
Reports 

A Large-Scale Hole in the Ionosphere Caused by the 

Launch of Skylab 

Abstract. A dramatic ionospheric phenomenon, unique in magnitude and in 
spatial and temporal extent, occurred along the Atlantic Coast of North America 
after the launch of the NASA Skylab Workshop on 14 May 1973. The effect was 
a large and rapid decrease in the total number of ionospheric electrons within a 
distance of 1000 kilo-meters of the burning engin es of the Saturn V launch vehicle. 
The observations are interpreted in terms of exceptionally enhanced chemical loss 
rates due to the molecular hydrogen and water vapor contained in the Saturn 
second-stage exhaust plume. 

A very-high-frequency radio signal 
passing through the earth's ionosphere 
experiences a continual rotation of its 

plane of polarization due to the pres- 
ence of many low-energy electrons and 
the geomagnetic field. This "Faraday 
rotation effect" may be used to infer 
valuable information about the electron 
content of the ionosphere. If N,(h) 
denotes the concentration of electrons 
Ne as a function of height h, then the 
integral of Ne(h) with height is called 
the ionospheric total electron content 
(TEC). It is a measure of the total 
number of electrons in a vertical col- 
umn of unit cross section through the 
ionosphere. For experiments involving 
the use of a geostationary satellite's 
very-high-frequency radio beacon, the 
polarization observations yield the num- 
ber of ionospheric electrons contained 
in a vertical column extending to ap- 
proximately 2000 km (1). 

Continuous observations of the TEC 
have been made at the Sagamore Hill 
Radio Observatory (2) in Hamilton, 
Massachusetts, since November 1967. 

Scoreboard for Reports: In the past few weeks 
the editors have received an average of 63 Reports 
per week and have accepted 11 (17 percent). We 
plan to accept about 10 reports per week for the 
next several weeks. In the selection of papers to 
be published we must deal with several factors: 
the number of good papers submitted, the number 
of accepted papers that have not yet been pub- 
lished, the balance of subjects, and length of in- 
dividual papers. 

Authors of Reports published in Science find 
that their results receive good attention from an 
interdisciplinary audience. Most contributors send 
us excellent papers that meet high scientific stan- 
dards. We seek to publish papers on a wide range 
of subjects, but financial limitations restrict the 
number of Reports published to about 12 per 
week. Certain fields are overrepresented. In order 
to achieve better balance of content, the accept- 
ance rate of items dealing with physical science 
will be greater than average. 
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At approximately 12:39 E.S.T. on 14 
May 1973, a sudden decrease in the 
TEC was observed along the ray path 
to the geostationary telecommunication 
satellite ATS-3. Figure 1A is a plot 
of the 15-minute TEC values (in units 
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Fig. 1. (A) The solid curve shows the 
ionospheric TEC as a function of time 
(E.S.T.) on 14 May 1973, as observed at 
the AFCRL's Sagamore Hill Radio Ob- 
servatory in Hamilton, Massachusetts. 
The dashed curve gives the expected be- 
havior for that day, and the vertical ar- 
row marks the time of the Skylab launch 
at 12:30 E.S.T. from the Kennedy Space 
Center. (B) Expanded version of the TEC 
decay showing the results of continuity 
equation estimates of the time develop- 
ment of the TEC. The dots refer to re- 
sults obtained using the enhanced loss 
rates which result from 1 second of ex- 
haust, and the crosses give the results for 
10 seconds of exhaust. 

of 1012 electron/cm2) as a function of 
time (E.S.T.) for that date. The solid 
curve in Fig. 1B gives an expanded 
version of the TEC decrease, whereas 
the curves with dots and crosses give 
theoretical results to be discussed be- 
low. Between 12:30 and 12:45 E.S.T. 
the TEC dropped from 11.3 to 5.8 
units. The value was below 5 units from 
13:00 to 14:00 E.S.T., and then slowly 
began to recover. The dashed diurnal 
curve in Fig. 1A gives an estimate of 
the expected behavior for the TEC on 
the day in question. This curve in- 
corporates the predicted monthly mean 
TEC for May 1973, corrected for the 
effects of geomagnetic activity (3). 
The large "bite-out" seen in the TEC 
data for 14 May clearly distinguishes 
itself from the expected behavior for 
that day. Ionospheric disturbances 
monitored in terms of the TEC values 
at Sagamore Hill have been extensively 
studied for many years (4); it can be 
stated with confidence that this sudden 
and large drop in the daytime TEC is 
a unique disturbance unrelated to any 
solar or geomagnetic activity. The aim 
of this report is to point out the geo- 
graphical and temporal extent of this 
effect and to suggest as its cause an ex- 
ceptionally enhanced electron loss 
mechanism in the upper atmosphere 
triggered by the launch of the NASA 
Skylab Workshop (Skylab 1). 

Skylab 1 was launched at 12:30 
E.S.T. on 14 May 1973 from pad A, 
complex 39 (28.4?N, 80.6?W), at the 
Kennedy Space Center, Cape Canaveral, 
Florida. A comparison of the Saturn/ 
Skylab trajectory (5) and the Faraday 
rotation propagation geometry showed 
that the vehicle crossed the vertical 
plane defined by the Sagamore Hill ray 
path to ATS-3 at 36.8?N, 74.7?W, and 
a height of 422 km. The satellite ray 
passed 208 km above this point at 630 
km; the horizontal separation of the 
trajectory from the ray path was ap- 
proximately 210 kn, and thus the 
point of closest approach was about 
150 km. 

The Saturn V launch vehicle con- 
sisted of two stages. The first stage 
(S-1), burning kerosene in an 02 en- 
vironment, cut off at 88 km and there- 
fore was of little interest for the pos- 
sible F-region effects to be considered 
here. The second stage (S-II) con- 
sisted of a cluster of five J-2 engines 
burning H2 in an O2 environment. All 
five of the J-2 engines ignited at a 
height of 88 km; the-center engine then 
cut off at 273 km, and the remaining 
four continued to burn until orbit in- 
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sertion at 442 km. Each engine had a 
thrust of 239,000 pounds of force 
(108,000 kg of force) which it achieved 
by ejecting mass at the rate of 537 
pounds of mass per second at a speed 
of 15,000 feet/sec (4500 m/sec). 
The exhaust was composed of 70 
percent water vapor and 30 percent 
unused H2 (6). When converted to 

particle flow per second, each J-2 en- 
gine ejected 7.8 X 1027 H20 molecules 

per second and 3.3 X 1027 H2 molecules 
per second at a speed of 4.5 km/sec. 
Such flow rates represent extraordinary 
additions to the ambient atmosphere, 
and of species never found in quantity 
in the ionospheric F region. With the 
cluster of engines releasing over a ton 
per second of such gases, one might 
expect to find a variety of dynamical 
and chemical processes of direct iono- 

spheric consequence. 
Under normal conditions, the iono- 

spheric F region is produced by the 
photoionization of atomic oxygen by 
solar radiation at extreme ultraviolet 
and soft x-ray wavelengths. Equal num- 
bers of electrons (e-) and positive ions 
(0+) are produced in a ratio to neu- 
tral oxygen (O) of approximately 
1:1000. The loss (or recombination) 
mechanism for the 0+ and e- is a 
well-understood process (7) involving 
intermediate reactions with N2 and 02. 
When the Saturn V engines added large 
numbers of H., and water vapor mole- 
cules to the F region, the normal iono- 
spheric chemistry was substantially al- 
tered. Specifically, the constituents of the 
Saturn exhaust initiated a recombina- 
tion process between the ionospheric 
O+ and the ambient electrons. The 
overall mechanism was a two-step pro- 
cess involving first the formation by 
0+ of a molecular ion and then a dis- 
sociative recombination of that ion with 
one of the F-region electrons. The end 
result of the two reactions was thus 
the removal of an ionospheric ion- 
electron pair. 

The first step in the loss process ini- 
tiated by the Saturn exhaust (8) was 

O' + H - OH+ H (1) 

or 

0- + H.O -> H.0O- + O (2) 

The second step was 

OH +e - 0+H (3) 

or 

H.20' + e--- H + O (4) 

or 

H20+ + e- -> OH + H 
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Fig. 2. Results of spherical diffusion 
model calculations for HI and H20O in the 
ionosphere. Each curve gives the total 
plume concentration as a function of 
radial distance for a series of elapsed 
times. The source at the origin was de- 
fined to be the number of molecules 
ejected by the Saturn engines in 1 second. 
The axis on the right gives the average 
electron loss coefficient (J). The calcula- 
tions were carried out with the use of 
atmospheric variables defined at 350 km 
(see text). 

The remarkable feature about Eqs. 
1 and 2 is that they proceed at the 
kinetic rate, that is, a reaction occurs 
with virtually every ion-molecule colli- 
sion. This is drastically different from 
the normal ionospheric case in which 
O+ reacts with N2 and O2. The reac- 
tions of O+ with H2 and water vapor 
are more rapid, by a factor of 100 to 
1000 times, than the reactions of 0+ 
with N, and 02, and thus the forma- 
tion of positive molecular ions via Eqs. 
1 and 2 is an abnormally fast one for 
the F2 region. Once a molecular ion is 
formed (whether OH+, H20+, NO+, 
or 02+-), the subsequent dissociative 
recombination reactions are all of the 
form of Eqs. 3, 4, or 5. Such reactions 
are rapid and provide the principal 
mechanism of ion-electron recombina- 
tion in the ionosphere (9). Since the 
overall loss mechanism involves two 
steps, the actual loss rate for electrons 
depends ultimately upon the speed of 
the slower ion-atom interchange reac- 
tions. Since the reactions of H2 and 
H20 with 0+ are approximately 1000 
times faster than normal, concentra- 
tions of H2 or H20, or both, only 0.1 
the ambient N2 concentration will pro- 
duce a 100-fold enhancement in the 
electron loss rates. If one measures the 
rate of change of the TEC during the 
period immediately after the Skylab 
launch (Fig. 1), one sees that the ob- 
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served electron loss rate is in fact 
greater than normal by a factor of 100 
to 200 times (10). 

The above examination of reaction 
rates, together with the realization that 
a ton of reactant is added to the iono- 

sphere every second by the Saturn en- 
gines, leads to the conclusion that the 
electrons throughout the topside F 
region experienced a devastating loss 

process in the vicinity of the S-II plume. 
Consider, for example, that during the 
275-second interval from the time of 
the S-II center engine cutoff (at 273 
km) to engine shutdown (at 442 
km), the four J-2 engines released a 
combined total of 1.2 X 1031 H2 and 
11,O molecules. At a height of 350 km, 
a plume concentration of these mole- 
cules of 2 x 106 cm-3 would cause the 
electron loss rates due to H2 and H20 
to become 100 times more efficient 
than the normally dominant loss mech- 
anism. The 275-second exhaust from 
the four J-2 engines gives such a con- 
centration if uniformly distributed 
throughout a volume of about 6 X 1024 
cm3. This implies that the scale size for 
dramatic ionospheric effects should be 
of order (volume) '3 or about 1800 
km. An examination of the TEC data 
from sites in Goose Bay, Labrador, and 
Urbana, Illinois, showed that a definite 
decrease in the TEC was indeed ob- 
served at points 1000 km to the north 
and west of the trajectory of the burn- 
ing Saturn rocket in the F region. These 
and other (more detailed) aspects of 
this study are described elsewhere (3). 

In the effects described so far we 
have dealt only with the reactions made 
possible by the constituents of the ex- 
haust field of the Saturn launch vehicle. 
Clearly, the dynamics of the plume 
must also be considered if the temporal 
and spatial aspects of the problem are 
to be compared with observations. As 
a way of doing this, we now consider 
a model of spherically symmetrical dif- 
fusion of the plume in the ionosphere. 
We anticipate that such a model will 
overestimate diffusion in the downward 
direction, underestimate it in the up- 
w*d direction, and therefore give a 
reasonable overall view of the gross 
effects to be expected as a function of 
distance and time. We treat the H2 and 
water vapor components separately and 
take as point sources for the model the 
total number of H, or H20 molecules 
ejected by the engines in 1 second. We 
choose as the second in question the 
instant when the vehicle was at 350 
km. At this time, the speed of the 
vehicle with respect to the atmosphere 
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equaled the speed of the exhaust with 
respect to the vehicle, and thus the ex- 
haust entered the ionosphere at a rela- 
tive speed of zero. During the 1-second 
interval used, the rocket moved 4.5 km 
while emitting a total of 1.32 X 1028 
H2 molecules and 3.12 X 1028 H20 
molecules. A standard solution (11) of 
the radial diffusion equation is 

n(r,t) -(4Dt)S- exp(-r2/4Dt) (6) 

where, for each species, n is the con- 
centration at a radial distance r and 
time t, So is the total number of parti- 
cles at r 0 and t - 0, and D is the 
diffusion coefficient in an oxygen (O) 
atmosphere. Using Eq. 6, we carried 
out calculations to a distance of 1200 
km for a time span of 2 hours. The 
total plume concentration was obtained 
by adding the contributions from each 
expending cloud; the results that are 
shown in Fig. 2 lead to several interest- 
ing findings: 

1) The plume diffuses so rapidly that 
within a few minutes the loss coeffi- 
cient throughout a volume of several 
hundred kilometers radius is larger than 
the normal loss rates by a factor of 10 
to 100 times. 

2) Although the exhaust field is 
H0O-dominated in terms of total con- 
centrations, the onset of the TEC "bite- 
out" was determined by the arrival of 
the H2. This is due to the fact that the 
lighter constituent diffuses more rapidly. 
The duration of the effect, however, is 
due mainly to the more slowly diffusing 
water vapor. 

3) At a given radial distance from 
the source, there is a unique time when 
maximum H2 and H20 and total con- 
centrations occur (12). For example, 
at a distance of 200 km, the maximum 
H2 concentration occurs after 3 min- 
utes of expansion, whereas at 600 km it 
occurs 27 minutes after the source is 
released. Thus, a chain of stations 
would record maximum effects sequen- 
tially. It is as if a wave passed along 
the chain, though it must be noted that 
for each species the concentration is 
always a maximum at r= 0 for any 
given time. 

Calculations were also carried out 
which show that, during the time inter- 
val under consideration here, the plume 
could not have suffered any appreciable 
depletions due to solar-induced photo- 
ionizations or dissociations (3). 

The actual loss in electron content to 
be expected from the plume can be 
calculated using the loss coefficients ob- 
tained from the H2 and H20 results 
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N 
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o EC -5 s0x102 
"- \0 topside. Above the peak in the iono- 

electron/cm2 sphere, reductions occur of up to 10-2 
Qo of the prelaunch values. 

...I_ _r i . Although rockets of various types 
0' o03 10' 105 have been launched into the iono- 

Eiectron concentration (cm-3) sphere and perturbations have been 
3. Representative Ne(h) profiles that caused by them, no effects remotely 
the TEC values observed at Saga- approaching the extent of the present 

: Hill before and after the Skylab case have ever been reported. The 12 ch. Saturn V rockets launched during the 
Apollo program did not cause similar 

marized in Fig. 2. If the TEC data ionospheric holes because all of their 
considered to represent the integral final parking orbits (and therefore their 
i slab of plasma located 200 km second-stage burns) were below 190 
a the source, the TEC response may km where the ionospheric chemistry is 
xplicitly evaluated as a function of of a different type from the F-region 
(13). This calculation was carried processes affected by the Skylab launch 

at 1-minute intervals for a duration (orbit insertion at 442 km). 
'0 minutes, and then at 10-minute In conclusion, it is interesting to con- 
s up to an hour. The results are sider that this significant recombination 
pared with observations in Fig. 1B. effect in the ionosphere was apparently 
dotted curve gives the results of unanticipated. Hydrogen, the most 

TEC calculations in which the H2 abundant element in the universe, is 
H20 loss coefficients which result not normally found in molecular form 

n 1 second of exhaust (So) are in significant quantities in the near- 
l. The calculations clearly lead to a earth environment. It is, however, an 
tively rapid drop in the TEC. After important constituent in interstellar 
it 20 minutes, the slowly decaying space, and thus the fast reaction be- 
and H20 concentrations cause the tween H2 and O+ has interesting im- 
I loss to equal the solar production plications in astrophysics. There is also 
:ts and thus the TEC remains the potential for important geophysical 
ly constant. modification experiments. Concerning 
he second set of results presented this point, H2 has the asset of being 
ig. 1B describes calculations derived light and particularly resistant to a 
i the use of a point source equal to quick destruction by solar extreme ul- 
total number of particles ejected in traviolet, whereas water vapor has the 
seconds. During this time interval interesting property that the dissoci- 
vehicle moved only 45 km, a dis- ative recombination of H20+ yields a 
e comparable to the mean free path product (either H2 or OH) capable of 
still small in comparison to the engaging in another 0+ ion-atom 

km distance under consideration. interchange reaction. Thus, the net 
se results are in excellent agreement effect is that a single H20 molecule 

the onset of the decay, but the would remove two F-region ion-electron 
ulations subsequently predict a vir- pairs. Although the 0+ reaction with 
disappearance of the electron con- the OH radical has not been measured 
We suggest that this vanishing of in the laboratory, its rate is expected to 

TEC is indeed what happened to be close to that of H2 and H20 (14). 
topside content of the F2 region. Again, OH is a prominent interstellar 
plateau of "minimum of the bite- constituent. 

out" in our observations near 5 X 1012 
electron/cm2 simply represents the con- 
tributions of the bottomside iono- 
spheric regions (E, F1) to the TEC 
integral. 

Figure 3 presents a schematic repre- 
sentation of two possible electron 
density profiles which, when integrated 
up to 1000 km, equal the TEC values 
measured prior to and during the "Sky- 
lab bite-out." These profiles were ob- 
tained from ionosonde values of the 
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gions within the ice fields. 

The Antarctic sea ice undergoes im- 
mense seasonal fluctuations in areal ex- 
tent (Fig. 1). The maximum area, 
22 X106 km2, occurs in September 
and the minimum, 4 X 106 km2, in 
March (1). Although other estimates 
differ slightly (2, 3), all indicate sea- 
sonal variations of approximately 18 X 
106 km2, an area larger than that of 
Antarctica and its ice shelves. 

Sea ice acts as an insulator, effective- 

ly reducing radiative and nonradiative 
heat flux between ocean and atmosphere 
(4). In summer, when incoming solar 
radiation is large, the ice reflects 40 to 
70 percent of this radiation to drastical- 

ly reduce heating of the ocean; if the 
ocean were ice-free it would reflect only 
10 percent (4). In winter the ice cuts 
down substantially on the sensible and 
latent heat flux from ocean to atmo- 

sphere, because of its low heat conduc- 

tivity and low vapor pressure (4). 
Sea ice, with a salinity of 3 to 5 per 

mil (5), is an important factor in the 
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ocean's salt balance, ejecting some 3 g 
of salt per square centimeter of surface 
as a cold brine into the ocean for each 
meter of ice formed. This process re- 
duces the stability of the ocean surface 

layer and convection can ensue. The 
convection may penetrate the relatively 
warm-saline upper layers of circumpolar 
deep water (400 to 600 m deep), which 
would result in a significant upward 
heat flux into the surface layers and 

eventually into the atmosphere (6, 7). 
During ice melting the release of rela- 

tively fresh water increases the stability 
of the surface layer, retarding convec- 
tion. 

Hence, the seasonal variation of the 
ice has important effects on the thermo- 
haline structure of the ocean and on the 
characteristics of the atmosphere. The 
reason for the large seasonal change has 
not been investigated; presumably new 
ice is added in winter to the outer 

fringes of the sea ice field and removed 
the following summer. We present the 
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hypothesis that much of the ice growth 
and retreat is due to processes related 
to the wind stress within the sea ice 
fields. 

The curl of the wind stress (8), which 
induces a general Ekman divergence of 
surface water and sea ice cover, con- 
tinuously generates open water regions 
with freezing point temperatures within 
the ice fields. In winter the open water 
fills with new ice and the ice field ex- 
pands accordingly, extending northward 
as a function of the total divergence 
within the existing ice field. The north- 
ern extent of the ice may be determined 
by an inability of the local heat balance 
(in both atmosphere and ocean) to 
continually freeze over the open water 
generated by the Ekman divergence. 
The resulting partial ice cover may then 
be destroyed by ocean waves which 
penetrate into the ice field. After the 
spring equinox, open water regions 
within the ice field increase heat ab- 
sorption by the ocean, and rapid ice 
melting follows. 

The hypothesis can be evaluated by 
comparing the observed winter growth 
rate of the ice with the rate calculated 
from the Ekman divergence. Figure 1 
indicates an observed growth rate (mid- 
March to mid-August) of 3.3 X 106 
km2 per month. 

The rate of divergence of the ice can 
only be estimated, since understanding 
of the behavior of ice on a boundary 
layer is incomplete, although one would 
anticipate less interference of ice with 
the ocean-atmosphere coupling in a di- 

vergent Ekman field (9). In view of 
these uncertainties we cannot firmly 
establish the validity of our hypothesis. 
However, we can test to see if it is 
reasonable. 

The total Ekman transport is directed 
at a right angle to the surface wind di- 
rection and is proportional to the ratio 
of wind stress to Coriolis parameter 
(10). However, the full magnitude of 
the drift is accounted for in the upper 
half of the Ekman layer, and is di- 
rected 78? to the left of the wind direc- 
tion in the Southern Hemisphere. Below 
this segment of the Ekman layer the 
contribution to the total drift vector is 
a further 12? rotation to the left of the 
wind direction. Therefore, the total di- 

vergence is calculated by assuming uni- 
form horizontal flow in the upper half 
of the Ekman layer. The Ekman is 
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Seasonal Change of Antarctic Sea Ice Cover 

Abstract. The winter expansion of the sea ice surrounding Antarctica and the 

subsequent retreat of the ice in summer may be linked with the wind stress acting 
on the Southern Ocean in conjunction with the heat exchange in open water re- 
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