but significant

amounts of (̂ 0 and Hg are deposited directly into

the F-layer during the orbit circularization anci

deorbit maneuvers. The rates of exhaust emission

per linear kilometer during those maneuvers are

expected to be about one-tenth of the emission

rate of the Saturn V, S II engines during the

Skylab launch. However, since the burn would

occur at a high altitude (477 km), the efficiency

for ion removal would be high.

We ran a computation to represent an HLLV

orbit circularization burn occuring at noon over

the Philippine Islands. The assumed exhaust depo-

sition rate was 4.9 x 1O26 HgO molecules and 1.6

x 1 0 " Hg molecules per kilometer, extending over

a linear distance of 1400 km. (These parameters

were furnished by H. P. Oavis, NASA JSC, based on

expected characteristics of the HLLV orbital-ma-

neuvering system.) After injection, the gases

were assumed to fall rapidly to 270-km, while

spreading crosswise to the trajectory plane over a

perpendicular distance of 400 km (full width).

According to the computation, a small but

definite ionospheric hole is produced, illustrated

in Figs. 7a, b, and c. These figures represent a

cross section perpendicular to the vehicle trajec-

tory and lying in the geomagnetic meridian

plane. The time is 2.4 hours after launch, the

time of maximum ion depletion. The electron den-

sity has been reduced to one-third of its normal

value over a geographic area approximately 1000 by

2000 km. The ionosphere returns to normal in

about five hours.

VI. THE COMPUTER MODELS

Two-Dimensional Cartesian Model

Structurally, the code includes an array of

two-dimensional EuleMan mesh cells with coordi-

nates x (in the geomagnetic meridian plane) and z

(the vertical). The z-coordinate extends from 50-

to 700-km altitude; the x-coordinate extends from

0 to 2000 km on either side of the trajectory

plane. There are 13 vertical and 21 horizontal

cells, for a total of 273 cells.

The following physical and chemical processes

are considered.

a. Chemistry - Time-dependent chemical/photo-

chemical kinetics with 28 species and 277

reactions. The rate equations are integrated

in each of the 273 cells. The more important

chemical reactions In the reaction set are

listed in Appendix A.

b. Solar radiation - The nominal spectral inten-

sity of sunlight 1n each of 40 wavelength

bands is stored by the computer code. To

simulate expected solar-activity-related

variations 1n the EUV region below 1000 A,

10
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Fig. 7. Computed concentration contours for H20,
Ho, and electrons (number per cubic cen-
timeter) 2.4 hours after a hypothetical
HLLV orbit circularization maneuver over
the Philippine Islands. The cross-
sectional view is perpendicular to the
orbital plane and parallel to the mag-
netic meridian plane looking back along
trajectory. The original exhaust depo-
sition was in the central plane x
= 2000 km, and extends 1400-km lengthwise
in that plane.

the nominal intensities are scaled up or down
by a nominal factor, usually in the range 0.5
to 2. Attenuation of the solar radiation in
each wavelength band at each of the 13 a l t i -
tudes due to absorption by 0, and 0-j
is computed from the computed concentrations

of those species and the computed solar ze-

nith angles. The rate coefficients for pho-

todissociation, photoionization, and photoex-
citation reactions are computed from the com-
puted spectral intensities and tabulated
wavelength-dependent cross sections.

c. Diffusion and transport - Diffusion rates are
computed for each species under the influence
of gravity under assumes conditions of steady
flow (near hydrostatic equilibrium). Advec-
tion effects due to horizontal winds are
included. The ion transport equations incor-
porate effects of the electric and magnetic
fields. The transport equations are des-
cribed in more detail in Appendix B.

d. Time-varying temperatures - The temperature
array is generated as a function of altitude
and time based on f i ts to standard empirical
models, scaled to the assumed exospheric
temper,ture, which is specified as an input
variable. Daytime electron and ion tempera-
tures are generated with a set of algorithms
that relates them to the neutral temperatures
and local electron concentrations. The chem-
ical rate coefficients, diffusion rates, and
vertical winds are computed from these tem-
peratures.

e. Cosmic rays, precipitating electrons, and He*
304-< radiation - These ionization sources
are included because of their importance in
the D-layer and the night-time E-layer.

f. Horizontal winds - Tidal-wind velocities and
E-fields are specified as functions of a l t i -
tude, latitude, and time, based on models f i t
to experimental observations.^"^ The wind
model is described in Appendix B.

One-Dimensional Codes and Computations of the
Normal Ionosphere

The two-dimensional code can be operated in a
one-dimensional mode for computing the structure
and diurnal variability of the normal iono-
sphere. The one-dimensional computations are used
to furnish starting conditions for the two-
dimensional rocket exhaust injection problems.

The two-dimensional code (or its one-dimen-
sional version) provides a reasonably accurate
description of the normal ionosphere above 90-km
altitude (E- and F-layers). However, i ts 28-spe-
cies chemistry model is not adequate for the 0-

11



layer (below 90 km). To cope with the D-layer

chemistry, and to model the E- and F-layers with

better spatial resolution, we constructed a larger

one-dimensional code for the CRAY computer. This

code Includes 84 chemical species and 1600 chemi-

cal reactions In 40 vertically stratified mesh

layers. I t seems to generate a fairly accurate

representation of the normal atmosphere/Ionosphere

over the entire altitude range (50 to 700 km).

Detailed comparisons with experimental data are

s t i l l 1n progress.

Some computed chemical composition profiles,

representing the normal ionosphere as generated

with the smaller one-dimensional code, are shown

1n Figs. 8a and b. They contain sets of profiles

of neutral molecular and ion concentrations, re-

spectively, for noontime. May 14, 1973, at 38° N

latitude, near Wallops Island, VA, assuming low

solar activity and a noontime exospheric tempera-

ture of 1048 K. They represent the ionospheric

configuration 30 minutes before the Skylab launch

and the Init ial conditions for the two-dimensional

Skylab computation.

Inputs to these computations, Including time-

dependent temperature profiles, solar x-ray and

ultraviolet (UV) spectra, night-time intensities

of scattered UV radiation from the geocorona,

intensities of cosmic rays and precipitating rela-

tivistic electrons, and specifications of the

thermospheric winds, were chosen to represent the

expected average conditions for the selected loca-

tion and local time. The assumed temperature and

wind profiles one hour after the Skylab launch are

plotted in Figs. 9a and b.

VI I . CONCLUSIONS

We have run a set of numerical simulations of

the effects of a single HLLV launch on the earth's

upper atmosphere and ionosphere, and we have

checked the computer code against experimental

data for the case of the Skylab I launch and data

on the ambient Ionosphere.

The principal environmentally significant

effects that show up in the HLLV computations are

a. large-scale Ionospheric plasma depletions,

b. production of massive quantities of atomic

hydrogen in the thermosphere, and

c. formation of persistent 1ce clouds near the

mesopause.

10' -joio° icr io' IO KT

NUMBER DENSITY (cm3)

10" 10

Fig. 8. Computed vertical concentration profiles for neutral species and positive Ion species respectively
at noon on Hay 14 at 38° latitude off Wallops Island, VA, 30 minutes before the Skylab I launch.
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The F-layer plasma depletion resulting from

the main HLLV second-stage burn is less pronounced

than the depletion observed after the Skylab

launch. This is because the burn is confined to

alt i tudes below 124 km. The computed electron

density reduction at the F2 peak amounts to about

th i r t y percent at night (12 hours after launch)

and ten percent the following day.

The F-layer depletion result ing from the

orb i t c i rcular izat ion maneuver at LEO apogee is

more severe, but re lat ively short- l ived. The F2

peak electron density is reduced to one third of

i t s normal value over a region approximately 1000

by 2000 km for a period of about four hours. The

hole would be longer-lasting i f the orbital maneu-

ver occurred at night.

The computed rate of production of hydrogen

atoms reaching the upper thermosphere (above 300-

km alt i tude) amounts to 1.3 x 1031 per HLLV launch

for the f i r s t 30-hour period. This might be suf-

f i c ien t to double thermospheric H-atom concentra-

tions after six launches.

An HLLV launch would produce a l a r g ^ c o n t r a i l

i n the mesosphere a t about 85-km a l t i t u d e , 10- t o

20-km wide, and extending several hundred k i l o -

meters downrange. The c o n t r a i l would p e r s i s t f o r

several hours . Repeated HLLV launches could lead

to cumulat ive e f f e c t s , which need t o be i n v e s t i -

gated. <
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APPENDIX A

CHEMICAL REACTIONS IN THE
TWO-DIMENSIONAL IONOSPHERIC MODEL

Table A-I is a computer listing of the most

important chemical reactions and rate parameters

used in the two-dimensional code. They are a

computer-selected subset of the 277 reactions
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TABLE A-I
THE DOMINANT CHEMICAL REACTIONS

Reactants

OH

M

N

H<20*
0
H

H

o n e
HP
OUC'
OH

OH

OS
OS
N

Nt?D>
N

CO?
0?
H

HSO
^eo
0
CO
H

H

0
0

OP'DL
OS <SG
ceiso
E
OPift-
onoi
NlSOl
OHSl
0< ID1

OS'OL
O?tSO
E
OS
0
E
E
C
£
E

N »

H '

OH'
NP*
MS'
0 *
M -

0 *
O H '

N *

HPO*
N ? '
0 *
HSO'
M -

N .

N '
OS*
NS*
NS*
0*
H *

0 *
0 -
0-
OH*
OH-
HSO-
HSO-

CO
CO?

OH

OH
OSiDLi
03
HP
0
HPO
OH

H?
NipD"
N'SO'
OS
NO

NO

H

H

OH
0
H

0 0
0 n
M M
OH M
CIS M

N

NlpO>
c
NS
NS
0
OS
OS
f t

0
E
NiEO)
ON.
OH*
OH.
HPO*
HPO*
HSO*
HSO*
NO*
OS*
OS*
H

NO
NO
H

CH
H
0?
OH
OS
HSO
NO
HSO
HSO
OS
HSO
0
OS
NO
0
OP
OS
0
COS
OH
HS
HE
HSO
HS
HSO

Products

CO?
ND
NO
H

OS
0
O H

O H

H

(,-•
HSO
HPO
NO
NO
NO
0
NS
OH

0
HS
OH
OH

OP
CO?
H?
HSO
03
NO
N

OS
OS
OPIOL
E
OS
0
N

Oi ID)
0
OS
0?
E
OSiDL
E
0
OHOl
OUSl
0
HS
OH
H
0
0
01 IS)
H<-

NO*
NO-
M-
OH-
H '
OP-
OH-
OS*
HSO'
NO'
HSO*
HPO-
OP'
HPO'
0 -

c*.
NO*
0 *
OS*
OP-
O-
OP*
OP*
OH*
H30-
M30*
H30*
HSO*

H

CD
H

re
H

OH
OS
H

OH
OH

0
H

0
OUOI
0
NS
0
CO
OH

0
OH

HS

M

M

M

H

« HV
. WV
• HV
- HV
N

E
NS
NS
0
OSiSCi
OS
M

0< ID)
E
NO*
H

H

H

HS
OHD>
H

HSO
NlSOl
OllDl
0
N
H

OH

NS
NS
0
H

0
O H

N

HSO
N?
0
HSO
H

N

N

OP
NS
NS
0
H

CO
H

H
H
0
H

OH

A

1 35T-13
3 SOE-13
5 30C- 1 1
5 OOC- 11

M.OOE-ll
S.50C-1M
I.M0E-1D
9.90C-I1
9.00C-IS
P.30E-I0
l.OOE-II
I.SDE-M
I.50E-1S
6.00E-1S
M . ** Of - IS
6 OOE-ll
3 MOE-M
M.95E-II
6.M7E-10
M.IME-1S
M.5HE-II
S.50E-I1
l.MOE-30
6.50E-33
8.30E-33
6.78E-31
I.I3E-3M
1.90E-17

1.60E-05
P.60E-0M
8.30E-0E
S.50E-03
X.3EC-09
1.OOE-ll

e.OOE-II
6.00E-I5
7.50E-iS
S.90E-II

s.soc-ie
I.63C-I5
5.5IE-09
l.OOC-ll
7.6DE-13
I.73E-07

s.aoe-oe
M.MOE-09

s.ooE-oe
1.OOE-OS
1.70E-07
I.30E-06
N.OOE-07
1.69E-07
S.10E-D8
3.60E-IP
I.90E-09
J.OOE-10
3. DOE-10
3.00E-I0
6.B0C-10
S.OOE-IO
3.00E-I0
P.OOC-10
P.60E-09
3.00E-10
6.10E-I0
S.30E-09
P.OX-IO
3 .0X- I0
S.SOE-I?
S.80E-10
M.5X-10
1.OOE-ll
5.00C-10
S.OOE-ll
7.73E-I0
1.IDE-09
1.00E-09
P.OOC-09
I.SOE-09
I.SOE-09
1.XOE-09

i.eoc-09

B

0.00
0.00
0 00
0 00
0.00
0.00
0.00
0 00
1.00
0.00
0.00
D.00

.50

.60
0.00
0.00
0.00
-.30
0.00
1.00

.•.0

.MO
0.00
0.00
0.00

-P. 00
0.00
-.MO
0.00
0.00
0.00
0.00
-.10
0.00
0.00
0.00
0.00
0.00

.80
0.00
-.PO
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
-.70

-1.00
-.60
-.60

o.oo
0.00
0.00

0.00
0.00
0.00
0.0G
o.oc
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

o.oc
0.00

-.so
-.80
- . M O

-.10
0.00
0.00
0.00

0.00
0.00
0.00
0.00

c
0 .

1711 .
0 .

0

0 .

0 .
M70

0 .
MM80.

0
500

PPOC.
0.
0 .

3SSD.
0
0 .

IP3?i .
BM07.
3M78.
896:.
9656
650.

sieo.
0 .
0 .

-510.
0 .
0 .
0 .
0 .
0 .

3551.
0 .

-107.
0 .
0 .

-67.
0 .
0 .

P63I0
II5S*.
HIEf.

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 .

PI5.
0 .
0 .
0 .
0 .
0 .
0 .
0 .
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TABLE A-I (continued)

teactants

u- c
Of- N
N- 03
0- N?
N?- C
0c- H?
• f - 03
0- 0"
0- N? M
CO?
H?0
NO
N? «
N?
0?
0?
03
0
0? <

Of .
H

N

NlfDl
N O

N?
N? >
0
Of
GP<Ol I

HV

HV

H V

HV

HV

HJ

HV

H ^

H ^

H V

HV

HV

HV

HV

HV

HV

HV

HV

HV

Products

NO-
NO-
NO-
NO-
NO-
NO-

H -

NO-
cc
H
N

N
N
0
0
Of IOLI
01 IEI
Of fCL i
OflSG
H*
N«
U*
NO*
N?-
N*
0 -
OP-
Of -

0
0
0?
N

N

NO
0 N?
0?
N H
0
OH
0
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actually implemented in the code. The chemical

reaction rate coefficients (excluding photochemi-

cal rates) are expressed in the form

k = A(T/300)B exp(-C/T) .

The parameters A, B, and C are tabulated for each

reaction. For reactions involving only neutral

molecules, the neutral temperature is used. If

the reactants include electrons, the electron

temperature is used. If the reactants include

ions but not electrons, the ion temperature is

used.

Bibliographic references for the rate data

are indicated in the last column. "Reverse" means

that we have computed the rate coefficient using

the computed tf'crrcd/i'.inHc equilibrium constant

combined with the measured rate of the reverse

reaction.

APPENDIX B

THE TRANSPORT EQUATIONS

I. GLOSSARY OF TERMS

Coordinates and velocities:

x = horizontal coordinate in magnetic meridi-

an plane (northward)

y = coordinate perpendicular to meridian

plane (westward)

z = vertical coordinate

u = x velocity

V = y velocity

w = z velocity

Species subscripts:

e = electrons

+ = positive ions

n = neutrals

1 = 1 t h individual species

n(ne,n+,nn,n.j) = number densities

P(pe.P+.Pi)
 = partial pressures

T(Te,T+,Tn) = temperatures
v' ue > vi' = c o l H s l o n frequencies

fi(ne,n.[) = gyrofrequencies

m(me,mj,m,m+) = species mass

HfH^.H.I^) = scale heights
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D(D i n ,Da i ,De d d y) = diffusion coeff icients

t = time

> = lat i tude

I = magnetic dip angle

' = magnetic declination

BX,BZ = magnetic f ie ld components

Ex,Ey,Ez = electric field components

k = Boltzmann's constant

g = gravitational constant

e - electron charge

c = speed of l igh t

I I . NEUTRAL WIND VELOCITIES

The neutral temperatures are assumed to vary

with z and t in a prescribed manner, derived from

f i t s to model atmosphere data. I f overall hydro-

static equilibrium is assumed, i t can be shown

that the macroscopic average vert ical wind veloci-

ty must be givc-n by the d i f ferent ia l equation

( B - l )

where Tf = (kTn/mg) and

iii = 7 n . m . / r n .
i ' ' i

The solution of Eq. (B- l ) is

(B-Z)

2N 1/121

which can be evaluated by quadrature.

The horizontal neutral wind components

Vj, (toward the north) and v (toward the west)

are represented as linear superpositions of

seasonal average, diurnal ( S ^ and Sj _2 modes)

and semidiurnal terms. The separate terms are

generated from fits to the data of R. H. Harper1®

and of P. Amayenc1^ and computations of Roble et

al.11 and of Forbes and Garrett.8'9'10 We are

grateful for the advice of R. M. Harper, J. M.

Forbes, and H. B. Garrett.

We represent the meridional wind component as

*N = A0N ' A 1 1 NCOS[2*(T - 4U M ) /24]

- A12MCOS[2T(T -

where T is the time of day in hours and the sub-

scripts UN, 12N, and 2N refer respectively to the

diurnal SJJ mode, diurnal Sj _2 mode, and the

semidiurnal mode. Ag^ is the seasonal average

northward velocity. The A's and / ' s are generated

as f i t t ed functions of a l t i tude, la t i tude, time of

year, and solar act iv i ty leve l , or a subset of

these variables.

The seasonal average term AQJI is generated

with a computer subroutine that was kindly fur-

nished by J . M. Forbes. I t is based on f i t s to

results of computations by Roble, Dickinson, and

Ridley.11

Values of the parameters A11N, A12N> A2N,

A ] j N , A j 2 N , and A2fJ were determined as functions

of a l t i tude by R. M. Harper1^'18 from incoherent

scatter measurements at Arecibo for solar minimum

non-winter conditions. We have f i t t ed Harper's

data with approximate analytic functions of a l t i -

tude. Of the two diurnal modes SJJ ami Sj _2, the

former is dominant at low lat i tudes, while the

la t te r dominates at hiyh lat i tudes. The relat ive

strengths of the two modes as functions of l a t i -

tude have been computed by Forbes and Garrett.8

We use Forbes' and Garrett 's results to scale

Harper's Arecibo values of A11N and A12N to non-

Arecibo lat i tudes. The scaled amplitudes are in

rather good agreement with amplitudes computed by

Forbes and Garrett for solar minimum conditions at

45° la t i tude. For solar maximum conditions, A l l f J

increases at low latitudes (R. M. Harper, private

communication ). The quantities A2N, AJJ N , A J 2 N ,

and A 2 N are al l assumed, for lack of detailed

information, to be independent of la t i tude,

season, and solar ac t i v i t y .

For the zonal wind system, vw> we again use a

linear superposition of seasonal average, diurnal ,

and semidiurnal terms; i . e . ,

A0W

+ A2WCOS[2TT(T - A2W)/12] ,

where Agy is the seasonal average veloci ty , and

the subscripts 1W and 2W refer to diurnal and
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semidiurnal modes. A Q W is computed with a subrou-

tine supplied by J. M. Forbes. The diurnal ampli-

tude Ajy is assumed to be the same as Aj2N> *ne

amplitude of the meridional component of the Sj _£

mode. The phase shift / j w is set equal to -4

hours. For the semidiurnal mode, we assume t^y

•= 25 m/s and t^ ~ 6 hours, independent of alti-

tude, latitude, and season.

The velocity components v^ and vw, which are

in geographic coordinates, must be transformed to

geomagnetic coordinates (x,y,z) via

(B-3)

and

v = - vM sin ' + Vy cos ' , (B-4)

where li and v are the macroscopic average neu-

t ra l wind veloci t ies in the magnetic coordinate

system.

I I I . NEUTRAL SPECIES TRANSPORT

The quasi-steady velocity components for the

i t h neutral species above the turbopause are

unp
= ~un " D in

sional model, that a/ay - 0.

The rate of change of the 1 t h species concen-
t rat ion is computed as

- - 7*(vV (B-8)

(B-5)

where Pj and L,- are the chemical production and

loss terms.

IV. ION TRANSPORT EQUATIONS

The transport of ions is influenced strongly

by the geomagnetic f i e l d . For th is reason we have

chosen coordinates which are aligned with the

magnetic f i e l d . § is in the xz plane and has

components Bx = B cos I and Bz = -B sin I .

The electron and ion Lamor frequencies are

leB/mecl = r?e and leB/m^cl = r>1. For compactness

of notation, we refer to the Larmor frequency

components: i e x = r>e c o s \t n^ = _oe s i n I , r>-x

= i-i cos I , and Q i z = -o . sin I .

Where plasma density gradients are present,

the dominant paral lel component of the electro-

stat ic f i e l d w i l l be

(B-9)

where

and

:nnp.
v i = vn ' D in

w i = "n - D in

and H1 =

(B-6)

(B-7)

and D,-n is thewhere p,- = n^
molecular diffusion coefficient of species i .

Below the turbopause (~ 100-km altitude) the
eddy diffusion coefficient, De<j()y, is larger than
the molecular diffusion coefficients. In that
altitude range, the equations must be modified by
replacing Ĥ  with H and replacing Dip by Ded(jy.
Although we have included the term 3£npj/3y in
Eq. (B-6), we assume, for the present two-dimen-

ne = T. n i

(sum over positive ions) and pe = nekTe. Then,
including the effects of the E and B fields, the
force of gravity, the neutral winds, and diffusion
regulated by ion-neutral (but not ion-ion) co l l i -
sions, the ion transport velocities are given by

" Da T=- «n + T+)]

and

where

(B-10)

x *iz

(B-U)
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0 . = D,
a1 1n

fl + T /T
e

and

) (ambipolar diffusion (B-12)
coefficient) ,

(the effective
equilibrium scale
height for ion
species i)

(8 -13 )

) -

= A\z

(B-14)

(B-15)

T^Tz hx"izwi + vi ("n +STT:

eE

ix iz
.,2 + O2
i iz

(8-16)

though we have made minor modif icat ions.

In the computations to date, we have assumed

that the external e lectrostat ic f i e l d components

Ex and Ey are zero. We have also assumed that

temperature? do not vary in the x -d i rec t ion , and

nothing varies in the y -d i rec t ion .

V. BOUNDARY CONDITIONS

The concentrations of N^, O2, CO ,̂ H^O, H2,

He, and NO are held constant in the bottom row of

mesh ce l l s . For a l l other species, the bottom

boundary fluxes are set to zero. In th is connec-

t i on , i t is relevant to note that the photochemi-

cal time constants of odd oxygen and odd hydrogen

species at 50-km a l t i tude are less than one hour,

whereas the time constant for odd nitrogen is

about 100 days.

The horizontal boundary f lux conditions are

recu-sive; that i s , the fluxes at the l e f t boun-

dary at each a l t i tude are set equal to the corres-

ponding fluxes at the right-hand boundary.

In the top row of mesh c e l l s , t;e assume that

a l l species are in hydrostatic equi l ibr ium. That

i s , a l l concentrations in the top row of ce l l s are

related d i rec t ly to the concentrations in the row

below according to the d i f fus ive equi l ibr ium rela-

t ionship

z2

2\
dz/h\ (B-18)

where subscript 2 refers to the top cell (median

altitude z2), and subscript 1 refers to the cell

below (median altitude zl). For neutrals, Tj and

Tp are the neutral gas temperatures Tn, and H,- is

the neutral scale height kTn/m^g. For ions, the

temperatures are the sums of ion and electron

temperatures, T+ + Te, and Ĥ  is the ion scale

height given by Eq. (B-13).

eE.' V e
n\Vi / Vf

(B-17)

Equations (B-9) through (B-17) are based on the

formulation given by Banks and Kockarts,21 a l -
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APPENDIX C

ICE CONDENSATION, EVAPORATION, AND
GRAVITATIONAL SETTLING

The importance of condensation as a process

for removing the rocket exhaust H^O molecules from

the F-layer depends on the lifetimes of the ice

crystals and on their settling rates. We sus-

pected at first that the particles would evaporate

rapidly in sunlilght, before they could fall to an

appreciable extent. However, we will show that

this is not the case.

There is not much question that condensation

of water must occur, because of the rapid cooling

by adiabatic expansion of the exhaust, cloud into

the surrounding vacuum. Condensation rates, in-

cluding supersaturation and nonequilibrium ef-

fects, have been calculated by P. Berhnardt.13

According to Bernhardt's calculations, the ice

crystals grow to radial dimensions of about

0.1 urn.

A large ice cloud was observed on the occa-

sion of the translunar inject ion of Apollo-8 from

i t s temporary parking orb i t at 185-kn a l t i tude.

The ice cloud was photographed in morning tw i l igh t

from Mt. Haleakala, HI, where i t appeared in re-

flected sunlight as an object as bright as the

moon. From the observed characteristics of the

scattered l i g h t , i t was inferred that the part ic le

radi i were smaller than 0.08 um.

In pre-event planning of the LASL-Sandia

Lagopedo experiments (high-explosive detonations

in the F-layer, September 1977), we predicted a

similar ice cloud. The ice cloud was indeed ob-

served, and spectra of the scattered sunlight were

recorded.16 From these spectra, together with

color photographs, we have tentat ively deduced

par t ic le r a d i i . They appear to be in the Ray-

1 eight l im i t of 0.1 inn or smaller.

Evaporation rates of small ice crystals in

the near-vacuum of space are controlled by the

rates of absorption and emission of radiat ion, as

well U i the rate of evaporative cooling. There

are two d is t inc t radiative absorption (heating)

terms, one due to sunlight, and the other due to

earthshine radiation in the infrared. Both are

important, although the t iny ice crystals are

nearly transparent at a l l wavelengths. Also im-

portant is radiative cooling by emission of infra-

red radiation.

Since the particles are optically thin at all

wavelengths, the fraction of the radiation inci-

dent on the particle that it absorbs is 4/3 7a,

where V is the spectrally weighted average absorp-

tion coefficient and a is the particle radius

(assumed spherical). The average >c for 1ce over

the solar spectrum is 78 cm as calcu-

lated by Bernhardt13 from the data of Irvine and

Pollack. For the earthshine spectrum, which we

take to be a 220-K Planckian, the weighted average

* i s ^earthsh = 2 2 5 cm"1. (We choose 220 K be-

cause earthshine radiation in the wavelengths of

water absorption bands are ef fect ively absorbed in

the troposphere. The emergent earthshine radia-

t ion in these bands, therefore, arises from near

the tropopause, where the temperature is about 220

K). For the infrared emission spectrum of the ice

crystals themselves, the weighted average < i s

^emission = 50() cm~l- H^re the spectrum was taken

to be a 160-K Planckian, since we f ind that the

part ic le temperatures tend to stabi l ize at 160 K.

The evaporative loss rate of molecules from a

spherical part ic le in vacuo i s 2 3 N = -ira
2<f P/kT,

where a is the par t ic le radius, c the thermal

speed, p the vapor pressure, and k is Boltzmann's

constant. The thermal speed is <: = (8RTAm)1/2,

where m is the molecular weight. The vapor

pressure, including surface tension or curvature

ef fects, is given by

Here, >. is the heat of vaporization, R the gas

constant, Y the surface tension, and P the mass

density. For ice at a temperature To = 175 K, the

vapor pressure is p0 = .01 dyn/cm
2 (for large or

infinite radii), and \/R = 6174 K. The second

exponential term embodies the surface curvature

effects. The surface tension, y, is 77 dyn/cm,

and it follows that the curvature term is effec-

tively 1 for radii a _>_ 0.02 pm.

In the equation for N, we have ignored the

so-called "evaporation coefficient," t, which is

usually found to be X.
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Having N, we can calculate the evaporative
energy loss rate, which is J.N/A, where A is Avoga-
dro's number.

Combining these terras, we find that the par-
t icle heating/cooling rate is given by

dT = PC r s

" ^emission01

2KearthshaTearthsh

where Fsur) is
x 106 erg/cm2s.

the solar constant, 1.39
o is the Stefan-Boltzmann con-

stant, T e a r t h s h = 220 K, and C is the specific
heat of ice.

The rate of change of the particle radius due
to evaporation is

The behavior of these equations is such that,
for a given value of a, the temperature of the
particle rises or settles rapidly to a quasisteady
level such that dT/dt - 0. For an 0.1-vm par-
t ic le , this temperature is 160 K. The corres-
ponding vapor pressure is 7.5 x 10~4 dyn/cm2 and
the radius decreases at the rate of 1.1 x 10"°
cm/s. At this rate, the particle has an evapora-
tive e-folding lifetime of about 900 s. Particles
with smaller radii equilibrate at lower tempera-
tures and evaporate more slowly, with similar e-
folding lifetimes.

The 1ce particles drop rapidly, though
impeded by collisions with the background air .
The collisional drag force, calculated from kine-
tic theory, is Fdrag = 4Tra2(8mkT/T01/2 n vd. Here
m is the average mass of the air molecules, n is
the molecul'aiy; number density, T is the air temper-
ature, and vd is the falling velocity of the par-
t ic le. Starting from rest, a particle accelerates
until i t reaches a terminal velocity

"df

which, of course, decreases with increasing air

density. Values of the terminal velocities of

0.1- and 0.03-nm particles at several ionospheric

z (km)

450

400

350

300

250

200

175

150

125

100

n

2.0

3.5

6.5

1.3

3.4

9.1

1.6

3.6

2.7

1.0

TABLE

(cm"3) .

x 108

x 108

x 108

x 109

x 109

x 109

xlO 1 0

x 1010

xlO 1 1

x 1013

C-I

v,,f (km/s)
0.1 pm

39.9

21.6

11.6

5.8

2.0

0.74

0.46

0.22

0.045

0.0017

for a =
.03 nm

12.0

6.5

3.5

1.7

0.60

0.22 ^

0.14

0.066

0.013

0.00005

altitudes (for daytime temperatures and densities)

are shown in Table C-I.

A particle starting in the F-layer will spend

some time in accelerating free fall before it

reaches the local terminal velocity. As the par-

ticle falls, it evaporates gradually; thus its

radius decreases, as does its falling velocity.

From the equations above, it is simple to compute

the fraction of water evaporated from a particle

per unit altitude along its descent. Particles

with initial radii of .03- to 0.1-pm, starting in

the F2 region, will evaporate a significant frac-

tion of their mass during their accelerating free-

fall phase near the starting point. Most of the

remaining mass will evaporate near the terminal

attitude, i.e., between about 130 and 170 km.

Figure 10a is a graph of altitude vs time for ice

particles of 0.1- m initial radius, starting at

300-km altitude. Figure 10b is a plot of mass

fraction evaporated vs altitude. Evaporation is

essentially complete within ten minutes.

We have automated these algorithms in the

two-dimensional ionospheric model so that the

water component of the exhaust gases is redistri-

buted in altitude at the start of the computation,

given an assumed initial size for the particles.

We have recently come upon a paper by W. K.

McGregor,2 which suggests that our treatment, in

this Appendix, of the radiation emitted and ab-

sorbed by small particles is incorrect. McGregor

states that emission and absorption coefficients

are both zero for wavelengths greater than
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Fig. 10. (a) Altitude vs time for an ice crystal
of .03- m ini t ia l radius falling under
gravity while evaporating, (b) The cor-
responding curve of fraction evaporated
per kilometer vs altitude.

times the particle diameter. If his arguments are

correct, then the evaporation rates that we have

calculated are too large, and they must be con-

trolled by collisional, rather than radiative,

energy transfer rates. Then the particles must

survive longer and fal l further. We are currently

studying this matter.
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