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Chubb (1986) concludes that the transient
decreases in the earth's ultraviolet dayglow
intensities as reported by Frank et al. (1986a)
are instrumental arctifacts. His conclusion is

based upon examination of published images that
exhibit examples of these 1localized decreases,
otherwise known as "atmospheric holes," Frank
and co-workers (1986a) previously summarize their
extensive analyses of the inflight performance of
the imaging photometer. These latter authors
conclude that the decreases in dayglow intensi-
ties are a geophysicszl phenomenon on the basis of
results of these analyses that required several
years of effort. These intensity decreases are
interpreted in terms of an influx of small comets
into the earth's upper atmosphere (Frank et al.,
1986b). In addition several observational
results support the interpretation of this strik-
ing feature of the dayglow intensities in terms
of a geophysical phenomenon. The variations of
the occurrence rates of these atmospheric holes
as functions of latitude and local time are qual-
itatively eimilar to those for radar meteors,

including the appearance of a maximum in the
early afternoon at low latitudes (Frank et al.,
1986a). The occurrence rates of atmospheric
holes also display an annual variation that is

well~correlated with the non-shower, or sporadic
radar meteor rates (Frank et al., 1986c). It 1is
not possible for the present authors to reasona—-
bly attribute these observational findings to an
instrumental artifact. In the following discus~
sion we offer two additional results, 1i.e., the
apparent motions of the atmospheric holes across
the sunlit atmosphere and the increase of angular
diameter of the atmospheric holes as seen from
low altitudes over the atmosphere.

With examination of thousands of images of at-
mospheric holes in the earth's dayglow we find
that the majority of these intensity decreases
are seen in one pixel when the spacecraft is at
its high altitudes, ~ 15,000 toc 23,000 km. For
atmospheric holes with dimensions of greater than
one pixel, the additional pixel occurs most fre-
quently in an adjacent scan line, i.e., the pix-—
els are obtained during successive spacecraft ro-
tations., Such an atmospheric hole is seen in the
image displayed in Figure 1. Here we recall that
an image 1is gained pixel by pixel by employing
the rotation of the spacecraft and a stepping
mirror in the instrument. That 1s, a single ver-
tical line of the image in Figure 1 is teleme-
tered during each spacecraft rotation period of 6
seconds. The mirror 1is then rotated such that
the photometer field-of-view is turned by 0.25°
for the scan line during the next spacecraft ro-
tation. This situation 1s further clarified in
Figure 2. Shown are two consecutive scan lines
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for a small section of the image. If the object,
in this case, a water vapor cloud above the
earth's atmosphere, is moving with appropriate
direction and speed, a decrease in intensity ob—
served in one scan line can be cbserved in the
following scan line. It is thus of interest to
determine whether or not such events exhibit an
organized apparent motion across the earth's sun-
1lit hemisphere.

The low occurrence rate for these events in
consecutive scan lines requires an evaluation of
the possibility that these events are random,
i.e., Iindependent events occurring in adjacent
pixels of the two consecutive scan lines, For
this study we use ~ 2,900 images that are certi-
fied to be free of scan-line misalignment due to
small timing errors from the spacecraft nadir
pulse generator. The earth's limb as it appears
in the images is used for rthis cértification.
Twenty events with the greatest intensity de-
creases 1n adjacent scan lines are used from this
image set. These atmeospheric._holes are selected
such that their mean intensity decrease corre-
sponds to a decrease in photometer count rates of
5.8 g, where o0 is one standard deviation. The
total number of pixels for dayglow measurements
is ~ 1.5 x 107, The probability of observing an
atmospheric hole with intensity decrease corre-
sponding to > 5.8 ¢ is 2 x 10-% (Frank et al.,
1986a; see Figure 1). Because any one of four
pixel positions adjacent to the first pixel with
a 5.8-¢ decrease, i.e., two pixels each for the
preceding and following scan lines, can yield the
adjacent pixel pair, the probability of observing
such a2 random event is 4 x (2 x 10‘4)2 = l.6 x
1077, Thus for the total of ~ 1.5 x 107 pixels
the number of random events is (1.5 x 107) x
(1.6 x 1077) = 2, or a factor of ~ 10 less than
the observed event rate.

The results of this study of the apparent
motion of the atmospheric holes across the
earth's sunlit hemisphere are given in Figure 3.
It 1is dimportant to note that one-half of the
image set 1is taken with the mirror scanning in
one direction, the other half of the image set in
the opposite direction (see Figure 2). The ori-
entation of the spacecraft spim axis is such that
the center scan line 1is located at nearly fixed
longitude in earth-centered, solar-ecliptic coor-
dinates. These coordinates are used in Figure 3.
The atmospheric holes are projected onto a refer—
ence earth-centered sphere at 300 km asbove the
earth's surface. Mirror rotation is to the left
or right in Figure 3 and is i{indicated by the
thick arrows. The dawn terminator is positioned
at 270° longitude, dusk at 90°. Latitudes south-
erly of ~ - 40° are not sampled with this image
set., The twenty adjacent-pixel events shown in
Figure 3 are labeled according to their image
file number. The thin arrows are the observed
direction of motion as determined from the pixel
center points. These vectors are particularly
sensitive to small errors in scan line positions
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Image of the earth's ultraviolet day-
glow, primarily in the atomic oxygen emissions at
130.4 nm, as taken with an imaging photometer on

Figure 1.

board Dynamics Explorer 1. An atmospheric hole
that is detected in two adjacent scan lines is
shown near the center of the inset, the other at-
mospheric hole is seen only in one scan line.
This image is taken from altitude 23,000 km and
geographic latitude and longitude -48° and 35°,
respectively, at 0709 UT on October 10, 1982.

during image reconstruction whereas the determi-
nation of eastward or westward motion solely with
the mirror (thick arrows) is insensitive to such
errors.

The apparent motions of the
as shown in Figure 3 exhibit two features. First
the apparent motion for 16 of the 20 atmospheric
holes is directed from local evening to morning.
Note that from the binomial distribution the
probability P(nlx) of x successes in n trials is
n!(1/2)0/(x!(n-x)!). P(20|16) is then 4.6 x 10~3
and can be compared with P(20[10) = 0.18. Sec-
ondly the remaining 4 atmospheric holes, for

atmospheric holes
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Figure 3. Summary of the directions of the ap-

parent motions for 20 atmospheric holes.
sitional coordinates are earth-centered
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which the motion is directed from morning to eve-
ning, are located in the local morning sector.
Frank et al. (1986b) previously interpret the at-
mospheric holes in terms of water vapor clouds
from the disruption of small comets in the vicin-
ity of the earth. The water vapor absorbs the
earth's ultraviolet dayglow emissions, along the
line of sight from the spacecraft to the radiant
screen of the atmosphere. The comets are in-
ferred to be in prograde elliptical orbits around
the sun with perihelia in the vicinity of 1 A.U.
(Frank et al., 1986b, ¢, d). Because a large
fraction of the comets in such orbits are expec-
ted to overtake the earth, i.e., apparent motion
from local evening to morning, the above findings
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Figure 4. Diagram for observation of water vapor
clouds at low altitudes. At 1,500 km the angular
size is sufficiently large to give a string of

darkened pixels during a single scan line. Dur-
ing the next scan line, one spacecraft rotation
later, the cloud is located beyond the photome-
ter's field-of-view.
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Figure 5.
area corresponding to this image as

global map on the 1left-hand side of the figure.
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Example of an atmospheric hole observed at low altitudes with Dynamics Explorer 1. The
projected to 300 km above
This image is taken from altitude 1,170 km and geo-

the earth's surface is shown in the

graphic latitude and longitude —64° and 217°, respectively, at 1838 UT on October 15, 1981.

of such apparent motions of the atmospheric holes
support the interpretation offered by Frank and
co-workers. The further observation that the ap-
parent motions of a few atmospheric holes in the
morning sector are directed from morning to eve-
ning is evidence for earth-sweeping of some of
the small comets, i.e., their azimuthal speeds
around the sun are less than the earth's orbital
velocity. For example, a prograde elliptical or-
bit with perihelion at 0.8 A.U., aphelion beyond
Jupiter's orbit and inclination of 35° satisfies
this latter condition. Thus the gross character-
istics of the apparent motion of the atmospheric
holes are generally consistent with expectations
from the infall of small comets from prograde or-
bits.

The technique that is employed above
determination of apparent motion is
restricted by the spin-scan imaging. In order to
detect an atmospheric hole in two adjacent scan
lines, the angular motion is restrained to
750(% 200) urad/sec. Part of this restraint is
imposed by the minima of the composite point-
spread function between pixels of an image. This
angular motion corresponds to apparent speeds, in
the plane perpendicular to the line-of-sight from
the spacecraft, of ~ 4.8, 9.6 and 14 km/sec at
distances of 1, 2 and 3 Rg, respectively. Few,
if any, examples of atmospheric hole detection in
three or more scan lines are expected due to
further confinement of the window for angular
motion and to the curvilinear trajectories in the
earth's gravitational field. No such examples
are found to date. The restraints on apparent
angular motion also preclude the possibility of
detection of atmospheric holes associated with
small comets in retrograde orbits because orbital
speeds are in the range of ~ 30 to 70 km/sec and
thus too large to be detected in two consecutive
scan lines. Similarly the ratio of the numbers
of small comets in prograde orbits that are swept

in the
severely

up by the earth to those that overtake the earth
cannot be readily determined. The observations
are not normalized with respect to the spatial
sampling density. Nevertheless the observations
support the existence of these two latter classes
of trajectories.

At high altitudes, ~ 15,000 to 23,000 km, at-
mospheric holes with dimensions greater than one
pixel occur most frequently for two pixels in ad-
jacent scan lines as noted above. The apparent
angular dimensions as seen from these altitudes
are < 0.3°. At low altitudes the apparent angu-
lar dimensions of the atmospheric holes are ex-—
pected to increase. The geometry of viewing at-
mospheric holes with the spin-scan photometer at
low altitudes is summarized in Figure 4. A water
vapor cloud with diameter of 50 km is assumed to
be at a distance of 1,500 km from the spacecraft
position. The speed of the cloud in the plane
perpendicular to the line of sight is taken to be
11 km/sec for illustrative purposes. The solid
angle for a single pixel is also shown. Consecu-
tive pixels with decreases of responses due to
the occluding water vapor cloud are expected for
a single scan line. At these altitudes the water
cloud is moving with sufficient angular speed
that it is beyond the field-of-view of the next
scan line, i.e., 6 seconds later. Thus consecu-
tive darkened pixels occur in the same scan line
at these altitudes and provide an instantaneous
cut through the occluding cloud, in direct con-
trast to the situation at high altitudes where
darkened pixels appear in adjacent scan lines and
are due to motion of the water vapor cloud (see
Figure 2).

An example of a sighting of a large atmospher-
ic hole from a spacecraft position at low alti-
tude, ~ 1,200 km, is shown in Figure 5. Three
consecutive samples of dayglow intensities corre-
sponding to pixel responses 3.3, 4.1 and 3.6 o,
respectively, below the surrounding averages are
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found in a single scan line as the photometer
field-of-view passes over the atmospheric hole.
As expected, decreases of intensities are not
found in the adjacent scan lines. If this series
of pixels is a random event then the probability
of occurrence 1s ~ 4 x 10~8 event/pixel, or ap-
proximately once every 106 seconds of elapsed
time at low altitudes. The distribution of oc-
currence rates of atmospheric holes for individu-
al pixels as a function of the decrease in re-
gsponses 1s used to calculate this random event
rate (cf. Figure 1 of Frank et al,., 1986a)., Be-
cause the spacecraft orbit is eccentric with ini-
tial perigee altitude 570 km and apogee altitude
23,300 km the time available for searching for
gtmospheric holes from a spacecraft altitude
range of 1,000 to 2,000 km is limited. For the
present survey, the total time at these altitudes
ig ~ B00 minutes from a set of ~ 130 orbits.
During these 4.8 x 104 seconds, two atmospheric
hole sightings with three consecutive darkened
pixels in a single scan line are found, an cccur-
rence rate that is a factor of ~ 40 greater than
that expected from random events.

The probability of sighting an atmospheric
hole diminishes rapidly with decreasing space-
craft altitude. At an altitude of 20,000 km, an
atmospheric hole is observed approximately every
10 scan lines, or 1 minute of elapsed time. A
rough estimate for the occurrence frequency at
low altitudes is gained by noting that the effec—
tive area for detection of water vapor clouds
crossing the field-of-view for a scan line with
fixed angular dimension varies approximately as
hz, where h is the distance from the spacecraft
to the top of the earth's atmosphere at altitude
~ 300 km. That is, the water vapor clouds tra-
verse a triangular area bounded at its apex by
the spacecraft position, the adjacent sides by
the field of view corresponding to a scan line
and at the base by the atmospheric oxygen distri-
bution. This order-of-magnitude estimate for the
occurrence period at a spacecraft altitude of
1,500 km, for example, becomes (20,000)2/21,500—
300)2 x 60 seconds/event = 1.7 x 10% sec—
onds/event. The observed average period, not
statistically well-determined from 2 events, is
~ 2.4 x 10% seconds/event, and is similar in mag-—
nitude to that expected from high-altitude obser—
vations.

In addition to these two large atmospheric
holes, a greater flux of atmospheric holes with
lesser dimensions, one and two pixels in apparent
angular size in a scan line, are also observed
at these low altitudes., This distribution of
smaller atmospheric holes is well beyond the
resolution of the imaging photometer when viewing
from higher altitudes.

The spatial dimensions of the two large water
clouds observed from low altitudes are in the
range 15 to 20 km if their positions are at ~ 300
km above the earth's surface., The expected diam—
eter is ~ 50 km. A sufficient set of examples is
not available to determine whether (1) the field-
of-view slices through the cloud along an off-
center cut (cf. Figure 4) or the maximum dimen-
sions of the clouds are ~ 15 to 20 km. In this
regard we note here an important limitation of
the present observations in determining the evo-
lution of the water vapor clouds with altitude.
Images of the atmospheric holes provide only the
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apparent angular size and the position of the oc-
cluding cloud as seen against a screen of atmo-
spheric wultraviolet dayglow. The altitude of
this cloud is not directly determined. Our in-
terpretation is based upon the assumption that
the comet disrupts and vaporizes at the lowest
possible altitude, ~ several thousand kilometers
(cf. Frank et al. 1986b). It is possible that the
water vapor clouds observed when the spacecraft
is near apogee are positioned at altitudes of
5,000 to 10,000 km. In this case, and with the
assumption that the total vaporization rate of
water snow remains constant as the material moves
toward the atmosphere, the apparent angular diam-
eter of the c¢loud as seen from high altitudes be-
comes sufficlently small at lower altitudes that
it is not seen in the 1mages. The size of the
water cloud as a function of altitude may be par-
tially resolved by their detection in the geoco-
rona (cf. Frank et al., 1986a). In the geocoro-
na a rough estimate of the distance from the
cloud to the spacecraft is obtained because the
cloud is seen when only a fraction of an optical
depth of atomlc hydrogen is present along the
line of sight. A better assessment of the evolu-
tion of the size of the cometary water cloud as a
function of altitude may eventually allow a de-—
termination of the mass spectrum of the small
comets or thelr fragments from the distribution
of slzes of the water vapor clouds as seen at low
altitudes, ~ 1,000 to 2,000 km.

On the basis of thorough examination of the
electronics for the imaging photometer and of the
inflight telemetry Frank et al. (1986a) previous-
ly conclude that the occurrence of atmospheric
holes is not due to an instrumental artifact.
Features of the atmospheric holes that further
support this conclusion are (1) a dependence of
occurrence rates upon local time and latitude
that 1is qualitatively similar to that for radar
meteors, (2) annual variations in the occurrence
rates that are proportionally similar to those
for non-shower, or sporadic radar meteors, (3)
apparent motions as seen from high altitudes, and
(4) increase of angular size when viewed from low
altitudes.
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