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I. 

IONOSPHERIC EFFECTS OF ROCKET EXHAUST PRODUCTS -- HEAO-C, SKYLAB, AND HLLV 

by 

John Zinn, c. Dexter Sutherland, Sidney N. Stone, and Lewis M. Duncan, LASL; 

and Richard Behnke, Arecibo Observatory, Arecibo, Puerto Rico 

INTRODUCTION 

ABSTRACT 

This paper reviews the current state of our understanding of the 

problem of ionospheric F-1 ayer de pl eti ons produced by chemical effects 

of the exhaust gases from large rockets, with particular emphasis on the 

"Heavy Li ft Launch Vehicles" (HLLV) proposed for use in the construction 

of solar power satellites. The currently planned HLLV flight profile 

calls for main second-stage propulsion confined to altitudes below 

124 km, and a brief orbit-circularization maneuver at apogee. The 

second-stage engines deposit 9 x 1031 H2o and H2 molecules between 56 

and 124 km. Model computations show that they diffuse gradually into 

the ionospheric F region, where they 1 ead to weak but widespread and 

persistent depletions of ionization and continuous production of H 

atoms. The orbit-circularization burn deposits 9 x 1029 exhaust mole

cules at about 480-km altitude. These react rapidly with the F2 region 

o+ 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 five hours. 

Also described are experimental airglow and incoherent-scatter 

radar measurements performed in conjunction with the 1979 1 aunch of 

satellite HEAO-C, together with prelaunch and post-launch computations 

of the ionospheric effects. Several improvements in the model have been 

driven by the experimental observations. The computer model is des

cribed in some detail. 

Present understanding of ionospheric F-1 ayer 

depletions caused by exhaust products from 1 arge 

the dominant F2-layer ion. These reactions pro

duce molecular ions H2o+, H3o+, and OH+, which 

recombine rapidly with electrons, causing a reduc

tion in electron-ion concentrations. rockets began with the observations by M. Mendillo 

et al. 1 of an abrupt decrease in vertical electron 

column density along the trajectory of the 1 aunch 

of Skylab I, May 14, 1973. The effect was attri

buted1-4 to the chemical reaction of rocket ex

haust molecules, primarily H2o and H2 , with o+, 

1 

Practi"cal interest in these ionospheric de

pletions ("holes") has increased with the advent 

of proposals to build 1 arge space structures in 

earth orbit, such as the solar power satellite 

( SPS). Current SPS system studies call for space 



transportation activities on a far 1 arger seal e 

than any carried out heretofore. The proposed 

primary cargo vehicle, called the "heavy 1 ift 

1 aunch vehicle" (HLLV), is approximately six times 

1 arger than the NASA space shuttle vehicle (see, 

for example, the NASA SPS Concept Evaluation docu

ment5), and HLL V 1 aunches would occur with a fre

quency of several per day. The present paper is 

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

bility of second-stage flyback. It 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 1 i quid hydrogen and 2000 tons of 

1 iquid oxygen. Hence, the exhaust gases will con

sist primarily of H2o and H2 in the molar ratio 

3:1, about 9 x 1031 molecules in all. 

Present launch plans, designed in part to 

minimize F-layer depletion effects, call for igni

tion of the second-stage engines at 56-km altitude 

and engine shutdown with orbital insertion at 

108 km, after descent from an intermediate apogee 

at 123 km. This launch traj ectory5 1 eads 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 emi s

s ion of 9 x 1029 exhaust molecules. Upon compl e

ti on of its mission in LEO, the HLLV returns to 

earth. The deorb it maneuver requires 11 tons of 

propellant and emission of 5 x 1029 exhaust mole

cules. 

It is interesting, if not al together rel e

vant, to note that the number of exhaust molecules 

from a single HLLV, about 1032 , is similar to the 

total number of electron-ion pairs in the global 

ionosphere, again about 1032 • Since each H20 

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. 

In previous papers6 •7 we examined~ the 

conditions that determine the "chemic~ effi

ciencies" of exhaust molecules for destroying F

layer ions. Further details are described here. 

We al so discuss some additional upper-atmospheric 

2 

effects of rocket ex ha us ts, including the produc

tion of high-altitude contrails, atomic hydrogen, 

and airgl ow. We will describe the current version 

of an evolving two-dimensional ionospheric com

puter model and the process of validation of this 

model by comparisons with experimental observa

tions of the launch effect of Skylab (May 1973) 

and HEAO-C (September 1979). Our own experimental 

data on the HEAO-C 1 aunch will be described. 

Finally, the computer model will be applied to the 

prediction of effects of a single launch of the 

HLLV. 

I I. BACKGROUND 

Observations of the creation of a large iono

spheric hole by the 1 aunch of Skylab I (Saturn V 

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

ported by M. Mendillo et al. 1 •2 The ionospheric 

electron column density was observed to be reduced 

by 50% or more over a period commencing within ten 

minutes after the 1 aunch 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

tion measurements of the VHF signals from geosta

tionary satellites ATS-3 and ATS-5. 

Similar effects were predicted to occur with 

the Atlas-Centaur launch of satellite HEAO-C, 

which occurred at night on September 20, 1979. 8 

Because of the current practical interest in these 

phenomena as they relate to SPS environmental 

studies, an organized effort was mounted to obtain 

experimental observations, and a considerable body 

of data was collected. The data were reviewed in 

a DoE-sponsored workshop meeting held in Boston, 

November 11-13, 1979. Proceedings are to be pub-

1 ished shorciy. 9 The observations included Fara

day rotation polarimetry measurements of total 

electron content, 9a-g incoherent scatter radar 

measurements from Mill stone Hill 9h and from Are

cibo,9i differential Doppler measurements,9j radio 

propagation measurements, 9k-n HF radar measure-

ments,90 and optical/IR airglow measure-

ments.9p,q We personally were involved in the 

airglow observations and the Arecibo observations, 

some of which are reported here. We al so fur

nished prelaunch computer model predictions, which 
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we shall review in comparison with the post-launch 

data. 

The ionospheric de pl et ion effect of rocket 

exhaust gases, as first interpreted correctly by 

Mend il 1 o et al , 1 is due to i on-molecule charge

exchange reactions, which enhance the effective 

rate of recombination of the existing F-layer ions 

and electrons. The essential point is that in the 

F2 layer (above 200-km altitude), the normal plas

ma consists of monatomic o+ ions and electrons, 

and reactive molecules such as H2o, H2 , and co2 
(or even o2) are rare. When H2o and H2 are intro

duced, a sequence of reactions occurs that 1 eads 

to the destruction of ions. The reactions al so 

produce visible airglow, and they produce H 

atoms. The basic chemistry is as follows. 

A. Chemical Reactions 

The rocket exhaust molecules, predominantly 

H2o and Hz, undergo charge-exchange reactions with 

the o+ ions, and the resulting molecular ions com

bine with electrons. With HzO the sequence is 

(1) 

followed by 

(Z) 

Reaction (2) is about 105 times faster than the 

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

o+ + e- + 0 + hv • (3) 

Reaction (1) is much faster than either of the 

normally occurring F-1 ayer charge-transfer reac

tions 

(4) 

or 

(5) 

The OH radical formed in Reaction (Z) can react 

further with o+. The reaction is 

o+ +OH+ 02+ + H , (6) 

3 

which is followed by rapid neutralization of the 

0 +. 
2 • 

In most cases, however, the OH radical is des

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

OH + 0 + H + 02 (8) 

before Reactions (6) and (7) can occur to a signi

ficant extent. 

The result of the two cycles, Reactions ( 1) 

and (Z) and Reactions (8), (4), and (7) in se

quence, is the destruction of between one and two 

electron-ion pairs by each H20 molecule. 

Similar processes occur with other common 

rocket-exhaust products, such as Hz or co2• With 

Hz, the sequence is 

foll owed by 

0 + H (lOa) 

(lOb) 

The 0( 10) is a metastable, electronically 

excited oxygen atom that decays primarily by emi s

si on of 630.0-nm radiation. On the launch of 

HEAO-C, we obtained photometric data on the 630-nm 

airgl ow. For this reason, we will elaborate on 

the ai rgl ow chemistry. The 0( 1o) atoms produced 

in Reactions (7) and (lOb) undergo radiative de

cay, with a lifetime of 120 seconds, and the re

sulting red-line emission can be observed from the 

ground. Some additional 0( 1D) atoms are probably 

formed in the reaction 

( 11) 

which is a low-probability branch of Reaction (2). 

The branching ratios for 0( 10) production in Reac

tions (Z), (11) and (10) are unknown; however, 

they have been estimated theoretically by W. 

Wadt,10 as 5 and 10% respectively. 



The water vapor emitted by a rocket is at 

quite high concentrations relative to the F-layer 

ions. For this reason, a number of reactions oc

cur that compete with (Z), (10), and (11). Some 

of these are 

(lZ) 

( 13a) 

(13b) 

and 

(14) 

The branching ratio for 0( 1Dl production in Reac

tion (13) is unknown. However, on the basis of 

the HEAO-C a i rgl ow data, together with cons i dera

ti ons of reaction energetics, we believe that it 

is near 100%. 

B. Exhaust Gas Diffusion, Settl i ng, and 

Transport 

The severity, geographic extent, and duration 

of the F-1 ayer depletions produced by the exhaust 

product molecules are determined by a combination 

of interacting processes including chemistry, dif

fusion, gravitational settling, and advection by 

prevailing winds. The molecular diffusion and 

settl i ng rates are both rapidly increasing func

tions of altitude. For a quantitative description 

of these coupled processes, we built a two-dimen

sional computer model. Some numerical results 

from the model are detailed in the following sec

tions. Details of the model itself are amplified 

in Sec. VI and Appendices A and B. 

The strong ion-removal effects induced by ex

haust product molecules are confined to the i ono

spheri c FZ 1 ayer above ZOO km, where the normally 

occuring ion species is predominantly monatomic 

o+. Bel ow 180 km, the dominant ion species are 

polyatomic (principally NO+ and Oz+l, and the 

effective rates of recombination of these ions 

with electrons are not affected much by the addi

tion of contaminant molecules such as HzO or H2• 

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

should not lead to a drastic enhancement in the 

effective reccmbination rate. It might produce a 

4 

no ti ceabl e effect, nevertheless, by forming com-

plex ions such as NO+ • nHzO, H3o+ and 

H3o+ • nHzO. The recombination coefficients for 

these complexes are believed to be from 3 to 10 

times larger than those of the normally occurring 

simple ions, NO+ and Oz+). 

The fastest process affecting the remov~ of 

water molecules from the F-1 ayer is gravitational 

settling (regulated, of course, by molecular col -

1 i si ons). The time required for an isolated water 

molecule to fall across the F-layer from 400- to 

ZOO-km altitude is about two hours. The settling 

and diffusion 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 ~ -(1/Z)g/v, where g is the accele

ration due to gravity and v is the molecular col

lision frequency. For an H2o cloud falling in an 

atomic oxygen atmosphere, the formula gives w ~ -5 

x 1012;n m/s if n is the local number density in 

cm- 3• The hydrogen tends to settle al so. How

ever, its behavior is dominated by diffusion, and 

it diffuses away before it settles to a noticeable 

extent. 

During their fall , the molecules diffuse 

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

1 ated H2o molecule falling across the dayti1ne F

l ayer has a better-than-90':0 chance of reacting 

with an o+ ion, if the o+ concentration has not 

al ready been depleted by reactions with other H2o 

or H2 molecules. In most cases associated with 

large rocket exhausts, the descending H2o cloud is 

dense enough to react with all the o+ ions in its 

path. The concentration of molecules is over

whelmingly larger than the concentration of o+ 

ions, so effectively all the ions are removed. 

The excess molecules fal 1 through intact. 

The diameter of the cloud increases with ver

tical distance fall en, and the cloud continues to 

spread after the settling has 1 argely ceased. The 

Hz cloud spreads about four times as fast as the 

water cloud, while its settling rate is about 

three times slower. 

If, after destroying the existing ionization, 

the excess H2D and Hz set~ed completely out of 
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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 HzO and Hz 

would not settle out completely. Instead, they 

would maintain a quasi-steady concentration pro

file, falling off exponentially with altitude (z) 

approximately as exp[-(z - z0 )/H]. Here z0 is the 

altitude of maximum concentration and His a scale 

height equ~ to about 50 km for HzO and 400 km for 

Hz· The base altitude z0 descends with time, but 

at an ever-decreasing rate. After 8 hours, for 

HzO. z0 wo~d be about 150 km, and after 24 hours 

it would be 120 km. 

The H2o and Hz are gradually destroyed chemi

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

of destruction is essentially equal to the rate of 

production of ions by sunl ight--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 al so notable that the reactions leading 

to destruction of HzO and Hz all lead invariably 

to production of H atoms (Reactions 2, 6, 8, 9, 10 

and 14). Repeated HLLV launches will lead to pro

duction of very large quantities of H atoms, pos

sibly enough to modify the upper thermosphere. 

Dispersal of the exhaust products is hastened 

by the ionospheric winds. Typical wind speeds in 

the F-layer are 300 km h- 1 , and they exhibit con

siderable shear. 11 - 16 This enhances the growth 

rate of the depleted region, hut it al so speeds up 

the recovery. Neutral winds in the ionosphere are 

bel i l"ved 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 de

pletion are influenced, of course, by the initial 

conditions of the problem, that is, by processes 

that occur early in time and determine the "ini

tial" concentration and spatial distribution of 

the exhaust products. One such process is the 

condensation of water vapor to form ice crys-

tal s. Such 

theoretical 

condensation is to be expected on 

grounds, 6 •17 and it was observed to 

occur, in fact, during the transl unar injection 

burn of Apollo 8 (Molander and Wolfhard18). A 

5 

similar ice cloud was observed in the Los Alamos

Sandia Lagopedo experiments (HE detonations in the 

F-layerl. 19 Under some circumstances, the conden

sation could have an influence on the rate of 

gravitational settling of the water. However, P. 

Bernhardt has shown20 that the radii of water

cl uster particles formed in typical exhausts are 

probably very small (ca •• 01 µm), and the frac

tional condensation is al so small • Therefore, the 

effect of condensation can probably be ignored. 

The initial settling rates of the exhaust 

gases can al so be influenced by "hydrodynamic" 

nrocesses (as opposed to "diffusive"). That is, 

at early times when molecular concentrations of 

those gases are large (i.e., comparatile with the 

background air), the falling gases impart substan

tial velocity to the air. When the air partici

pates in the downward motion, it is less effective 

for ~owing the descent. During that early stage, 

the falling vel oci ti es 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 liy 

the way we set initial conditions for the nu111er

i cal problem. 

III. SKYLAB I LAUNCH 

The first set of definitive data on an iono

spheric depletion resul ti n9 fro111 a rocket l au11ch 

was obtained on the launch of Skylab I, as repor

ted by Mendillo et al •1 •2 One of the first ie';ts 

for our two-d1111ensional model was to run a set Df 

computations representing that specific case and 

to compare the computed results with the data. 

\1e described these co1nrutations before,6,? 

and the data were described and interpreted by 

Mendillo et al . 1 •2 The data consisted of a set of 

ionospheric electron column rlr:nsity (TEC) records, 

measured by Faraday rotation of VdF trans111i ssion 

from two communications satellites, ATS-3 ann -5, 

from five different ground stations. All of the 

records showed a substantial reductiun in electron 

column density commencing within a few minutes 

after the Skylab launch and persisting for about 

four hours. From the aggreoate of the data, it 

was concluded that the ionospheric hole extender1 

to a distance of 1000 kri on either side of the 

launch trajectory plane. 



Al 1 of our cc111puter model simulations of the 

Skylab launch have shorm that the TEC depletion 

should have persisted for much longer than four 

hours, and we attribute the observed four-hour 

duration to the effect of the ionosriheric winds. 

The expected wind direction in the FZ region at 

the tirne of the launch would have been mainly 

southward, with a velocity sufficient to carry the 

hole out of the observational lines of sight in 

about the times observed. 
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Computed concentration contours for HzD, Hz, and 
electrons (number per cubic centimeter) three 
hours after launch of Skylab. The (x,z) coordi
nates are in the rnagnetic meridian plane 1300-km 
downrange from the launch point, aligned at an 
angle of 100 from the launch plane. The cros~
sectional view is looking backward along the 
trajectory. The original exhaust deposition was 
in the central plane x = 0. Also shown are the 
B-field direction and the observational lines
of-sight fro~ Sagamore Hill to satellites ATS-3 
and -5. 
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Figure 1 is a set of computed two-dimensional 

contour ~ots of HzD, Hz, and electron concentra

tions three hours after the Skylab 1 aunch. The 

view is in the magnetic meridian plane, which hap

pens to be perpendicular to the launch plane. The 

trajectory was aligned in a north-easterly direc

tion from Cape Canaveral, passing off the east 

coast of Newfoundland. We are 1 ooking southwest

ward along the 1 aunch trajectory. Two TEC obser

vational 1 ines of sight are shown, in addition to 

the B-field direction. The exhaust cloud and the 

electron hole, which originally were in the cen

ter, have blown to the left, away from the instru

mental 1 i nes of sight. The computed width of the 

hole is in reasonable agreement with the observa

tions, as is time-of-passage out of the 1 i nes of 

sight. The computation was continued unti.l sun

rise the next day, and the computed ionospheric 

hole persisted through the night. 

Figures 2a and b are plots of total electron 

content vs time for the Sagamore Hill /ATS-3 1 ine

of-sight. Figure Za is the observational data on 

the Skylab 1 aunch day, taken from the paper by 

Mendillo et al. 1 Figure Zb is a plot of the com

puted TEC for the same line-of-sight for the Z4 
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al ,z). (b) Model computation of TEC vs time for 
the Z4 hours preceding and 4 hours following the 
Skylab launch. 
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hours preceding and 6 hours following the Skylab 

1 aunch. 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. 

The model results depend critically on the 

thermospheric wind description used in the compu

tations. We made a considerable effort to arrive 

at a reasonable model for the winds (see Appendix 

B). However, it is fair to ask what other evi

dence exists to support our belief that the domi

nant F-layer wind direction was southward, rather 

than some other direction. Some supporting evi

dence comes from the general character of the 

di urn al TEC variations observed during the month 

of May 1973, which are shown by Mendillo et al •1 

The steady increase in electron column density 

from morning through afternoon implies an F-1 ayer 

wind system that is dominantly northward in the 

morning and southward in the afternoon, according 

to our computer model. Al so, the similar charac

ter of the post-launch TEC records for the several 

different lines of sight1 is further evidence of a 

southward wind. 

IV. HEAO-C LAUNCH 

The High-Energy Astrophysical Observatory 

Satellite HEAO-C was launched from Cape Canaveral 

at 0530 hrs GMT (0130 hrs local time) on September 

ZU, 1979, aboard an Atlas-Centaur rocket. The 

launch trajectory, which was al most due eastward, 

was unusual in that the Centaur second-stage en

gines burned to an altitude of 501 km, depositing 

large quantities of exhaust gases directly into 

the F layer. It was anticipated by Mendillo et 

a18 that an ionospheric hole would be formed, and 

a group of experimenters assembled (supported in 

part by the DoE SPS project) to make coordinated 

observations. 
Figure 3 is a map showing the HEAO-C launch 

trajectory and locations of a few of the ground 

stations from which observations were made. Al so 

shown are the ground traces of two polarimeter ray 

paths from Bermuda to the synchronous satellites 

ATS-3 and -5. 

The collected experimental results, which are 

summarized in the Proceedings of the HEAO-C Work

shop, 9 held in November 1979, showed that a signi-
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Map showing the HEAO-C launch trajectory and a few 
observer locations and ray paths. 

ficant F-layer depletion did occur over a region 

600 to 800 km in north-south extent, and the 

depletion persisted until dawn. 9a-r 

Our own participation consisted of (1) per

forming prelaunch computer model predictions of 

the morphology of the ionospheric hole; (Z) per

forming incoherent scatter radar measurements of 

the ionosphere with the Arecibo radiotelescope; 

and (3) making optical airglow measurements from a 

ground station near Cape Canaveral. 

We distributed our prel aunch computer model 

predictions to the set of announced HEAO-C parti

cipants. The predictions included computed verti

cal profiles of composition of the prelaunch iono

sphere, and contours of concentrations of el ec

trons, o(lo) atoms, and HzO and Hz molecules at 

times of one and three hours after the launch. 

The post-launch analysis of experimental data 

showed that our predictions were borne out in some 

but not all details. We predicted a 1000- to 

1500-km diameter region of severely depleted i oni za

t ion, persisting until dawn, somewhat as ob

served.9a-h However, the computed airglow inten

sity was less than the observed, 9i,n and the 

computed north-south extent was larger than the 

observed. The prel aunch set of computed contours 

of Hz, HzO, and electron concentrations three 

hours after launch is shown in Fig. 4. The con

tours represent a vertical north-south cross sec

tion of the rocket trajectory, 1100-km downrange. 
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A. Arecibo Observations 

The Arecibo incoherent-scatter radar measure

ments were performed by L. M. Duncan and R. 

Behnke. The 430-MHz radar was programmed to scan 

back and forth from north to south via west at a 

fixed zenith angle of 1s0 , with periodic lS-minute 

holds in the northward and southward directions. 

The complete cycle required 70 minutes, and was 

carried out repetitively. 

To pro vi de baseline data, an identical sche

dule of measurements was carried out from 11 pm to 

7 am local time on the night preceding and two 
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nights following the HEAO-C launch, in addition to 

the 1 aunch night itself. 

Graphical presentations of the cornputer

processed data include contours of electron densi

ty as functions of time and altitude along the 

changing antenna line-of-sight. A presentation of 

this sort for the HEAO-C launch night is shown in 

Fig. Sa. A plot of maximum electron density vs 

time at the F2 peak is in Fig. Sb. 

It was found that the ionosphere was quite 

variable from night to night, as is characteristic 

of equinox periods. The characteristic "midnight 

collapse" was evident each night, with the F2 

maximum decreasing both in altitude and peak elec

tron density over a period commencing between 

about 1 and 3 am 1 ocal time and continuing until 

dawn. The precise timing and strength of the mid

ni ght collapse was variable. 

Earlier Arecibo data had led us to expect 

that the most likely direction of the thermo

spheric winds at HEAO-C launch time would be 

southward, so that the Centaur exhaust cloud would 

be carried southward toward the radar (the 

Arecibo-to-launch-plane distance was 1100 km). 

However, the observed behavior of the ionosphere 

on the four days of measurement indicated that the 

winds were probably shifting to northward between 

1 and 3 am local time. 

On the night of the HEAO-C launch, a particu

larly strong midnight collapse phase began at 

about l:lS am local time--i.e., about fifteen 

minutes prior to the launch (see Fig. Sb). The 

process of collapse was observed to propagate from 

south to north, indicative of a northward-shifting 

wind. Between llOO pm and OllS am, the F2 peak 

dropped steadily in altitude from 360 to 275 km, 

while maintaining a relatively constant peak elec

tron density of 2. 5 x 106 cm- 3• Between 0115 and 

0130, the peak altitude dropped more rapidly to 

260 km, and the electron density began decreasing, 

dropping to 2.0 x 106 cm- 3 by 0145, to 1.5 x 106 

by 0200, and continuing to decrease gradually to a 

predawn minimum value of 4 x 105 cm- 3 at 0600. 

Nothing in this behavior was particularly unusual, 

and nothing could be uniquely attributed to the 

HEAO-C launch. Surprisingly, no anomalous effect 

was seen even in the topside ionosphere above 

1500 km, even though that region was in direct 
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Fig. 5b. 
Arecibo 430-MHz incoherent-scatter measurements of r·z peak electron densHy. 
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communication with the launch trajectory along 

magnetic field lines. 

We conclude that a northward-bl cwi ng F-1 ayer 

wind system at HEAO-C 1 aunch time prevented the 

ionospheric hole from spreading into the Arecibo 

radar 1 ine-of-sight. Other data, primarily the 

TEC data from Florida, Georgi a, and Bermuda, i ndi

cated that a hole did indeed form, and that it had 

a north-south width of roughly 600 km. 9b,g,i 

Thus, the absence of a southward wind was suffi

cient to explain the fact that the main F-layer 

depletion did not reach Arecibo. It is more sur

prising that no effect was detectable in the top

side ionosphere. The observation suggests that 

electric fields may have been set up that caused 

the hole to fill in at the top. 

B. Optical Observations 

Through the courtesy of the Air Force and 

SAMSO, we obtained permission to set up an optical 

field station at the Malabar tracking facility 

near Melbourne, FL. Our equipment included a 

scanning spectrometer, a photometer, a 35-mm 

camera and tripods, recorders, and accessories. 

The photometer was operated with a narrow

band 630-nm interference filter, and the output 

was fed to a pen recorder. The photometer-filter 

combination had been calibrated in the 1 aboratory 

against a standard tungsten lamp source. The 

instrument had a 3° angular field of view, and was 

pointed manually. The 35-mm camera was coal i gned 

with the instrument. I ts primary purpose was to 

record star images for later checks on the 

pointing. Our selection of pointing directions 

was based on prelaunch computations of the vector 

directions to the ascending rocket as functions of 

time. 

The spectrometer detector was a S-20 photo

mul ti plier with thermoelectric cooler. The output 

was fed to a second pen recorder. At the time of 

the 1 aunch, there were broken clouds, which did 

not seriously hinder our observations. There was 

molecules with the ionosphere [see Reactions (7), 

(10), (11), and (13)]. The night-sky background 

intensity along the instrumental line of sight (ca 

20° elevation angle), after correction for atmo

spheric transmission (correction estimated, eqiliva-

1 ent to 0. 76 at zenith), increased gradually from 

292 to 360 Rayl ei ghs during the two-hour period 

before launch. At six minutes after launch, the 

intensity rose sharply, reaching a peak level of 

20 kilorayleighs at nine minutes. Then it 

decreased gradually for the next two hours, with 

an e-folding time of about fifteen minutes. A 

plot of the measured intensity vs time is shown in 

Fig. 6. 
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Fig. 6. 
Solid curve: 6300-1\ photometer data from Malabar, 
FL, corrected for atmospheric transmission. 
Pointing directions (azimuth, elevation) are indi
cated at top of figure. The dashed curve is the 
model computation of 6300-1\ airgl ow for the same 
lines of sight. 

no moon. The scanning spectrometer proved to be 1 ess 

The photometer provided excellent data. We 

obtained a continuous two-hour prelaunch record of 

the 630-nm night-sky background emission and e 

detailed record of the enhanced post-launch air

glow produced by the chemical reactions of exhaust 

10 

sensitive than we had expected. We were unable to 

detect any natural night-sky 1 i ne or band emi s

s ions prior to the launch. At launch time we com

menced a schedule of repeated five-minute scans 

over the wavelength range 620 to 670 nm. At 8.5 



minutes we detected a strong emission line at 

630 nm, along with its weaker partner at 6364 A. 

No other lines or bands were seen. At 15 minutes 

we again detected the 630-nm line, though very 

weakly. 

The 35-mm camera (with 50-mm lens) was oper

ated with tri -x film and without filter. It re

corded star images as intended, using 1.5- to 2-

mi nute exposure times. To our surprise, it al so 

recorded several spati ally-resolved photographs of 

the airglow. The first frame, recorded before the 

rocket entered the F layer, shows a weak trace of 

the rocket trajectory. 

Before development, the tail of the 35-mm 

film was exposed in a photographic sens i tometer 

with a step wedge. This permitted the measured 

densities on the film to be interpreted in terms 

of source radiance. After development, several of 

the frames were scanned with an automated densito

meter, and the data were processed by computer to 

generate values of net density and/or source 

intensity (with the prel aunch background sub

tracted) vs position in the photograph. The image 

processing algorithm also deleted the stars. The 

processed data of net film density vs position can 

be presented by the computer in the form of syn

thetic photographs, which are enhanced representa

tions of the original photographs. The first two 

image-enhanced photographs of the Atlas Centaur 

a i rgl ow are shown in Fi gs. 7 a and b. The photo

graph for Fig. 7b was exposed at 8.3 to 10.1 

minutes after launch; that of Fig. 7b was exposed 

at 10.7 to 12.5 minutes. 

The horizontal extent of the ai rgl ow region, 

as deduced from the image in Fig. 7 a, was 420 km 

(1500-km distance assumed; t ~ 9 minutes). From 

Fig. 7b, the horizontal extent was about 700 km 

(2000-km distance assumed; t ~ 12 minutes). The 

measured total sky background intensity, as de

duced from a prelaunch photo, was equivalent to 21 

kilorayleighs at 630 nm (assuming 33% optical 

transmission). The peak intensity in frame 6a was 

17 kil orayl eighs above the background, in agree

ment with the photometer measurement. The peak 

intensity in frame 6b was 13 k il orayl ei ghs above 

background. 

These a i rgl ow 

well with those of 

measurements compare rather 

I. Kofsky, 9i which were made 

11 

from an aircraft flying under the HEAO-C launch 

trajectory. Kofsky' s measurements at 630 nm gave 

a peak zenith-radiance of 8 kil orayl ei ghs at ten 

minutes after launch, in excellent agreement with 

our peak measurement of 20 kR on a line of sight 

aligned with the launch trajectory at an elevation 

angle of 20°. His observation of a north-south 

width of about 600 km is al so in good agreement 

with our results. 

The fact that the airglow did not appear 

until six minutes after the launch, when the 

rocket was at 300-km altitude, is consistent with 

our prelaunch expectation that the bottom of the F 

layer was at 300 km. It is, however, not consis

tent with the Areci bo measurement, which showed 

the F-1 ayer peak to be at 260 km. The ionosphere 

over Arecibo was evidently quite different from 

the ionosphere east of Florida. 

C. Polarimeter Measurements of TEC 

In the computer model discussion, we will 

make use of the Bermuda Faraday rota ti on (total 

electron content) data, which have been described 

by Reilly9e and other TEC measurements from the 

Florida peninsula, described by Baumgardner et 

~ ,9a Bernhardt et al , 9b Goodman et al ,9c,d 

Soicher and Gorman, 9f Mendillo and Bernhardt, 9g 

and Cl ynch. 9h 

Two polarimeters, operated by the US Naval 

Research Laboratory, were located on Bermuda, and 

measured the Faraday rotation of VHF signals from 

the geosynchronous satellites ATS-3 and -5. Ground 

traces of the ray paths are shown in Fig. 3. The 

ATS-3 ray path passed above the rocket trajectory 

at a distance of 49 km; the ATS-5 ray path passed 

above the trajectory at a distance of 221 km. 

Data were recorded continuously over the 

period September 17 through 23, and they were 

calibrated against similar data recorded at 

Patrick ArB, FL. Figure 8, from Reilly,9e shows 

the Patrick AFB TEC data for the three consecutive 

prelaunch days, September 17 to 19, and a computed 

TEC-vs-time plot, which will be explained in the 

next section. 

On the launch night, both the Bermuda ATS-3 

and -5 TEC records showed a sudden and pronounced 

drop within one minute of the times of closest 

approach of the rocket ~o the respective ray paths 

(Fig. 9). In fact, as noted by Reilly, the ATS-5 



l minus B smoothed 

Fig. 7a. 
An image-enhanced photograph of airglow produced by the HEAO-C launch, as seen from Malabar, FL, at nine min
utes (exposure from 8.3 to 10.1 minutes) after launch. The background has been subtracted by the computer. 

2 minus B smoothed 

Fig. 7b. 
An image-enhanced photograph of airglow produced by the HEAO-C launch, as seen from Malabar, FL, at nine min
utes (exposure from 10.7 to 12.5 minutes) after launch. The b;ickground has been subtracted by the computer. 
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TEC curve began to drop about four minutes before 

closest approach. (This may be related to the 

strong midnight collapse observed at Arecibo.) 

Both the ATS-3 and -5 records showed a large 

persistent TEC depression lasting until dawn. 

A number of other faraday rota ti on measure

ments were made from the Florida peninsula and 

Georgia, using VHF transmissions from the Italian 

satellite Sirio. 9a,b The ray paths were aligned 

mostly east-west, and concentrated along the axis 

and southern boundary of the ionospheric hole. 

From the aggregate of the data, it was concluded 

(Mendillo and Bernhardt9g) that the north-south 

width of the hole was about 600 km, and that the 

hole moved gradually northward. 
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D. Post-Launch Analysis and Computations 

Upon comparing the experimental data with our 

prelaunch computations, it is evident that 

1. 

2. 

3. 

4. 

5. 

The ionospheric winds did not bl ow southward 

as strongly as we had assumed, and may have 

switched to northward. The hole did not bl ow 

over Arecibo. 

The prelaunch F-layer peak electron density 

over Arecibo was larger than our model pre

dicted, and the peak was at a lower al ti

tude. However, the time of commencement of 

6300-A airglow suggested that the F layer at 

Cape Canaveral latitude was above 300 km, 

more like our predictions. The drop in hmax 

and the associated midnight collapse appeared 

to be a propagating process moving from south 

to north. 

A substantial ionospheric hole did form and 

did persist until dawn, as predicted, but the 

size was smaller than we predicted. 

The 6300-A 0( 1D) airqlow intensity, as mea

sured from Malabar site 30 minutes after 

launch, was 1066 Rayl eighs above the night

sky background. The prelaunch-computed 6300-

A intensity for the same time and elevation 

angle was 724 R about 30% less than the 

observed. Because of the way that we spec i

fi ed the initial conditions, the computation 

was not set up for ap~ication to times ear

lier than 15 minutes after launch. There

fore, we did not have predictions for the 

early period when the ai rgl ow intensity was 

maximum. 

As noted by Reilly, 9e the commencement of TEC 

dropouts, as measured by the polarimeters on 

Bermuda, were remarkably early and sudden. 

Particularly surprising was the speed of the 

dropout on the Bermuda-ATS-5 ray path, which 

was 221 km from the rocket trajectory at the 

point of closest approach. In fact, the TEC 

decrease was observed to begin three minutes 

before the rocket reached the closest point 

to the ray path, and to continue thereafter 

with an e-folding time of about 12 minutes. 

We have had difficulty understanding the 

ATS-5 results in view of the low conc~ntration 
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that the H2 molecules would have had at the dis

tance of 221 km from the trajectory and the slow

ness of the H2 + o+ reaction [Eq. (9)]. It is 

unlikely that the concentration of H2 mol_ecul es 

could have ever exceeded 3 x 105 cm- 3 on the 

Bermuda-ATS-5 ray path. Then if the rate constant 

for Reaction 9 is 2 x 10-9 cm3/s, the published 

value, the e-folding time for o+ removal could not 

have been shorter than 28 minutes. The H2o mole

cul es co~d not have affected the res~ts until 4 

minutes after the rocket passage, because of the 

small molecular velocity of H2o, relative to H2. 

The early expansion of the rocket exhaust 

above 350 km cannot be treated with diffusion 

theory (or the di ff us i on-1 i ke algorithms used in 

our computer model), because the collision mean

free paths are too long. The expansion is more 

nearly ballistic; i.e., the molecules expand free-

1 y, while falling under gravity. We have used a 

ballistic model for starting the HEAO-C computer 

simulations. The ballistic model leads to a 

faster-expanding, flatter radial distribution of 

molecules at large distances from the trajec

tory. Even so, we still cannot account in detail 

for the Bermuda-ATS-5 TEC results at times earlier 

than 15 minutes after launch. The discrepancy 

would largely disappear if we were permitted to 

assume that the effective rate coefficient for 

Reaction (9) is twice as large as the published 

value. 

Since the time of the HEAO-C launch, we have 

been refining the computer model in the hope of 

producing a better match to the assembled data. 

We improved the mathematical algorithms with which 

we compute the plasma motion (see Appendix B). We 

added algorithms to compute the individual spe

cies' collision frequencies and diffusion coef

ficients in more detail. We expanded the chem

istry to include He+ and metastable o+( 2Dl ions, 

and we added the second [0( 1D)] branch in Reaction 

(13). We also improved the thermospheric tempera

ture model and photoi oni zati on rate computation to 

reflect changes due to changing solar activity. 

We refined our model for the initial ballistic 

transport of the rocket exhaust products and made 
# 

the mesh size finer, so the code would give a 

better representation of the early development of 

the hole and the airglow. 

14 

The new plasma diffusion algorithms lead to 

l arger F2 peak p 1 a sma densities, more l i ke those 

that we measured at Areci bo. The larger plasma 

densities lead to more rapid chemical reaction 

with the rocket exhaust gases, and more intense 

airglow. The improved diffusion coefficients lead 

to slower radial growth of the H2 and H2o clouds 

and to a smaller ionospheric hole. 

Si nee there was no evidence of a southward

bl owing neutral wind at HEAO-C launch time, we 

modified the wind model for a new HEAO-C model 

computation so that the normal night-time south

ward wind was turned off at 1 am. This caused a 

rapid 30-km drop in the F2 peak altitude. At 

0138 EDT, the rocket exhaust products were added, 

with a spatial distribution described by the bal

listic trajectory model 100 seconds after release. 

Some of the computed results are shown in 

Fi gs. 6 and 8 through 12. Figures lOa and b show 

sets of computed vertical concentration profiles 

for neutral and ionized species, respectively, at 

0128 EDT, just before the 1 aunch. Figure 8 shows 

computed total electron content for the 24 hours 

preceding the 1 aunch, plotted together with the 

Patrick Air Force Base TEC measurements over the 

three days preceding the 1 aunch. The data indi

cate an ionospheric disturbance on September 18, 

which apparently recovered on September 19. 

Figure U shows sets of computed two

dimensional contours of the concentrations of H2, 

H2o, and electrons one hour after launch, 1500 km 

downrange from the launch site (trajectory al ti

tude, 450 km). Also shown are approximate projec

tions of the 1 ines of sight for the two polar

imeters on Bermuda to satellites ATS-3 and -5, 

respectively. Figure 9 is a composite plot of the 

computed TEC for the two polarimeter lines of 

sight, together with the experimental data. With 

respect to the amount and duration of the TEC 

reduction, as well as the east-west extent of the 

hole, the new computations are in good agreement 

with the data. They are much better than the 

prelaunch computations. 

Figures 12a, b, and c show computed contours 

of 0( 1Dl concentrations at 11, 14, and 18 minutes 

after launch, respectively. The 6300-A airglow 

intensity in Rayleighs should be 8.3 x 10-9 times 

the 0( 1D) column density. The computed 6300-A 

l 
J 
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500 

1500-km 
18 min-

airglow intensities for the line of sight from 

Malabar are plotted as the dashed curve in Fig. 5, 

for comparison with the data. The agreement is 

not bad. Al so, the crosswise dimensions of the 

computed 0( 1D) contours in Fig. 12 agree well with 

the enhanced photographs from Malabar, shown in 

Figs. 7a and b. 

V. HLLV COMPUTATIONS 

Based on the quality of agreement between the 

computer model simulations and the experimental 

data from the Skylab and HEAO-C 1 aunches, we are 

cautiously optimistic that we can predict some of 

the F-layer effects of an HLLV launch. In this 
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section we describe computations of two phases of 

a hypothetical HLLV flight profile. 

A. HLLV Second-Stage Burn at 56- to 124-km Alti

tude 

The current Solar Power Satellite HLLV launch 

scenario, designed to minimize F-layer problems, 

calls for burning the second-stage engines only up 

through 124-km altitude. This 1 eads to an eccen

tric initial orbit, which is later circularized by 

a brief burn near the apogee point at 477 km. 

With respect to F-layer depletion problems, 

this launch scenario is definitely preferable to 

the "direct insertion" al t<Jrnative where the se

cond-stage engines are burned all the way to the 

circular-orbit altitude. The ion chemistry in the 

56- to 124-km altitude range (D and E layers) is 

very different from that which occurs in the F

l ayer. The normally occuring ion species are NO+ 

and o2+ instead of o+. These ions rapidly recom

bine with electrons, but they are continually 

replenished in the daytime by solar photoi oni za

tion. At night they largely disappear. Addition 

of water vapor or H2 does not have a very drastic 

effect on these processes. 

Diffusion and gravitational settling are both 

much slower at these altitudes than they are in 

the F-1 ayer. Horizontal spreading of the exhaust 

products would be caused primarily by fluctuating 

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 alti

tude range 56 to 125 km is based on theoretical 

estimates of the vertical shear of the tidal wind, 

from Garrett and Forbes •14 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, if exten

ded over a 24-hour period, wo~d 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 diffusion would al so 

occur, bringing some H2 and H20 molecules into the 

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

We ran a computation that represents a por

tion of the HLLV second-stage burn trajectory, 

covering a ground di stance of 300 km and an al ti

tude range between 118 and 123 km, with deposition 
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of Z.54 x 1031 molecules of HzO and 8.5 x 1030 

m~ec~es of Hz· The launch was assumed to occur 

at Cape Canaveral at noon. 

The computed results showed, as expected, 

that exhaust-cloud diffusion and settling rates 

are quite slow. In the course of Z4 hours, some 

water and Hz does di ff use up to the FZ layer, 

where it reacts with o+ ions. Because the molecu-

0+ . l ar diffusion rate is very slow, the 1 ons are 

replaced by solar photoionization about as fast as 

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

Hz molecules are destroyed as fast as they diffuse 

into the FZ layer. Although the o+ ions are re

placed rapidly, the reaction sequence leads to a 

net production of H atoms. The H atoms are not 

destroyed, and they may accumulate in the upper 

thermosphere. 

Figures 13a, b, and c include sets of con

tours of HzO, Hz, and electron concentrations at 

noon, Z4 hours after the launch. They show that 

the HzO and Hz molecules are destroyed al most as 

fast as they diffuse into the FZ region, and, in 

the daytime, the electrons are replaced as fast as 

they are removed. At night the electrons are not 

replaced, and their concentration at the FZ 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 pro

duced above 100-km altitude from the added HzO and 

Hz. This can be comp a red with the normal global 

inventory of H atoms above 100 km, which is of the 

order of 4 x 103Z, and it implies that each HLL V 

launch could increase the thermospheri c H i nven

tory 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, 

1 eadi ng to a maximum upper limit global H atom 

inventory change of about 15%. However, an in

crease of thermospheric H-atom concentration would 

probably lead to an increased exospheri c escape 

rate. The concensus of a number of studies on the 

global H-atom escape rate gives a value of about 1 

x 103Z atoms per day. Thus, the normal thermo

spheri c reside nee time for an H atom is of the 

order of four days (or perhaps one to ten days). 
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Fig. 13. 
Computed concentration contours for H20, 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. '.he 
view is perpendicular to the launch plane looking 
west. 

The subject of thermospheric H-atom inven

tories and escape rates needs to be studied more 

carefully. The present cal cul ati ons 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 x 1012 molecules/cm
3

. According to 

the design rate of output of water vapor in the 

HLLV exhaust (4. x 1029 molecules per linear kilo

meter), we would expect a large contrail to form 

at 85-km altitude with crosswise dimensions of at 

1 east 14 km. A contrail of this size would per

sist for at least several hours. [At the norma 1 

mesopause temperature of ca 180K, the saturation 

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

responding to an H2o number density of 2 x 1012 

mol ec/cm3 • 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 1024 H20 molecules 

per linear centimeter, resulting in local H20 

concentrations that would exceed saturation for 

some period of time. The 1 ength of time required 

for the concentration to drop below the 2 x 1012 

mol ec/cm3 saturation 1 evel would be determined by 

wind shears and turbulent diffusion. Effective 

diffusion coefficients in this altitude regime, 

determined from radio meteor and chemical rel ease 

data, vary between 106 and 107 cm2/s, see Zim

merman and Murphy, 21 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. The photochemical 

lifetime of H20 vapor at 85 km is about 36 

days. The presence of abnormally high H20 concen

trations can lead to an abnormally low mesopause 

temperature and to an increased likelihood of 

persistent condensation, i.e., mesospheric ice 

clouds. The sequence of events is complex, but 

roughly as follows. 

The main source of radiative heating at 80 to 

90 km is absorption of sunlight by ozone. An 

equivalent amount of radiative cooling comes from 

long-wavelength infrared (LWIR) emission by co2 
and water and infrared chemiluminescent emission 

by OH. An increase in water concentration would 

result in an increased rate of LWIR emission by the 

water, with a compensating increase in the rate of 

absorption of upwelling water LWIR band radiation 

from lower altitudes. At the same time, the in

creased water concentration would 1 ead to faster 

ozone destruction rates and faster rates of energy 
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loss by OH chemiluminescence emission. The faster 

ozone destruction rates would lead to lower ozone 

concentrations and a reduction in the heating rate 

associated with o3 sunlight absorption. The net 

result would be a reduction in temperature, of as

of-yet unknown magnitude. Any temperature de

crease would lead to an increase in the sizes and 

lifetimes of the HLLV contrails. 

B. HLLV Orbit Circularization and Deorbit Maneu-

vers 

With the main 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 H2o and H2 are deposited directly into 

the F-layer during the orbit circularization and 

deorbit maneuvers. The rates of exhaust emission 

per linear kilometer during those maneuvers are 

expected to be about three times the emission rate 

of the Centaur engine during the HEAO-C 1 aunch. 

Since the burn woul~ occur at a high altitude 

(477 km), the efficiency for ion removal would be 

similarly high. 

We ran a computation to represent an HLL V 

orbit ci rcul ari zati on burn occurring at noon over 

the Philippine Islands. The assumed exhaust depo

sition rate was 4.9 x 1026 H20 molecules and 1.6 

x 1026 H2 molecules per kilometer, extending over 

a linear distance of 1400 km. (These parameters 

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

expected characteristics of the HLLV orbital -ma

neuveri ng 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. 14a, 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 de pl eti on 1 as ts about five hours. 

The ionospheric hole would be larger and longer 

lasting if the launch occurred at night. 
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Fig. 14. 
Computed concentration contours for H20, H2, and 
electrons (number per cubic centimeter) 2.4 hours 
after a hypothetical HLLV orbit circularization ma
neuver over the Phillippine Islands. The cross-sec
tional view is perpendicular to the orbital plane 
and parallel to the magnetic meridian plane looking 
back along trajectory. The original exhaust deposi
tion was in the central plane x = 2000 km, and ex
tends 1400-km lengthwise in that plane. 

VI. THE COMPUTER MODEL 

The computer code uses a two-dimensional 

array of Eulerian mesh cells in Cartesian coordi

nates, x horizontal (in the geomagnetic meridian 

plane), and z (the vertical). The range of z nor

mally extends from 50 to 1050 km, using 15 loga

rithmically spaced mesh layers. The range of x is 

specified for each problem, usually 500 to 2000 km 
on either side of the rocket trajectory plane. 

There are 21 discrete mesh columns in x, for a 

total of 21 x 15 = 315 cells. 
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Conditions are assumed to be uni form in the 
third Cartesian direction (y). For this reason, 

the code is best suited to problems where the 

launch plane is perpendicular to the magnetic 

meridian (x,z) plane. 

The model includes the following physical and 

chemical processes. 

A. Chemistry 

The code integrates the chemical /photochemi

cal kinetic equations for 30 individual chemical 

species in each of the 315 cells. The more impor

tant reactions in the reaction set are 1 isted in 

Appendix A. The chemical and photochemical rate 

coefficients in each cell are periodically recom

puted as the temperatures and solar zenith angles 

change. 

B. Solar radiation, scattered UV, cosmic rays, 

and precipitating electrons 

The nominal spectral intensity of sunlight, 
for quiet solar conditions, in each of 81 wave-

1 ength bins, is stored within the code. Attenua

tion of the solar radiation in each wavelength bin 

at each of the 15 altitudes, due to absorption by 

0, o2, N2, co2, and o3, is computed from the com

puted concentrations of those species and the com

puted solar zenith an~es. The rate coefficients 

for photodissociation, photoionization, and photo

excitation reactions are computed from the com

puted spectral i ntens i ti es folded with the tabu-

1 ated wavelength-dependent cross sections. 

Other ionization source terms are included in 
the model to simulate the effects of cosmic rays, 

precipitating Van Allen electrons, and scattered 

He 304-11, Lyman a, and Lyman B radiation in the 

night sector. 

The basic input table of solar spectral 

i ntens iti es is a composite of data from Acker

man, 22 and Heroux and Hi nteregger, 23 and repre

sents a condition of low solar activity. Recent 

EUV data by Torr et a1 24 indicate a significant 

increase in intensity after the onset of solar 

cycle 21 for wavelengths shorter than 1050 II. The 

computed photoi oni zati on frequencies show a cor

responding increase, almost in direct proportion 

to the measured 10. 7-cm microwave fl ux. On the 

basis of these data, we have elected to seal e all 

photoionization coefficients computed with the 
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Vertical profiles of computed photodissociation and 
photoexcitation rate coefficients for local noon, 
19 September 1979 at 280 north latitude. 
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Fig. 15b. 
Corresponding photoionization rate coefficients. 

standard spectrum in proportion to the 81-day ave

rage 10.7-cm n ux, which we specify as an input 

constant. The same sc~e factor is ap0ied to N2 
photodi ssoci ati on rates. A typical set of com

puted photochemical rate coefficient vertical pro

files is plotted in Fiqs. 15a and b. 

C. Diffusion and Transport 

Diffusion rates are computed for each neutral 

species under the influence of gravity, for as

sumed conditions of steady flow, including advec

tion by the neutral winds. The ions and electrons 

are transported with a separate algorithm that 

represents the effects of electrostatic and v x 8 
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forces in addition to gravity and collisions with 

the neutral atmosphere. The electrostatic field 

components are computed self-consistently. The 

transport equations are described in Appendix B. 

The collision frequencies are computed for each 

species as functi ans of altitude and time, using 

formulae given by Banks and Kockarts25 (Vol. A, 

Chapt. 9). 

D. Temperatures 

The array of neutral gas temperatures, func

tions of ~titude and time, is generated with the 

formulae prescribed by Jacchi a. 26 The 1 atitude, 

time of year, solar 10.7-cm flux, and its 81-day 

average are specified as input parameters, in 

addition to the altitude and time of day. The 

chemical rate coefficients, diffusion coeffi

cients, collision frequencies and vertical wind 

velocities are computed from these temperatures. 

The model atmosphere expands anrl contracts in 

response to the changing temperatures. The com

puted F-layer ionization profile is very sensitive 

to this process, since it affects the height dis

tribution of N2 and o2 molecules, which affect the 

rate of destruction of o+ ions. 

Electron and ion temperatures (Te and Ti) are 

generated with a set of algorithms that rel ates 

them, in the daytime, to the neutral temperatures 

(T n), neutral molecular concentrati ans ( n), and 

electron concentrati ans ( ne). 

daylight periods we set 

Specifically, for 

and 

T + 6. x 106 n /nT1/ 2 
n e e 

1 + 6. x 106 n /nT 3~ e e 

At niqht the three temperatures Te, Ti, and Tn are 

equal. We generated the electron temperature ex

pression as a crude fit to a set of Arecibo inco

herent scatter data supplied by R. M. Harper. The 

Ti expression is from Banks and Kockarts2 5 (Vol. 

B, Chapt. 23). 

E. Horizontal Winds 

Seasonal and tidal wind velocities are 

generated as functi ans of altitude, time of day, 

latitude, season, and solar activity, based on 

published models c~ibrated against experimental 

I 



-

observations. 11 - 16 The composite wind model is 

described in Appendix B. The neutral winds affect 

not only the drift and dispersal of contaminants 

in the ionosphere, such as rocket exhausts, but, 

through v x B forces, they exert an important in

fl uence on the vertical distribution of ionization 

and its normal temporal variations. 

F. One-Dimensional Computations of the Normal 

Ionosphere 

The two-dimensional code can be operated in a 

one-dimension al mode for computing the structure 

and diurnal variations of the normal ionosphere. 

The one-dimensional computations are used to 

furnish starting cor1ditions for the two-dimen

sional rocket-exhaust-injection problems. These 

setup computations are normally run for 24 hours 

or more to remove transients associated with 

changes in the input latitude, magnetic dip angle, 

solar activity or season, or to compute the normal 

24-hour variation of TEC. 

Results of a one-dimensional computation for 

the 24-hour period prior to the Atlas-Centaur 

1 aunch were shown in Figs. 8 and 10. Figure 10 

shows the computed concentration profiles for 0130 

EDT September 20 at Cape Canavera·1. Figure 8 in

cludes the computed vertical electron column den

sity (TEC) for the 24-hour period prior to the 

Atlas Centaur launch. 

VII. CONCLUSIONS 

We have reviewed the experimental data col -

l ected on the 1979 HEAO-C launch, and compared the 

data with model computations. An ionospheric hole 

was formed with north-south dimensions of 600 to 

800 km, and the hole persisted until dawn. The 

chemical reactions al so 1 ed _to enhanced 630-nm, 

airglow emission, which was weak but easily mea

surable. The size and duration of the ion deple

tion were in agreement with our pr el aunch computa

tions, but the airgl ow was brighter than expec-

ted. Post-launch improvements in the computer 

model have led to improved agreement. 

We have al so reviewed our earlier computer 

model results for the 1973 Skylab launch and com

pared those results with data of Mendil 1 o et al. 

The neutral winds are a key ingredient for 
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explaining the apparent 4-hour duration of the 

Skylab F-layer hole. 

With respect to predictions of ionospheric 

effects of SPS construction activities, we ran a 

morlel simulation of an HLLV second-stage rocket 

burn, and an HLLV orbit circul ari zation burn. 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. possible formation of persistent ice clouds 

near the mesopause. 

The F-layer plasma depletion resulting from 

the main HLLV second-stage burn is less pronounced 

than the depletion observed after either the Sky

lab or HEAO-C launches. This is because the burn 

is confined to altitudes below 124 km. The com

puted electron density reduction at the F2 peak 

amounts to about thirty percent at night (12 hours 

after launch) and ten percent the following day. 

The F-1 ayer depletion resulting from the or

bit circularization maneuver at LEO apogee is more 

severe, but relatively short-lived. The F2 peak 

electron density is reduced to one third of its 

normal value over a region approximately 1000 by 

2000 km for a period of about four hours. The 

hole would be longer-lasting if the orbital maneu

ver occurred at night. 

The computed rate of production of hydrogen 

atoms reaching the upper thermosphere (above 300-

km altitude) amounts to 1.3 x 1031 per HLLV launch 

for the first 30-hour period. This might be suf

ficient to double thermospheric H-atom concentra

tions after six launches. 

An HLLV launch would produce a large contrail 

in the mesosphere at about 85-km al titurle, 10- to 

20-km wide, and extending several hundred kilo

meters downrange. The contrail would persist for 

several hours. Repeated HU. V 1 aunches could lead 

to cumulative effects, which need to he investi

gated. 
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APPENDIX A 

CHEMICAL REACTIONS IN THE 
TWO-DIMENSIONAL IONOSPHERIC MODEL 

Table A-I is a computer 1 isting of the most 

important chemical reactions and rate parameters 

used in the two-dimensional code. They are a 

computer-selected subset of the 285 reactions 

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 tab~ated 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 thermodynamic equilibrium constant 

combi nerl with the measured rate of the reverse 

reaction. 

The set of 30 species is probably minimal for 

purposes of modeling of the E and F 1 ayers (with 

rocket exhaust products added). It is not suffi

cient for accurate modeling of the D layer, al

though we may compute fairly reliable D-layer 

electron and ion densities, nevertheless. 

The photo-rate coefficients are computed as 

outlined in Sect. V I-B. They depend strongly on 

the altitude and on the ti me of day. A typical 

set of computed photo-rate coefficient vertical 

profiles is shown in Figs. 15a and b. They are 

for 12 noon local time at 28° north 1 atitude on 

September 19--the day preceding the HEAO-C launch. 

TABLE A-I 

Reactants 

Cl-i co 
N C02 
03 co 
N Cfi 
0 Cfi 
H Q21CT_l 
H 03 
0< 101 H2 
H2 0 
01 !Ol H20 
Cfi Cfi 
Cfi H2 
N 02l[)',__) 

02 N120l 
02 N120l 
N 02 
N NO 
0 03 
C02 H 
0 Cfi 
02 H 
H OH 
H20 0 
0 0 
0 0 
co 0 
0 H 

N2 
0 
M 
M 

H H M 
H OH M 
0 02 M 
0 02 02 
03 02rSGl 
03 021DL l 
03 M 

0 N 
N1201 
01 !Dl 

THE DOMINANT CHEMICAL REACTIONS 

Products 

C02 
~.k) 

C02 
NO 
02 
0 
Cfi 
Cfi 
H 
o; 

H20 
H20 
NO 
NO 
NO 
NO 
N2 
02 
Cfi 
H 

0 
H2 
OH 
02 
02 
C02 
OH 

H 

co 
02 
H 

H 

Cfi 
02 
H 

Cfi 
Cfi 
0 
H 
0 
0 
01 !Dl 
0 
0 
02 
co 
021a_1 

Cfi 

0 
OH 
N2 
01 !Sl 
M 
M 

H2 • M 

H20 M 
03 M 
03 0210Ll 
0 02 02 
0 02 02 
0 02 M 

N + HV 
0 + HV 

A 

1.35£:-13 
3.20[-13 
4. OOE-25 
5.30[-l I 
4. OOE-11 
2.50E-14 
I .40E-10 
9.90E-l 1 
9.00E-12 
2.30E-10 
1. ODE - II 
1.20E-11 
2. OOE-14 
1 .50E-12 
6.00E-12 
1-t.40E-12 
3.40E-11 
t .50E-l 1 
4.95E-l 1 
I .53E-15 
6.47E-10 
'<.14E-12 
4.54E ·11 
4.80E-33 
I .40E-30 
6.50E-33 
2.00E-32 

B 

0. 00 
0.00 
0. 00 
0. 00 
0.00 
0.00 
0.00 
0. 00 
I. 00 
0. 00 
0.00 
0.00 
0.00 

.50 

.50 
0 00 
0. DO 
0. DO 
-.30 

0.00 
O.DD 
I. DO 

.40 
0.00 
0.00 
0.00 
0.00 

8.30E-33 0.00 
6.78E-31 -2.00 
1.13(-34 0.00 
3.02E-38 0.00 
2.50E-11 0.00 
6.60E-13 0.00 
2.33E-09 0.00 
! .90E-17 -.40 
1.60E-05 0.00 
6.80E-03 0.00 
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c 

0. 
1711. 

0. 
0. 
0. 
0. 

470. 
o. 

4480. 

0. 
500. 

2200. 
600. 

o. 
o. 

3220. 
0. 

2218. 
12321. 
3187. 
8407. 
3478. 

8960. 
0. 

650. 
2180. 

0. 
o. 
0. 

-510. 

951. 
0. 

1560. 
11693. 

0. 
0. 
0. 
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Reactants 
Q( 1~' 

02<SGl 
02<SGl 
or201 + 

E N<20l 
O< !Ol N2 
N<20< N2 
O< !Sl 0 
O< !Ol 02 
02<DL l 02 
02 E 
0 02CSGI 
0 N<20l 
E H+ 

E NO+ 

E NO+ 

E OH+ 

E OH+ 

E OH+ 

E H20• 
E H20• 
E H20• 
E H30+ 

E NO• 
E N2• 

E Q2• 

E 02• 
N• H 
H• NO 
a-1• NO 

()-1+ 
N+ 

H20• 
N2• 
O+ 

H20• 
H+ 

f-£ + 

N+ 

O• 
N+ 
02+ 
N2+ 

H 

CH 
H 

02 
()-1 

02 
H20 
NO 
H20 
H20 
02 
H20 
N2 
0 
N(21JJ 

02 
NO 
0 

N• "1J 
0!20)+ NC' 
N2• 02 
N2+ NO 
O+ 02 
H+ 0 
O+ C02 
O+ OH 

O+ H2 
()-1+ H2 

CH• H20 
H20• H2 
H20+ H20 
f-£ + N2 

~· 02 
N+ 02 
02• N 
N+ 03 
O+ N2 
N2+ 0 
02• Ne~ 

02+ co 
O+ OH 

C02 + HV 
H20 + HV 

NO + HV 
N2 + HV 
N2 + HV 
02 + HV 
02 + HV 
03 + HV 
03 + HV 
0 + HV 

02 + HV 
02 + HV 
H + HV 
I-£ + HV 
N + HV 

NC20l • HV 

N2 • HV 

M 

TABLE A-I (continued) 

Products 
O<!Ol +HV 

02 + HV 

02l0Ll + HV 

0+- + HV 
E N 
0 N2 
N N2 
O< IOI 0 
0 02<SGI 
02 02 
02<DLI E 
O< IOI 02 
E NO+ 

H 

NO 
NO M 
0 H 
QC 101 H 

Q( !Sl H 

0 H2 
H2 01101 
OH H 
H H20 

0 NC20l 

N Nfc?Dl 

0 01101 
01 \SI 0 
H• N 
1"'1• H 
NO• CH 
H+ 

CH• 
H• 

02• 
OH• 
02• 
H20+ 
NO+ 
H20• 
H20• 
02• 
H20+ 
N2+ 
O• 
N• 
02+ 
NO+ 

O• 

N2 
N2 
0 
H 

0 
CH 
N 
H20 
N2 
0 
H20 
H 

f-£ 
N 

0 
N 

02 
N2 

NO• • N 

N2+ 0 
02+ N2 

NO• N2 
02+ 0 
O+ H 
02+ co 
02+ H 
OH+ H 
H20• H 
H30+ Of !OJ 
H30+ H 

H30+ 01 
N+ N 
O• 0 
NO• 0 
NO• 0 
NO• 02 
NO+ N 

NO+ N 

NO• NO 
O• C02 
H• 02 
co 0 
H ()-1 

N 0 
N N 
N Nl20l 
0 0 
0 01 IOI 
021QI 0 
021QI 01101 
01 !SI 
021Ql 
02<5Gl 
H+ E 

f-£+ ( 

N• E 
N+ ( 
N2+ E 

A B 
. 30E+OO . 00 

8. 30E -02 0 00 
2.50E-03 0.00 
l .OOE-04 0.00 
4.32E-09 -.10 
2.00E-11 .00 
6.00E-15 0.00 
7.50E-12 0.00 
2 90E- l l . 00 
2 20E-!8 

. DOE-! I 
3. 39E-l I 
7 60E-! 3 
3 SOE-12 
4.00E-12 
6.00E-27 
l.73E-07 
2 20E-08 
4. liOE-09 
2.00E-08 

. OOE-08 

. 70E-07 
I. 30E-06 
4. Q()[-07 
1.80€-07 

I . 8"J: -07 
2. IOE-08 
3.60E-12 

. 90[-09 
3.00E-10 
3.00E-10 
3.00E-10 
6.80E-10 
5.00E-10 
3.00E-10 
2. OOE-10 
2.60E-09 
3.00E-10 
6. IOE-10 
2.30E-09 
2.00E-10 
3.00E-10 
7.00E-10 
2 20E-12 
l .30E-JO 
2. BOE-! 0 
4.50E-JO 
I. OOE-11 
8 OOE-10 

. OOE-09 
5.00E"-10 
3 r• '0 

2.00£-1 i 
7.73E-IO 

. IOE-09 
l .OOE-09 
2.00E-09 

.50E-09 

. 50[-09 
l.40E-09 
l .BOE-09 
7.00E-10 
l.50E-09 
2.80£-10 
I .20E-IO 
5. 00[-\ 0 
1.20£-12 
1.30£-10 
! .OOE-16 
2 91(-11 
2 70[ - I I 
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.eo 

.00 
- . I 0 

. 00 
- . 70 
- . 70 

-2 50 
0.00 
0. 00 
0. 00 
0 00 

.00 
00 

- . 70 
-I. 00 
-.40 
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0 OD 
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0. 
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0. 
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-I 07. 

o. 
0. 

-67. 
0. 

11594. 
4201. 
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0. 
0. 
0. 
0. 
o. 
0. 
0. 
0 . 
0. 
0. 
0. 
0. 

0. 
0. 
0. 
a . 
0. 
0. 
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o. 
0. 
0. 
o. 
0. 
o. 
0. 
0. 
0. 
0. 
0 
0. 
0. 
0 
0. 
0. 
0 . 
0 . 
0. 
0. 
0. 

215. 
0. 
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0. 
0 . 
0. 
0. 
0. 
0. 
0 . 
0. 
a. 
0. 
0. 
0. 
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TABLE A-I (continued) 
Reactants 

N2 
0 
0 
02 

• HV 
• HV 
• HV 
• HV 

Products 
N• E 
O• E 
Q(2Ql• E 

02• E 

A B 
N 
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APPEMDIX B 

THE TRANSPORT EQUATIONS 

1. 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 suhscripts: 

e electrons 

+ 

n 

positive ions 

nPutral s 

ith individual species 

n(nr,n+,nn,ni) = numher densities 

p(pe,P+,Pi) = oartial pressures 

T(Te,T+,Tn) = temperatures 

v(ve,vi) =collision frequencies 

q(qe, 0 i) = qyrofreauencies 

ri{me,l'li ,rn,rn+) = species P1ass 

H(Hi ,H,H+) = seal e heiqhts 

D(Din•Dai•Deddyl diffusion coefficients 

t ti ine 

latiturle 

magnetic dip anqle 

l'laonetic declination 

Ax,Bz = maonetic field components 

Ex,Ey,Ez = electric field componPnts 

k 8oltzmann's constant 

q gravitational constant 

e =electron charne 

c =speed of linht 

2. NEUTRAL WIND VELOCITIES 

The neutral tempera tu res are assur1ed to vary 

with z and t in a prescribed manner, rlerived from 

fits to model atmosphere data. If over al 1 hydro

static enuil itlri um is assul'led, it can he shown 
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that the macroscopic average vertical wind veloci

ty must he qiven by the differential equation 

-w 
n 

where H (kTn/~q) and 

11 = ~ nim/~ ni 
1 1 

The solution of Ea. (B-1) is 

which can be evaluated by nuadrature. 

The horizontal neutral wind 

(B-1) 

(B-2) 

comp on-

Pnts vN (toward the north) and vw (toward the 

W('S t) ar-P represented as linear superpositions of 

SPasonal average, diurnal (Sll and s1,_ 2 1nodes) 

and sel'lidiurnal terl'ls. The separate terms are 

genrrilterl from fits to the data of R. M. Harper27 

and of P. Amayenc 2fl and coinputations of Rohl e Pt 

al • 15 and of Forbes and Garrett. 12 • 13,l4 viP are 

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

Forbrs, and H. R. Garrett. 

We represent the meridional wind component as 

AoN A11Ncos[2n(T - AllN)/24]- A12Ncos[2n(T 

- AlzN)/24] - AzNcos[2n(T - AzNl/12] 

wherP T is the til'le of day in hours anrl the sub

scripts llN, 12~1, and ZN refer respectively to the 

r1iurnal Sll riode, diurnal s1 ,_ 2 1'1ode, and the 

se11ic1iurnal mode. ''ON is the seasonal average 

northwarrl velocity. The A's anr1 t;' s are nenerated 

as fitter1 functions of altitude, latitude, time of 

year, anr1 solar activity level, or a subset of 

these variables. 

-
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The seasonal average terfll AoN is qenerated 

with a computer subroutine that was k i n<1ly fur

nished by J. M. Forbes. It is based on fits to 

-
vN cos 8 + vw sin 6 (B-3) 

results of computations by Rohl e, Dickinson, and and 

Ridl ey. 15 

Values of the parameters AllN• A12N• A2N• 

611N• 612N• and A2N were determined as functions 

of altitude by R. M. Harper16 •27 from incoherent 

scatter measurements at Arecibo for solar minimum 

non-winter conditions. We have fitted Harper's 

data with approximate analytic functions of al ti

tude. Of the two diurnal modes s11 and s1 _2 , the 
' former is dominant at low latitudes, while the 

1 atter dominates at high 1 at i tu des. We deduced 

the relative strengths of the two modes as func

tions of latitude from the computations of Forbes 

and Garrett. 12 We use Forbes' and Garrett's re

sults to scale Harper's Arecibo values of AllN and 

A12N to non-Arecibo 1 atitudes. The sealed ampl i

tudes lead to reasonable agreement with the compu

tations of Forbes and Garrett for solar minimum 

conditions at 45° 1 atitude. For solar maximum 

conditions, AllN increases at low latitudes (R. M. 

Harper, private communication27 ). The quantities 

A2N, 61 HJ, A12 N, and A2N are all assumed, for 1 ack 

of detailed information, to be independent of 

latitude, season, and solar activity. 

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

linear superposition of seasonal averaqe, rliurnal, 

and semi diurnal terms; i.e., 

vw Aow + A1wcos[2n(T - Aiwl/24] + A2wcos[2n(T 

- A2wl/12J 

where Aow is the seasonal average velocity, and 

the subscripts lw and 2W refer to diurnal and 

seriidiurnal modes. Aow is computed with a subrou

tine supplied by J. M. Forbes. The diurnal ampl i

tude A1w is assumed to be the same as A12N, the 

amplitude of the meri di on al component of the s1 , -2 

mode. The phase shift A1w is set equal to -4 

hours. For the semidiurnal mode, we assume A2w 

= 25 fll/S and "112 = 6 hours, independent of al ti

tude, latitud~, and season. 

The velocity components vN and vW' which are 

in qeoqr;iphic coordinates, must he transfornerl to 

cieornqrif'tic coordinates (x,y,z) via 

25 

(R-4\ 

where un and vn are the fllacroscopic averaqe neu

tral wind velocities in the magnetic coordinate 

systeri. 

3. NEUTRAL SPECIES TRANSPORT 

ThP quasi-steady velocity cofllnonents for the 

; th neutral species above the turbopause are 

(B-5) 

D. 
a2npi 

v. vn ;ly-1 in 
(B-6) 

and 

-
Din 

[ awp; + l_ J w. w 
1 n az H. ' 

1 

(B-7) 

where Pi = nikTn, and H; = kTn/f11;9. and D;n is the 

fllOlecular diffusion coefficient of species i. 

Bel ow the turhopause (- 100-km altitude) the 

eddy diffusion coefficient, Dechiy• is larger than 

the molecular rliffusion coefficients. In that 

altitude rangf', the equations must be modified by 

replacinq H; with H anrl replacinq Din bv Oedrly· 

Al though we have included the term anp; I ay in 

Eq. (Fl-6), we assume, for the present two-difllen

sional model, that a/ay = 0. 

The rate of change of the ;th species concen

tration is computed as 

(B-8) 

where P; anrl L; are the chemical production and 

loss terf11S. 



4. ION TRANSPORT EQUATIONS 

We assume that the eouations of motion for 

ions and electrons (in Gaussian emu) are approxi

materl arlequately by 

zo - \). ( v. - v ) 0 
i l n 

(B-9) 

and 

zg - v ( v - v ) 0 
e e n 

(R-10) 

respectively. We have ignored the inertial 

terms dv./dt and dv /dt, and we have ignored 
l e 

electron-ion collisions. It will be helpful to 

transform to coordinates moving with the neutral 
. + 

velocity vn. The transformed ion and electron 
+ + 

+ + "' + + 
velocities are vi= vi - vn and ~e = ve - vn with 

Ui' Vi, Wi' a£d Ufi, V~, We. The components 

transformed E field is E = t + v x B/ c n 
with 

components E , f , and f . We will also introduce 
x y z 

the Lannor frequencies Iii = leB/micl and 

= leB/mecl and their components nix• Qiy• 

nex• D.ey• and 0.ez where Qix = lelBx/mic, etc. 

We will confine the discussion to a two-

dimensional system in a magnetic meridian (x,z) 

plane, such that By = 0 and a/ay = 0 and the 

magnetic field lines are assurned to be strai9ht 

and parallel. Then, in rnatrix form and in terms 

of the transformed variables, Eqs. (B-9) and (B-

10) become 
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and 

l
-eE/me - are/ax/neme 

-eE/me 

-eE /m - ap /az/n m z e e e e 

(B-11) 

(B-12) 

If the quantities on the right-hand side are 

regarded as known, these equations can be inverted 
,...... "' ,..., "' "' ,..., 

to giveui,vi,wi,ue,ve,we. For present 

purroses, we will disregard vi and ve The 

inverted equations are 

1 api u. = a. ( eE - - -) 
i i x ni ax 

api 
- b . ( eE - -- - - m 

1
. g) - c 

1
. ( eEY) , 

i z ni az 

1 api 
-b.(eE - --l 

l x ni ax 

1 api 
+ f.(eE - - - - m

1
.q) - d

1
.(eEY) , 

l z ni az 

1 ap 
-b (-eE - - _e) 

e x ne ax 

(B-13a) 

(B-13b) 

(B-14a) 

I. 



(B-14b) 

where the coefficients ai ••• fi, ae ••• fe 

are (for ai use ui, ai, mi, and for ae use ue, ae, 

me) 

f 

(u2 + ,,2j 
x 

a = -~2..---""2-
mu( u + a ) 

b 

d 

-a a x z 

ua 
x 

2 2 
(u + a ) z 

2 2 mu(u + a ) 

(B-15a) 

(B-15b) 

(B-15c) 

(B-15d) 

(B-15e) 

Now it is necessary to supply values 

of E , E and E • We invoke the familiar ouasi-x y z 
chanqe-neutrality assumptions 

(B-16) 

and 

'V • 0 , ( B-17) 

where 

+ + 

j = f (/ nivi- neve) (B-18) 

Our first problem will be to oenerate verti

cal profiles for the normal ionosphere. With some 

justification, we can treat this as a one-dimen-

sional problem with a/ax = a/ay = O. 

case, Eq. (B-17) becomes 

In that 
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aj z 
az- - 0, or jz constant • (B-19a) 

Since there can be no vertical current at the bot

tom boundary, the constant of integration is zero 

and 

jz = 0 (B-19b) 

This is equivalent to the statement that 

I - - 0 (B-20) ni wi n w e e 

If we combine this equation with Eqs. (B-13), (B-

14), and (B-15), we can obtain self-consistent so

lutions for ui' wi, ue, we, and E'z, if Ex, E'y and 
the pressure gradients are assumed to be known. 

The equation for eEz is 

eE = [eE (n b + r n
1
.b

1
.) 

z x e e 

- eE (n d - } n.d. )]/{n f + } n
1
.f

1
.) yee 11 ee (B-21) 

For a truly one-dimensional ionosphere, we 

would expect that Ex= Ey = 0, so that 

(B-22a) 

and 

EY = .!_ (w B - u B ) _ c nx nz (B-22b) 

In that case, eE can be evaluated immediately z 
with Eq. (B-21). Then, upon substitu-

ting eEx, eEY, and eEz into Eo. (B-13b), one can 
evaluate the ion vertical· velocities;., and wi 

= w. + wn. The rate of chanoe or the ;th species l .. 

concentration is 

3n. 
at2- = - az (niwi) +Pi - Li (B-23) 



where p. and L. are the chemical production and 
1 1 

loss rates. Therefore, the ni r:an be integrated 

forward in time when the w; are known. The elec

tron concentration ne = I n; [Eq. (B-16)]. The 

electron and ion partial pressures are 

and 

n kT e e 

(B-24a) 

(B-24b) 

The electron and ion temperatures are specified 

separately as functions of z and t, as are the 

neutral velocities un, vn, and wn. 

Thus, for a one-dimensional ionosphere, Eqs. 

(B-13) through (B-24) and the coupled chemical 

kinetics equations constitute a closed set, which 

can be integrated to generate sets of concentra

tion profiles as functions of time. 

For a two-dimensional ionosphere, the equa

tions are considerably more complicated. This is 

primarily because ? • j is no longer equal to just 

ajz/az, and we can no 1 onger set Ex = Ey = O. 

However, we can make a simple and accurate approx

i ma ti on. 

Examination of the separate terms in Eq. (B-

21) reveals that at latitudes not too near the geo

magnetic equator 

eEZ 

that is, the ambipolar term is dominant. For the 

same physical reasons, the ambipolar terri should 

do1ninate in eEx. That is, we may assume 

eE 
x 

1 - - ap /ax 
n e e 

(B-25) 

and continue to assume jz 

for eEz is 

O. The new equation 

[~ v B (n b + Y n
1
.b

1
.) 

c n z e e 
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ape ap. 
- f (- + n m g) + } f . (-

1 
+ n

1
. m

1
. g) e az e e , az 

- eE (n d - 'n.d. )]/(n f + '. n
1
.f

1
.) (B-26) y e e 1· i i e e l 

We assume, as before that Ey = 0, and EY is given 

by Eq. (B-22b). Then Eqs. (B-13) through (B-16), 

(B-22b), (B-24), and (B-26) constitute a closed 

set for determining the ion velocities ui and 

w;. The rate of change of the ;th species concen

tration is 

(B-27) 

The magnetic dip angle is I, assumed to be posi

tive in the northern hemisphere; x is the magnetic 

northward direction, and B is the xz plane. Bx 

= Reos!, Rz = -Bsinl, nex = necosl, nez = -nesinl, 

nix= nxcosl, and n;z = - n;sinI. 

There should be nothing startling in these 

equations. They are a straightforward extension 

of those given by Banks and Kockarts 25 (Vol. B, 

Chapt. 19, 20) and other authors. 

5. Boundary Conditions 

The concentrations of N2 , o2 , C02, H20, H2, 

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

mesh eel ls. For all other species, the bottom 

bount1ary fluxes are set to zero. In this connec

tion, it is relevant to note that the photochemi

cal time constants of odd oxygen and odd hydroqen 

species at 50-km altitude are 1 ess than one hour, 

whereas the time constant for odd nitrogen is 

about 100 days. 

The horizontal boundary flux conditions are 

recursive; that is, the fluxes at the left boun

dary at each altitude are set equal to the corres

ponding fluxes at the right-hand boundary. 

In the top row of mesh eel ls, we assume that 

all species are in hydrostatic equilibrium. That 

is, all concentrations in the top row of cel1 s are 

related directly to the concentrations in the row 

below according to the diffusive equilibrium rela

tionship 

(B-28) 



where subscript 2 refers to the top eel l ( me<li an 

altitude z2), and subscript 1 refers to the cell 

below (median altitude zl). For neutrals, T1 and 

T2 are the neutr~ gas temperatures Tn, and Hi is 

the neutral scale height kTn/mig. For ions, the 

temperatures are the sums of ion and electron tem

peratures, T+ +Te, and Hi is the ion scale height 

given by 

(8-29) 

where m+ is the average ion mass. 

6. Input Conditions 

To begin a two-dimensional computation invol

ving deposition of rocket exhaust products, we 

must first compute the vertical structure of the 

amhi ent ionosphere and neutral atmosphere, as 

appropriate for the given geographic location, 

tirie of year, solar activity condition, and time 

of day or night. This is done by running the code 

in the one-dimensional mode for a period of at 

least 24 hours, starting from some previously com

puted ionosphere, evolved over a week or more of 

problem time. At the appropriate time the ambient 

ionospheric profiles are loaded into the two

dimensional computing mesh and the rocket exhaust 

products are added. 

In most cases of interest, the molecular col

lision mean-free paths at the rocket trajectory 

altitude are long compared to dimensions of the 

numerical mesh cells. In such cases the initial 

spreading and settling of the exhaust cloud cannot 

be approximated adequately by the diffusion algo

rithms described in Sects. 8~3 and 8-4 above. 

Therefore, to set up the problem, we start with an 

algorithm that represents a ballistic expansion 

modified by gravity and molecular collisions. The 

ballistic algorithm is based on the following. 

The exhaust injection is assumed to be cylin

drically symmetric about the trajectory direction, 

which is perpendicular to the (x,z) plane of the 

dN (8-30) 

is the number of molecules with initial velocities 

between u
0 

and u
0 

+ rlu
0 

and between w
0 

anrt w
0 

+ dw
0

, and N
0 

is the total number of nol ecul es. 

The x and z components of the equation of mo ti on 

of a molecule are assumed to be 

-vu (B-31) 

dw _ 
dt - -vw - g (B-32) 

where v is the collision frequency. If these 

equations can be integrated, then for any speci

fied position (x,z) and til'le t we can solve, in 

principle, for the initial velocity components u
0 

and w
0

• Then by application of the Liouville 

equation, we can find the spatial density of mole

cules at (x,z,t). That is 

2 2 -m(u +w )/2kT 
0 0 x e 

where u0 , w0 , and (du0 dw0 /dxdz) are now known 

functions of x, z, and t. 

The equations of motion are simplified great

ly if we assume that the c~lision frequency vis 

constant. Then they can be integrated exactly and 

solved for u0 and w0 • If, at t = 0, x = 0, and z 

= z0 , we obtain 

vx (B-34) -vt - e 

- .2- (1 - e-vt) + v(z - z l + gt 
\) 0 . 

wo 1 - e-vt 
(B-35) 

computation. The distribution of initial veloci- and 

ti es of the exhaust molecules is described by a 

cylindrical Maxwellian corresponding to a speci-

fied exit temperature Tx (Tx ~ 1000 to 1500 K). 

That is 

(B-36) 
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Fig. 16. 
Computed contours of H2 and H20 concentrations from 
HEAO-C in a magnetic meridian plane 1500-km down
range from the launch point 100 s after passage of 
the rocket (11 min after launch). The contours were 
computed with the ballistic model with z =460 km 
and \ = 1400 K. o 

and these expressions can be substituted in Eq. 

(B-33) to give n(x,z,t). 

Of course v is by no means constant, being 

proportional to the 1 ocal atJTJospheric number den

sity. Nevertheless, we can obtain useful approxi

mate results with Eqs. ( B-33) to ( B-36) if we use 

an effective average v which depends on the par

ticle path. 

Our objective is simply to compute the 

(approximate) number densities of molecules at 

positions (x,y) at an early time t. The number of 

collisions experienced by a molecule by the time t 

when it reaches (x,z) is \It = Jvdt = Ids/A, where 

:I. is the local mean-free path and the last i nte

gral is along the molecule's trajectory in x,z. 

If we assume :1. = :1.0 exp[(z-z0 )/H], where :1.0 is the 

mean-free path at z0 and H is the seal e height, 

and if we approximate the trajectory by a straight 

line, we obtain 
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e o • (B-37) 
-(z-z )/H ! 

Using Eqs. (B-33) through (B-37), we can compute 

n(x,z,t) if z0 , N0 , Tx, and the JTJOlecular JTJass, m, 

are given. 

Figure 16 shows the computed distributions of 

H2o and H2 JTJol ecul es for the case of HEAO-C in a 

plane 1500-km downrange, 100-s after passacie of 

the rocket, as computed with the ballistic al go

rithm, Eqs. (B-33) to (B-37). The trajectory 

altitude z0 = 460 km, and we have assumed Tx 

= 1400 K. 
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