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Atmospheric holes: Instrumental and geophysical effects 

L. A. Frank and J. B. Sigwarth 
Department of Physics and Astronomy, University of Iowa, Iowa City 

Abstract. Global images of far-ultraviolet dayglow with the Earth Camera on board 
the Polar spacecraft were used for a comprehensive study of transient, localized de- 
creases of intensities, also known as atmospheric holes. An automated determination 
for detection of an atmospheric hole was developed and employed in this survey of 
the characteristics of this phenomenon, which avoided the possibility of aliasing by 
visual inspection of the images. An extensive investigation of possible instrumental 
effects included (1) evaluation of random rates for a period in mid-January for which 
there were no atmospheric holes, thus providing an excellent inflight calibration of 
the instrument's noise, (2) the effects in the images due to energetic electrons in the 
outer radiation zone, (3) the nonuniform sensitivities for the pixels of the sensor, or 
"ot spots,"and (4) the contributions of longer wavelength radiation from the atmos- 
phere to the camera's responses. For the straightforward selection criteria for the 
identification of atmospheric holes the instrumental effects were not major contribu- 
tors to the occurrence frequencies of this phenomenon. The subsequent search for 
geophysical effects revealed (1) a strong altitude dependence of the frequency of at- 
mospheric holes, (2) a substantial local-time variation of rates which favored loca- 
tions in the local-morning sectors of the atmosphere relative to those in the evening, 
(3) increasing sizes of the atmospheric holes as the spacecraft altitude decreases, and 
(4) large seasonal variations in the hole rates during the period November 1997 
through late January 1998 which were remarkably similar to those observed during 
the same months but 16 years earlier with Dynamics Explorer 1. 

1. Introduction 

Transient decreases of Earth's far-ultraviolet dayglow 
were first detected with a spin-scan imager on board the 
Dynamics Explorer 1 spacecraft which was launched into 
an eccentric polar orbit for global views of the auroral 
zones and dayglow. The diameters of these transient 
decreases, or atmospheric holes, were in the range of 50 
to 100 km, and their durations were about 100 s [Frank et 
al., 1986a]. Because the dimensions of the atmospheric 
holes were large, this phenomenon was interpreted as 
water vapor clouds from small comets which were dis- 
rupted and vaporized by sunlight above the upper at- 
mosphere [Frank et al., 1986b]. Water vapor is an effi- 
cient absorber of the far-ultraviolet emissions, primarily 
those from atomic oxygen at 130.4 and 135.6 nm, from 
the upper atmosphere. 

Several years of intensive examination of these images 
prior to publication found that some features of the at- 
mospheric holes could not be accounted for by an in- 
strument artifact. These are summarized by Frank and 
Sigwarth ...... '•' --^• ..... •' ' ,. .... 11•O] aS •,1} ptctctcttuai motion in the e-•*-*•- 
west direction across the sunlit face of Earth, (2) larger 
angular diameters for these atmospheric holes when the 
spacecraft approached its lowest orbital altitudes, (3) 
similar diurnal variations in occurrence rates as those for 

radar meteors, and (4)correlation of the occurrence rates 
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with the nonshower meteors as monitored with forward 

scatter radar. However, because of the startling implica- 
tions of the large individual masses of these small com- 
ets, tens of tons, and the infall rate into our atmosphere 
of about 10 million per year, the overwhelming majority 
of the scientific community was convinced that the at- 
mospheric holes were merely an instrument artifact 
[Dessler, 1991]. 

A set of three state-of-the-art cameras was recently 
launched into a high-altitude, eccentric polar orbit and 
provides marvelous views of Earth's aurora and far-ul- 
traviolet dayglow. The designs of these three cameras, 
two cameras for visible light and the third for ultraviolet 
emissions, on board the Polar spacecraft were greatly 
dissimilar to those previously flown on the Dynamics 
Explorer 1 spacecraft [Frank et al., 1981, 1995]. The three 
cameras on the Polar spacecraft are known as the Visible 
Imaging System (VIS) and are capable of far greater spa- 
tial and temporal resolutions relative to those for Dynam- 
ics Explorer 1. These new observations with the Polar 
spacecraft have confirmed the occurrence rates, dimen- 
sions, and east-to-west motions of atmospheric holes 
[Frank and Sigwarth, 1997a]. The ability to image the at- 
mospheric holes in two consecutive frames has also con- 
firmed that the diameters of the holes are increasing at 
the rate of about 1 km/s, as expected for the vaporization 
of the water snows in the disrupted body of a small 
comet. The cluster of darkened pixels in the images of 
the atmospheric holes confirms that the amount of water 
in a small comet is typically in the range of tens of tons. 
There is a companion camera, the UVI, on board the 
Polar spacecraft which is also capable of observing the 
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atmospheric far-ultraviolet dayglow [Torr et al., 1995]. 
However, the spatial resolution of this camera is insuffi- 
cient to use for the detection of atmospheric holes except 
for an extremely limited data set of less than 2 hours in 
duration. Analysis of this limited data set showed that 
the atmospheric holes are simultaneously detected at the 
same position in the dayglow as independently viewed 
with the two cameras [Frank and Sigwarth, 1997b]. These 
simultaneous sightings were not coincidental because 
during a 64-minute interval on April 12 only 10 holes 
were observed in 116 VIS images and 11 holes in 53 UVI 
images. Only two sets of simultaneous sightings were 
available due to the nonsynchronous timings of the 
frames from the two cameras. For these two sets of 

frames, the holes were sighted at the same position in 
the dayglow with the two cameras. 

An unexpected supporting observation of the exis- 
tence of a heretofore undiscovered population of inter- 
planetary objects was the occurrence of bright atomic 
oxygen trails at 130.4 nm when a few of the small comets 
disrupt at very high altitudes, 10,000 km or more, above 
the Earth's surface [Frank and Sigwarth, 1997c]. These 
occasional disruptions are sufficiently high to separate 
the comet trail from the intense atmospheric dayglow. 

Recently, one of the two visible cameras in the VIS 
complement was employed to independently determine 
the typical mass of water in a small comet by imaging the 
OH emissions at 308.5 nm, which is the standard proxy 
for determining the mass of water vapor for the well- 
known large comets [Frank and Sigwarth, 1997d]. Three 
consecutive images of each water cloud were taken. This 
independent determination of the mass of a small comet 
is tens of tons and equal to that inferred from the sizes of 
atmospheric holes. The occurrence rate of the OH trails 
was very similar to that for atmospheric holes, thus pro- 
viding observational closure on the source of the atmos- 
pheric holes. 

Even so, the interpretation of the atmospheric holes as 
due to small comets remains controversial because of the 

unsettling implications. The present paper concentrates 
on the new observational evidence for the existence of 

atmospheric holes. 
We report here a comprehensive investigation of the 

observations of atmospheric holes with the Earth Camera 
on board the Polar spacecraft. Section 2 provides an 
overview of recent papers offering criticisms of the exis- 
tence of atmospheric holes. Section 3 is directed toward 
instrumental effects and the criteria for an automated 

detection of atmospheric holes. Section 4 reports the 
geophysical effects which were found with the auto- 
mated search. A summary and discussion of several of 
the important findings may be found in section 5. 

2. Criticisms of the Existence of Atmospheric 
Holes 

Several papers have been recently accepted for publi- 
cation which conclude that the atmospheric holes in the 
VIS Earth Camera images are due to instrumental arti- 
facts. Such publications provide a useful forum for the 
discussion of this controversial topic. We summarize 
here the major criticisms which are offered by these pa- 
pers. 

The results of a search for atmospheric holes with the 
other far-ultraviolet camera, the UVI, on board the Polar 
spacecraft were reported by Parks et al. [1997]. These 
authors concluded that there was no corroboration of the 

atmospheric holes in their data on the basis that (1) the 
occurrence frequencies of darkened pixel clusters as a 
function of the number of pixels in a cluster was a fea- 
tureless distribution with no evidence of any contribution 
other than that from sensor noise, (2) there was no evi- 
dence of the wobble of the spacecraft platform on which 
the camera is mounted, and (3) there was no evidence of 
the bright oxygen trails in the dark sky beyond Earth's 
limb. A second, similar paper by Parks et al. [1998] in- 
cludes additional observations from the VIS Earth Cam- 

era for April 12 and September 23, 1996. 
Mozer et al. [1998] present an analysis of a preliminary 

working catalog of atmospheric hole events at the Uni- 
versity of Iowa web site www-pi.physics.uiowa.edu 
wwwvis/, which has been subsequently updated with 
improved search criteria. Mozer et al. [1998] also claim 
that there is no feature in the occurrence frequency of 
darkened pixel clusters as a function of numbers of pix- 
els which would indicate that atmospheric holes are a 
geophysical reality. The remaining criticism stated by 
Mozer et al. [1998] is that no altitude dependence of the 
sizes of atmospheric holes is found in the VIS Earth 
Camera images. 

McFadden et al. [1998] report the results of their calcu- 
lations of the expected distributions of clusters of dark- 
ened pixels on the basis of the characteristics of one ele- 
ment of the Earth Camera sensor, i.e., the microchannel 
plate. By adjusting the width of the Gaussian distribu- 
tion of pixel intensities at the phosphor plate which fol- 
lows the microchannel plate, these authors are able to 
generate a distribution of darkened clusters which is in 
the range of those observed by the Earth Camera. They 
use the same set of atmospheric hole detections which 
are based upon search criteria employed by Mozer et al. 
[1998]. McFadden et al. [1998] claim that nonuniformities 
in the pixel sensitivities of the sensor will not give false 
hole detections for their chosen criteria of-2.0 c•. These 

authors claim that most of the atmospheric holes are due 
to the effects of energetic particles penetrating into the 
sensor of the Earth Camera. 

The baseline criticism adopted in all of the above four 
papers is that there is no distinguishing feature in the 
occurrence rates of darkened pixel clusters as a function 
of the numbers of pixels in the cluster. Indeed, robust 
features in the occurrence frequencies which are associ- 
ated with the presence of atmospheric holes as geo- 
physical events are observed with both cameras on the 
Dynamics Explorer 1 and the Polar spacecraft. These 
features are the subject of the present paper. 

3. Instrumental Effects 

3.1. Overview of the Instrumentation 

On February 24, 1996, the Polar spacecraft was 
launched into an eccentric orbit with perigee and apogee 
altitudes of 5170 and 50,510 km, respectively, an inclina- 
tion of 86 ø, and an orbital period of 17.6 hours. The 
apogee position was located at 68øN. The Earth Camera 
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FRANK AND SIGWARTH: ATMOSPHERIC HOLES 117 

was mounted on a despun platform in order to provide 
staring at far-ultraviolet features of the auroras and the 
dayglow and thus to gain greatly enhanced sensitivity 
relative to that for viewing from the spinning body of the 
spacecraft. A detailed description of this camera is given 
by Frank et al. [1995]. 

For the present paper it is worthwhile to note that the 
field of view of the Earth Camera is 20 ø x 20 ø and is 

serviced by a charge-coupled device (CCD) which pro- 
vides coverage with an array of 256 x 256 
individual picture elements (pixels) with angular 
dimensions of 0.08 ø x 0.08 ø. After launch it was found 

that the spacecraft center of mass could not be 
positioned on the spin axis of the spacecraft. The 
platform then executes a cyclic motion which, as seen by 
the cameras, has an amplitude of 0.38 ø and a period of 
6 s, the rotation period of the main spacecraft body. 
This large-amplitude motion was unacceptably 
degrading for the angular resolution of the Earth Camera 
and was eliminated with the use of the onboard 

instrument computers, the electronic shutter, and the 
spacecraft timing and aspect signals soon after launch 
[Frank and Sigwarth, 1997a]. All images used in the 
present paper were acquired in this instrument operating 
mode. The filter passband is 124-149 nm for which the 
most prominent dayglow emission is that from atomic 
oxygen at 130.4 nm. For the present series of ob- 
servations the acquisition time for the images is 33 s, in- 
cluding the time for shutter closure. The repetition rate 
for image acquisition varied with the operating mode of 
the instrument. 

As previously discussed by Frank and Sigwarth [1997c], 
the cyclic platform motion which degrades the angular 
resolution of the Earth Camera is compensated for by 
electronically shuttering the camera in synchronization 
with the spacecraft spin. The projection of the platform 
motion onto the sky provides two ansas for which the 
viewing time as a function of platform direction is a 
maximum. The electronic shuttering allows only one of 
these ansas to be recorded by the camera. Also, the 
shuttering is used to exclude periods for which the large 
antennas come into view of the camera so that scattered 

light is not recorded in the images. On April 28, 1996, 
the Earth Camera was commanded into a mode to com- 

pensate for the platform motion. The angular sectors for 
which the shutter was open were 87.2 ø to 17.6 ø as the 
spacecraft rotates toward the selected ansa and 2.8 ø to 
72.4 ø after the spacecraft rotation passes the ansa. The 
corresponding pixel resolution for viewing a star is im- 
proved to 2.2 pixels relative to the 4.8 pixels without 
compensation. On November 7, 1996, the shutter tim- 
ings were slightly adjusted to improve the angular reso- 
iution to 1.6 pixels. The corresponding angular sectors 
were 70.3 ø to 17.6 ø and 2.8 ø to 70.3 ø . This angular reso- 
lution is equal to the full width at half maximum of the 
camera's point spread function as determined by viewing 
stars. 

An example of an atmospheric hole is shown in the 
left-hand panel of Plate 1. This image of the far-ultra- 
violet dayglow was acquired at 2026 UT on June 10, 
1997, from the spacecraft position at an altitude 25,860 
km and geographic latitude and longitude of 34.6øN and 
178.9øE, respectively. For reference a coastline map has 

been placed onto the image in the right-hand panel of 
Plate 1. The somewhat darker linear feature across the 

dayglow in Plate 1 is due to a decrease in the sensitivity 
of the image tube from the manufacturing process. This 
is a raw image with no interpolation between the pixels. 
The only processing of this image is the removal of small 
bright clusters of pixels due to penetrating charged par- 
ticles with the algorithm discussed below. Statistical 
fluctuations in the sensor responses can be seen in the 
image. There are only two clusters of darkened pixels 
which are identified as atmospheric holes, one of which 
is indicated in Plate 1, with the automated search algo- 
rithm described in the next subsection. l-he purpose of 
this section of the paper is a detailed discussion of in- 
strumental effects on the observations of atmospheric 
holes such as that identified in Plate 1. 

3.2. Parameters for the Automated Survey for 
Atmospheric Holes 

Our initial detection of atmospheric holes in the Earth 
Camera images was accomplished by determining the 
mean pixel responses and the standard deviation of the 
pixel responses in the vicinity of visually identified clus- 
ters of darkened pixels [Frank and Sigwarth, 1997a]. The 
decreases of responses for each pixel in the darkened 
cluster were then computed in terms of the number of 
standard deviations, and then statistical tables for 
Gaussian distributions were employed for determining 
the probability of occurrence for the darkened cluster. 
Although this method of determining the statistical ro- 
bustness of a darkened pixel cluster is valid, it does not 
provide a basis for the automated survey of atmospheric 
holes in a large data base. 

An atmospheric hole is defined as a cluster of five or 
more contiguous darkened pixels, each pixel with a de- 
crease in pixel responses of < -M standard deviations (v) 
below the mean responses. The operation of the com- 
puter software is straightforward. A block of 7 x 7 pixels 
is centered on the pixel to be tested. The mean and 
standard deviation for evaluating this pixel are computed 
from the 32 pixels along the perimeter of this pixel block. 
An inventory of all pixels with responses <-My is ac- 
quired. The inventory is then searched for the occur- 
rence of clusters with a given pixel population. In order 
to achieve hole detections which are robust to the charge 
depositions due to penetrating energetic charged parti- 
cles in the radiation zones a lower limit on the value of a 
standard deviation is chosen. For our searches this 

value of cr is chosen to be 7.5 DN (DN, digitization num- 
bers) for all pixels in an atmospheric hole, a value which 
is effective in eliminating false hole detections due to the 
--"'-" ,•,•,er should note that the •au•aaon backgrounds. The 
search criteria are simple and minimized with regards to 
the number of free parameters. 

A value for M, the number of standard deviations, 
must be selected. A possible choice is M = 2. The nor- 
malized frequency of darkened clusters with > N pixels 
as a function of the number of pixels in a cluster is 
shown in Figure 1 for a series of images acquired on 
June 1, 1997. In the later section for geophysical effects a 
strong local time dependence of atmospheric hole rates 
in the atmosphere is identified. Hence a sector of at- 
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118 FRANK AND SIGWARTH: ATMOSPHERIC HOLES 

Plate 1. In the left-hand panel is shown a global image of the far-ultraviolet emissions from the up- 
per atmosphere which was acquired with the Earth Camera on board the Polar spacecraft at 2026 UT 
on June 10, 1997. A coastline map has been superposed on this image in the right-hand panel. 
Note the localized decrease of dayglow intensities which is called an 'atmospheric hole.' The event 
occurred near the southern shore of Lake Athabaska in northwest Saskatchewan, Canada. 

Plate 2. A worst-case example of the effects of penetrating electrons from the radiation zone into the 
sensor of the Earth Camera: (left) the raw image and (right) the same image after a simple algorithm 
is used to reduce the amplitudes of the pixel response increases due to the penetrating particles. 
The box shows an example of an atmospheric hole which was identified with the automated hole 
detection algorithm. Careful inspection of this hole in both images finds that the hole is preserved 
even though there is a substantial fraction of the image which is unusable due to the penetrating ra- 
diation. On the other hand, a substantial fraction of false detections were identified by the auto- 
mated search. This image is not usable for determination of hole rates. This image was taken at 
2138:16 UT on November 25, 1997, at spacecraft altitude, latitude, and longitude of 17,937 km, 26.1øN 
and 169.2øE, respectively. 
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-I mental effects which might lead to false identification of 
I0 - I I I I I I I I I --_ atmospheric holes. The simulation of the instrument re- 

- POLAR, EARTH CAMERA - sponses for the random rates includes the Poisson distri- 
• - NUMBER OF DARKENED _ bution of events at the photocathode, the point spread function for charges arriving at the input face of the mi- 

nx___ - PIXELS IN A CLUSTER - crochannel plates, and the Gaussian spread of charge 
z - • FO-•••-•L A-••-'•DES - amplitudes by the multiplication process in the micro- ^• _ , .... channel plates, the phosphor responses and the CCD 
-r- •• PIXEL DARKENING < -20- noise. The simulated images are processed with the same hole-seeking code as employed for the actual im- 
•- \\\ I0- > 7.5 DN (ALL HOLE PIXELS) ages. The determination of the random rates is validated 
•_ I0 -2 • '• I JUNE 1997 •_ by comparison with inflight calibration images for which 
• - '• - no atmospheric holes are present (section 3.3). The ran- 
.ta -- \\• • -- dom rates shown in Figure 1 would appear to be signifi- 
• • •,\,• -- cantly less than the observed rates. As is shown in the 
-J , following analyses of instrumental effects, the value M = 
co - - 2 is insufficient to exclude a substantial fraction of false 

- 3 R E events. A larger value of M must be chosen in order to assure the robustness of the automated search for at- 

• ", •,\\.•½-4 R E mospheric holes. 
• 3 X \ • -I 
,,o, \ k, -= ,0 '''' I'''' I'- 
• --- , ,•\ (-'5 R E ---- I POLAR, EARTH CAMERA -- 
• - \ - ><- L PIXELS IN A CLUSTER -- 
• RANDOM '\ , • 
z -- EVENTS \ \..,\ •[ -- A, -r F • PIXEL DARKENING <-2.50- 

I- | O\ 10- > 7.5 DN (ALL HOLE PIXELS) 

',1, ,",,1 , 0 5 10 

Figure 1. The normalized frequency of darkened pixel • [• \,\ '• -- 

c,,.srs as a .ncon o, i. cluster for June 1, 1997. These frequencies are shown for _ 

three altitude bins and decrease with increasing altitude. rr ¾ - The random rates are also shown. The requirements for 

detection of a cluster is a membership of 5 or more pixels with response decreases of < -2.0 cr and a standard de- 
viation of > 7.5 DN. 

,o L-", 
' mospheric dayglow must be selected in order to properly • 
determine the atmospheric hole rates for the three alti- • • ! '\)•0 '•...• zl R E --_ rude bins of Figure 1. The dayglow area which was se- 

lected is bounded by corner coordinates (14.5 ø, -52.5ø), I(• 4 [ \\ (30.0 ø, -52.5ø), (30.0 ø, -22.5ø), (14.5 ø, -22.5ø). The center for these Earth-centered solar ecliptic coordinates is at 
the subsolar point (0ø,0ø). The hole event rate shown in 

Figure 1 decreases with increasing altitude as expected for viewing geophysical events in the atmosphere. This decrease is due to the fact that the dimensions of the 
holes are sufficiently small that many are not detected at 0 • I0 
the higher altitudes as their dimensions decrease below 
the pixel resolution of the camera. 

The random rate for the occurrence of atmospheric 
holes is also shown in Figure 1. This random rate is 
computed from the well-determined characteristics of 
the sensor of the Earth Camera. The detailed description 
of the calculation of random rates is given in section 3.7 
which follows the analyses of all of the known instru- 

NUMBER OF PIXELS IN CLUSTER, N 

Figure 2. Same plot as Figure 2 except that the hole de- 
tection criteria have been changed to a decrease in pixel 
responses < -2.5 cr. Again, the standard deviation•is > 
7.5 DN. These are the criteria employed for the auto- 
mated atmospheric hole survey reported in this paper. 
Note that the random event rates are insignificant rela- 
tive to the observed rates for all three altitude bins. 
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In order to achieve a robust, automated determination 
of the actual hole rates the required darkening per pixel 
is increased to M = 2.5. Unless otherwise noted this 

value is used throughout our presentation with a mini- 
mum c• of 7.5 DN. The results are shown in Figure 2. 
The random rate is insignificant relative to the observed 
hole rates for the three spacecraft altitude bins. 

3.3. Verification of the Accuracy of the Random Event 
Rates 

Because of the untimely failure of the sensor and 
electronics of the Earth Camera during the instrument 
testing in a thermal-vacuum chamber at the Goddard 
Space Flight Center the tight schedule for the repair ac- 
tivities precluded the acquisition of a series of images for 
uniform exposure with an external light source. Hence a 
determination of the random atmospheric hole rate in the 

w 
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Figure 3. 
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POLAR, EARTH CAMERA - 
i 

NUMBER OF DARKENED 
I 

PIXELS IN A CLUSTER 
i 

FOR SEVERAL ALTITUDES 

PIXEL DARKENING <-2.5cr 

I cr >7.5 DN (ALL HOLE PIXELS) 
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NUMBER OF PIXELS IN CLUSTER, N 

Normalized frequency of darkened pixel clus- 
ters as a function of numbers of pixels in the cluster for 
January 12, 1998, in the same format as Figures 1 and 2. 
These data are taken during the mid-January minimum 
in atmospheric hole rates. No holes are detected during 
this day and provide an inflight verification of the calcu- 
lation of random rates and, more importantly, a series of 
'laboratory' images for which the darkened pixel clusters 
corresponding to atmospheric holes do not appear. 

10 5 
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w 
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-VIS EARTH CAMERA 
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? JUNE 
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PIXEL DARKENING <_ -2o- 

Io- _>0 DN (ALL HOLE PIXELS)• 

RANDOM / 
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OBSERVED -- 
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20 30 

NUMBER OF CLUSTERS PER PIXEL LOCATION 

Figure 4. Survey of "hot spots" in the Earth Camera 
sensor by plotting the cumulative pixel locations as a 
function of the number of darkened clusters per pixel lo- 
cation for images taken during June 1, 4, 7, and 10, 1997. 
For example, about 100 pixels were characterized by the 
occurrence of 10 or more clusters. A dark pixel cluster is 
defined as 5 or more contiguous pixels, each with re- 
duced responses of < -2.0 c•. No restrictions are placed 
upon the values of the standard deviations. The ob- 
served distribution departs greatly from a random distri- 
bution of events in the sensor pixels. This means that 
the effects of variations in the sensitivity of the pixels in- 
fluence the event rate of clusters to an unacceptable ex- 
tent. 

laboratory was not possible. In any case, the laboratory 
conditions would not have exactly duplicated those in 
spaceflight because of the temperature gradients due to 
the instrument radiators and because of the extensive 

adjustments of sensor operating voltages and gain set- 
tings relative to those employed in the laboratory. Still, 
it would have been helpful to have such laboratory 
measurements. Except for the photocathode material the 
two sensors for the cameras at visible wavelengths are 
identical to the sensor in the Earth Camera. These sen- 
sors for the visible cameras did not exhibit clusters of 

dark pixels in the laboratory and inflight data which 
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would mimic the atmospheric holes seen in the flight 
data for the Earth Camera. 

It is very fortunate that there is a short period in mid- 
January during which no atmospheric holes are detected 
with the Earth Camera. This seasonal feature of the hole 

rates was previously observed with the spin-scan ultra- 
violet photometer on board Dynamics Explorer 1 [Frank 
and Sigwarth, 1993]. These observations with the Polar 
Earth Camera for January 12, 1998, are shown in Figure 
3. The normalized frequency of clusters with > N pixels 
as a function of N is shown for three altitude bins. As 

expected, the hole rates coincide with the random rates 
for all three altitude bins. Thus our computations of the 
random rates are verified with this period of no atmos- 
pheric holes which would be equivalent to a series of 
prelaunch laboratory images. This is a very important 
validation of the methodology for our identification of 
atmospheric holes. Comparison with Figure 2 for a pe- 
riod with substantial occurrence rates of atmospheric 
holes is instructive. 

3.4. Effects of "Hot Spots" in the Pixel Array 
For uniform illumination of the sensor of the Earth 

Camera the atmospheric holes should be randomly dis- 
tributed among the pixels. Nonuniform sensitivities of 
groups of pixels can give rise to pixels which have an in- 
creased probability for satisfying the requirements for 
identification of an atmospheric hole. These pixels are 
referred to as hot spots in the pixel array. Images taken 
on the 4 days on June 1, 4, 7, and 10, 1997, are used to 
test for the hot spots. These 4 days are employed be- 
cause the imaging at lower altitudes is acquired, along 
with the high-altitude viewing. Requirements for 
pointing the spacecraft platform often result in no view- 
ing of dayglow from low spacecraft altitudes during an 
orbit. 

Consideration of the results for a less restrictive set of 

search parameters relative to those adopted in the pre- 
sent work is instructive. These results are shown in Fig- 
ure 4 for darkened pixels of clusters with five or more 
pixel members, a minimum decrease of-2 c• for each 
pixel and no restriction on the magnitude of the standard 
deviation. There are 65,536 pixels in the sensor array. 
The cumulative number of pixel locations is plotted as a 
function of the number of darkened Clusters per pixel lo- 
cation. Thus, for example, there are four locations in the 
array which have 20 or more dark pixel clusters. Be- 
cause the dayglow is not viewed evenly throughout the 
pixel map during an orbit but is favored for certain areas 
of the sensor, the expected random rate for no hot spots 
is computed by summing the corresponding Poisson 
distributions for a series of subsections of the sensor. 

These subsections cover the entire area of the sensor. 

Inspection of Figure 4 finds that there are approximately 
600 hot spots, or about 1% of all of the pixel locations. 
Of course, the most important quantity is the percentage 
of darkened clusters associated with these hot spots, 
27%, an unacceptably high percentage for a rigorous 
survey of atmospheric holes. 

As discussed in a previous section the criteria for the 
detection of an atmospheric hole used in the present 
study is a cluster of 5 or more darkened pixels with in- 
tensity decreases <-2.5 c• and a minimum standard de- 
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Figure $. Continuation of Figure 4, but with pixel re- 
sponse decreases of < -2.5 c• and a standard deviation > 
7.5 DN. These are the search criteria used for the auto- 

mated detection of atmospheric holes in the present 
study. Note that the effects of hot spots are minimal, 
only about 3% of the entire set of darkened pixel clus- 
ters. 

viation c• of 7.5 DN. The corresponding distribution of 
hot spots is shown in Figure 5 in the same format as 
previous Figure 4. For the present detection criteria, 
there are approximately 50 hot spots, or 0.08% of the en- 
tire pixel array. The corresponding percentage of dark- 
ened clusters associated with these hot spots is about 
3%, an entirely acceptable value for our automated 
search. 

3.5. Effects of Charge Deposition Due to Penetrating 
Charged Particles in the Radiation Zone 

During relatively short periods of the 17.6-hour orbital 
period of the Polar spacecraft the Earth Camera is view- 
ing the dayglow while immersed in the energetic 
charged particle fluxes of the outer radiation zone. 
These periods range from about 10 to 25 min and are 
dependent on the spacecraft trajectory relative to the ra- 
diation zones. The corresponding altitude range of the 
spacecraft is about 2.5 to 3.5 R E . In order to investigate 
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122 FRANK AND SIGWARTH: ATMOSPHERIC HOLES 

the possible effects of the charge deposition in the sensor 
of the Earth Camera due to penetrating electrons in the 
outer radiation zone the intensities of geomagnetically 
trapped electrons with energies of 2.7 MeV as simultane- 
ously measured with the HIST instrument on the Polar 
spacecraft are employed (courtesy of J. B. Blake and R. S. 
Selesnick). This instrumentation is described by Blake et 
al. [1995]. The electron intensities exhibit large temporal 
variations and a major injection event associated with 
geomagnetic activity occurred on November 23, 1997. 
The range of electron intensities during the period Octo- 
ber 30 to December 7, 1997, is sufficiently large to exam- 
ine the threshold intensities for aliasing the automated 
detection of atmospheric holes. 

The worst-case example of the effects of the penetrat- 
ing electrons in the outer radiation zone is shown in the 
left-hand panel of Plate 2. This is a raw image with no 
corrections. It is obvious that about 30% of the pixel 
map is destroyed by the charge depositions in the pixels 
due to the energetic electrons which penetrate into the 
sensor of the Earth Camera. On the other hand, a raw 

image taken during a period of low electron intensities in 
the outer radiation zone is shown in the left-hand panel 
of Plate 3. Only one hole is found in this image. For 
such images the numbers of pixels affected by these 
electrons is minimal and will not significantly alias the 
automated search algorithm for identifying atmospheric 
holes. 

It is important to discuss here the software algorithm 
which is used to mitigate the effects of the bright pixels 
which are associated with the penetrating charged parti- 
cles. This algorithm is straightforward and easily imple- 

mented with a minimum aliasing of the pixel maps. The 
median for each pixel in an image is the median of the 49 
pixels for the 7 x 7 pixel block which is centered on the 
pixel in question. If the response of this pixel is 30 DN 
or more above the median from the 49 pixels, then the 
pixel response is replaced by the median from the 49 
pixels. The second step is the substitution of the corre- 
sponding medians for each of the 8 adjacent pixels to the 
bright pixel. That is, for each of these 8 pixels the 7 x 7 
pixel block is centered on the pixel and the median is 
computed for the 49 pixels. There are other possible al- 
gorithms for removing the effects of the energetic parti- 
cles, but this method has worked well for our automated 
hole search with a minimal number of false detections. 

An atmospheric hole which was identified with the 
automated search is shown in each of Plates 2 and 3 for 

the worst and best cases, respectively. The images after 
the corrections for the penetrating particles are shown in 
the right-hand panels of the respective figures. Obvi- 
ously for the best case in Plate 3 such corrections do not 
affect the character of the hole because of the sparcity of 
energetic electron events. On the other hand, for the 
worst case the density of these events in the pixel maps 
will affect the routine determinations of the means and 

standard deviations. In fact, detailed examination of the 
worst-case image reveals that the automated search with 
the corrections for the energetic particles identified 4 at- 
mospheric holes correctly but generated 10 false holes. 
This situation is unsatisfactory and images corrupted 
with such high densities of energetic electron events are 
simply not usable. 

In order to determine the threshold level of electron 
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Figure 6. Atmospheric hole rates as observed with the Earth Camera on the Polar spacecraft plotted 
as functions of energetic electron (E = 2.7 MeV) intensities in the outer radiation zone (see text). The 
electron intensities were simultaneously measured with the HIST on board this same spacecraft 
(courtesy of J. B. Blake and R. S. Selesnick). 
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FRANK AND SIGWARTH: ATMOSPHE•C HOLES 123 

Plate 3. Continuation of Plate 2 for a period for which the energetic electron intensities in the outer 
zone were considerably lesser. An atmospheric hole is indicated by the boxes. Two thin horizontal 
lines are due to noise from the commutator between the camera platform and the spinning main 
body of the spacecraft. This image was taken at 0442:44 UT on November 22, 1997, at spacecraft alti- 
tude, latitude and longitude of 19,418 km, 30.2øN and 66.4øE, respectively. 

ß 

Plate 4. This image shows the typical radiation-induced effects outside of the radiation zones. The 
event rate is low and is due to penetrating cosmic rays. Thus most of the images are relatively free 
of the effects of intense charged particle radiation because the residence time in the radiation zones is 
0.5 hours or less during the orbital period of 17.6 hours. This image was taken at 1954:06 UT on 
November 25, 1997, at spacecraft altitude, latitude and longitude of 32,706 km, 58.4øN and 191.1øE, 
respectively. 
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FRANK AND SIGWARTH: ATMOSPHERIC HOLES 

intensities in the outer zone which aliased the automated 

search into yielding a significant fraction of false identifi- 
cations, the simultaneous measurements of the spin-av- 
eraged electron (2.7 MeV) intensities are used from the 
HIST. The frequency of atmospheric holes per pixel as 
observed with the Earth Camera are plotted as functions 
of the electron intensities in Figure 6. There is one data 
point per orbit. The statistical inaccuracies for these hole 
rates are < + 30%. The maximum electron intensities for 

the traversal of the outer zone during the imaging se- 
quence for the dayside atmosE•here are used. For elec- 
tron intensities <• 2 x 104(cm • s sr MeV) -1 there is no 
correlation of pixel occurrence rates with the electron in- 
tensity. For example, for a hole rate of ~1.2 x 10 -4 
holes/pixel the electron intensities vary by a factor of ~10. 
On the other hand, the hole occurrence frequencies are 
abnormally high and apl•roximately equal for electron 
intensities at ~4 x 104(cm -• s sr MeV) -1. This is the elec- 
tron intensity level for the image in Plate 2. The search 
routines cannot be reliably used at these extremely high 
intensity levels. These periods with extremely high in- 
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Figure 7. Comparison of the atmospheric hole rates (top) 
outside of the radiation zone, (middle) within the radia- 
tion zone, and (bottom) the maximum energetic electron 
rates in the radiation zone as measured with the HIST 
charged particle detectors. The automated search criteria 
prevent false identification of atmospheric holes unless 
the radiation intensities exceed high values in excess of 
2 x 104(cm 2 s sr MeV) -1. 

Table 1. Pixels and Atmospheric Holes for the Radiation 
Belt Survey 

Date, AJfitude, 2.5-3.5 R E AJfitude, 3.5-4.5 R E 

June 1997 Pixels (x104) Holes Pixels, (x104) Holes 

1 17.5 90 18.2 27 

4 15.7 60 27.9 28 

7 13.9 24 27.2 21 

10 12.4 53 24.8 19 

13 10.3 38 25.4 13 

16 9.4 12 23.5 15 

19 6.3 0 19.9 3 

22 5.0 2 19.4 6 

25 4.1 0 18.7 9 

28 4.0 1 17.8 9 

tensity levels.are April 20-21, May 16-26, June 10-14, 
and November 23 to December 4, all during 1997. There 
were no HIST data during May 26 to June 5. The overall 
period studied in this report was April 1, 1997 through 
Januan., 31, 1998. No data for the above periods of ex- 
tremely high intensities are used in the present paper. 

Further verification that the automated search criteria 

provides robust identifications of atmospheric holes in 
the presence of high intensities of energetic penetrating 
charged particles is given in Figure 7 for June 1997. In 
the upper and middle panels are shown the atmospheric 
hole rates for the specific area of the dayglow which was 
used for Figure 2 and later employed for the investiga- 
tion of the altitude dependences of atmospheric holes in 
section 4.1. The spacecraft altitude range is 3.5 to 4.5 R E 
for the upper panel and outside of the radiation zone, 
and the altitude range for the middle panel is 2.5 to 3.5 
and deep within the radiation zones. The numbers of 
pixels and holes are given in Table 1. The higher hole 
rates in the lower altitude bin are due to an altitude ef- 

fect (see section 4.1). The bottom panel shows the time 
profile for the maximum HIST electron intensities during 
the traversal of the radiation zone during which the 
Earth Camera images were being taken. A large electron 
injection event occurred on June 10, 1997, and provided 
an excellent opportunity to study the effects upon the 
images with respect to the determination of the atmos- 
pheric hole rates. The atmospheric hole rates inside and 
outside the radiation zone similarly declined with time 
with the exception of the period June 10-16 when the 
electron intensities exceeded 2 x 104(cm -2 s sr MeV) -1. 
Note that the atmospheric hole rate on June 7 was a fac- 
tor of about 5 higher than on June 22 even though the 
radiation environment for the two days was the same. 
Thus the automated search criteria are remarkably effec- 
tive in rejecting false events due to penetrating charged 
particles until a high-intensity level exceeding 2 x 
104(cm -2 s sr MeV) -1 is reached. 

Except for the relatively brief orbital segment during 
which the Polar spacecraft is in the radiation zone the 
cosmic ray fluxes are the main source of the contaminat- 
ing charges in the sensor pixel array. These intensities 
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are relatively low and a typical example is shown in Plate 
4 in the same format as the images in Plates 2 and 3, in- 
cluding the location of one of the two atmospheric holes. 
The effects of these charged particles are minimal and 
are typical of those seen over most of the orbit. These 
images without substantial contributions from penetrat- 
ing energetic particles provide most of the basis for the 
studies of atmospheric holes reported here. 

3.6. Long-Wavelength Contributions to the Responses 
of the Earth Camera 

The spin-scan photometer on board the Dynamics 
Explorer 1 spacecraft which was used for far-ultraviolet 
observations of the dayglow and auroras employed a 
wide-band filter centered at a nominal wavelength of 
130.4 nm for the investigations of atmospheric holes. 
This filter, specifically Filter no. 2, allowed the passage of 
several important emissions. A typical analysis showed 
that the responses were due to O I 130.4 (76.2%), O I 
135.6 (8.6%), H I (13.0%) and N 2 LBH (2.0%) [Craven et 
al., 1994]. Similar results were reported by Gladstone 
[1994] and Meier et al. [1995]. The above percentages 
could vary by 5% to 10% dependent upon the emission 
and the physical state and location in the upper atmos- 
phere. For this filter, Rayleigh-scattered sunlight at 
wavelengths 180 to 300 nm was not an important con- 
tributor. 

For the Earth Camera of the Polar spacecraft the pass- 
band was also nominally centered on the O I 130.4-nm 
emissions. This passband was narrower than that for 
Dynamics Explorer 1 and the contributions from O I 
135.6, H I and N 2 LBH were significantly lesser and were 
not important contributors to the sensor responses for 
the investigations of atmospheric holes. However, the 
longer wavelength responses of the camera are impor- 
tant. An exemplary image of the dayglow which was 
taken when the spacecraft was positioned near the 
equator is shown in Plate 5. Bright features correspond- 
ing to the reflected light from the tops of high-altitude 
clouds are clearly seen in the image. Surface features 
such as continents and seas are not seen in the Earth 

Camera images which means that these longer wave- 
length responses are due to Rayleigh-scattered emis- 
sions in the wavelength range of about 200 to 300 nm. 

The responses of the Earth Camera for a line trace 
through the image shown in Plate 5 provide a quantita- 
tive measure of the contributions of reflected light from 
the clouds. The ordinate is in units of DN. For the 

brightest cloud this contribution is about 40%. Thus the 
detection of atmospheric holes is compromised in part by 
these longer wavelength emissions. That is, the decrease 
in intensities in the holes due to absorption of the 130.4- 
nm emissions must be greater in order to overcome this 
increased background. On the other hand, these bright 
clouds typically cover about 5 to 10% of the sunlit Earth 
and hence the loss of the number of atmospheric holes is 
correspondingly small. We have used the 317-nm ozone 
filter of the Low-Resolution Visible Camera of the Polar 

spacecraft in order to provide a good upper limit on the 
longer wavelength radiation from off-cloud positions. 
The corresponding upper limit on the longer wavelength 
contribution is 15%. Hence most of the typical image 

seen in Plate 5 is usable for the detection of atmospheric 
holes due to the absorption of the 130.4-nm dayglow. 

It is of further interest to similarly examine an image 
taken at higher altitudes. Such an image when the 
spacecraft was positioned at an altitude of 6.6 R E is 
shown in Plate 6. Again, a pixel trace is given for a 
bright cloud feature. The cloud feature appears to be 
smaller than that shown in the above Plate 5 but that is 

primarily due to the fact that the spacecraft is at greater 
altitudes. As expected from the increased atmospheric 
path lengths for these images at higher latitudes, the 
brightnesses of the cloud tops are lesser, about 30%, and 
hence become of lesser importance as the spacecraft as- 
cends to its polar apogee position. The reader should 
note that there is no limb brightening evident in the trace 
because optically thin emissions, such as O I 135.6 and 
N 2 LBH, are effectively excluded by the filter. Thus the 
Earth Camera provides a record of the O I 130.4 emis- 
sions, together with a contribution from high-altitude 
cloud tops. Because these bright cloud tops cover only a 
small fraction of the daylit atmosphere, the Earth Camera 
can be used for the detection of atmospheric holes in an 
automated mode. 

It is also important to examine the positions of the at- 
mospheric holes as determined with the automated 
search relative to the cloud features in order to ascertain 

that the atmospheric holes are not due to small-scale 
cloud features. Such examination of a series of images 
reveals that the atmospheric holes are more-or-less 
evenly distributed throughout the images. Thus the 
major fraction of the atmospheric holes cannot be attrib- 
uted to cloud features because the cloud features cover a 

relatively small area of the image. It is found that only 
5% or less of the atmospheric holes may be attributable 
to features at the edges of these high-altitude clouds and 
hence not due to 130.4-nm absorption. 

3.7. Sigma Distributions 

A plot of the frequency of pixel darkenings in an im- 
age as a function of the number M of standard deviations 
c• is expected to deviate significantly from random rates if 
there are atmospheric holes within the field of view of 
the camera. That is, no such deviation is clear evidence 
that the camera's responses are due to instrumental 
noise. Substantial deviations from the random rates can 

be due to a second instrumental effect or a geophysical 
phenomenon recorded by the camera. This issue is re- 
solved by testing the events as to their correlations with 
spacecraft altitude, local time, meteor rates, etc. 

For example, the frequency of occurrence of single 
dark pixels in the Dynamics Explorer 1 images as a func- 
tion of the number M of standard deviations for their 

darkenings is shown in the top panel of Figure 8 [after 
Frank et al., 1986a]. The bin size is 0.2 c•. About 1.3 x 
106 samples of 130.4-nm dayglow are used for the 
measured occurrence frequencies. The mean rate for the 
pixel responses is 49 counts. A Poisson distribution with 
this mean and the corresponding c• = 7 counts is also 
shown in the upper panel of Figure 8. For M > -3.0 the 
pixel darkenings are accounted for as random events. 
The significant tail of the distribution for darkenings M 
< -4.0 is indicative of a second source of instrumental 

 21562202a, 1999, A
1, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/1998JA
900011, W

iley O
nline L

ibrary on [17/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FRANK AND SIGWARTH: ATMOSPHE•C HOLES 127 

z 3 ,,, I0- 

o ø iCF4 

b •ø-5 
• ,C 6 

o 

DYNAMICS EXPLORER '•__ 
GLOBAL DAYGLOW IMAGING -- 

OI 1:30.4 NM 

i POISSON • k ""'- -- .. .... e-Xk x -----• '•- .... ,. ".-._._... ,......... •_ X = cr 2: 49 k '•- - x-o, 2 .... ß ATMOSPHR,C HLES -- 
---- '" ' • MEASURED -- 

M, STANDARD DEVIATIONS, cr 

0 IC[ 4 
o 

z 5 

• 4 

icF 6 
0 

III 11•111111111111111111111 I IIIIIII 
__ ._•--...... • 'POLAR ' - 

-'-...'"•...• EARTH CAMERA -- 
'' '...¾•. GLOBAL DAYGLOW IMAGING -- 

-'•... OI 130.4 NM -- 
'•... I JUNE 1997 I 

x•''.. AM = O.I cr -- • "% ATMOSPHERIC HOLES _ 
• "-.. •E•su•Eo 

•N0O• •'FE • "., .....•..i_., • 
MEAN: 105 DN •'"•k "«" -- 
cr = 13 DN • ".-. -- 
(INCLUDES • __ 

--6 POINT SPREAD FUNCTION) '• -- --2 

I I I I I I I I I I I I I I I I I I I I I I t I\11 I I I I I I I-- 

M, STANDARD DEVIATIONS, o- 

Figure 8. (top) The frequency of occurrence of single 
darkened pixels in the Dynamics Explorer 1 images as a 
fi•nction of the number of standard deviations for their 
darkening. Comparison with the Poisson distribution 
shows that the events with darkenings > -3.0 a are 
dominated by statistical noise. The well-defined tail of 
the distribution at < -4.0 c• is associated with the pres- 
ence of atmospheric holes [after Frank et al., 1986a]. 
(bottom) The frequency of occurrence of five-pixel dark- 
ened clusters in the Polar Earth Camera images as a 
function of the number of standard deviations for 
their darkening. For darkenings of each of the five pix- 
els > -1.6 • the instrument responses are dominated by 
random events as shown with a comparison with the 
computed random rates based upon the known sensor 
characteristics. The well-defined tail of the distribution 
exhibits two components. The component with -1.6 • to 
-2.0 • is due mainly to artifacts such as sensor hot spots 
and penetrating radiation. The darkenings < -2.2 a are 
due to the presence of atmospheric holes as shown by 
their strong geophysical correlations which are presented 
in the paper. 

noise or of real objects in the field of view of the camera. 
The geophysical correlations of these darkened pixels are 
used to eliminate the presence of a second source of in- 
strument noise as summarized by Frank and Sigwarth 
[1993]. Thus atmospheric holes were established as real 
objects which appeared in the field of view of the cam- 
era. 

Sirrd]ar departures from a random distribution of 
clusters of darkened pixels are expected for the dayglow 
images taken with the Polar Earth Camera. This sensor 
is significantly different from the simple photon counter 

of the Dynamics Explorer 1 photometer. The random re- 
sponses for the occurrence of 5-pixel darkened clusters 
for the Earth Camera must be calculated in three impor- 
tant steps. First, a Poisson distribution of photoelectrons 
is produced by the photocathode. Inflight calibrations 
find that the mean of this distribution is 157 elec- 

trons/pixel/image. Second, these photoelectrons are ac- 
celerated into the front face of chevron microchannel 

plates. The point spread function of these photoelec- 
trons is closely approximated by a nine-pixel square ar- 
ray of fractional responses with 0.5 for the center pixel, 
0.083 for the adjacent pixels, and 0.042 for the corner 
pixels. Third, is the inclusion of the spread of responses 
due to the electron multiplication within the microchan- 
nel plates, the phosphor responses and the CCD elec- 
tronic noise, i.e., a Gaussian distribution with 1 • = 9 
DN. All of these constants used in computing the ran- 
dom rates are well determined. 

The computed random rates for the occurrence of 
clusters of five darkened pixels as a function of the num- 
ber of standard deviations for their darkening are shown 
in the bottom panel of Figure 8. Forty simulated images 
generated with the sensor characteristics as noted in the 
previous paragraph were used, each image an array of 
256 x 256 pixels. The random rate at the CCD is charac- 
terized by a mean = 105 DN and a • = 13 DN, and in- 
cludes consideration of the point spread function. The 
statistical accuracy on the tail of the distribution is indi- 
cated by a-vertical line. Within this statistical accuracy 
the curve is a smoothly declining function as a function 
of decreasing values of M. The criteria for the search 
remains the same as that for the corresponding search of 
the actual images. That is, each pixel response of the 
cluster must be < -Mo' and • > 7.5 DN. For these calcu- 

lations of occurrence frequencies careful consideration of 
the positions of the darkened clusters is necessary in or- 
der to avoid multiple counting of the same cluster. 

As the values of M approach 0, the corresponding 
time to compute the frequency of occurrence rapidly in- 
creases. The calculation proceeds by differencing the 
integral occurrence frequencies for M and M - 0.1. That 
is, the bin widths are 0.1 •. The random event rates as 
functions of numbers of darkened pixels in a cluster for a 
fixed value of M as shown in Figures 1, 2, and 3 are di- 
rectly computed from the above set of simulated images. 

The observed frequency of occurrence of clusters of 
five or more darkened pixels as a function of the de- 
crease in intensities of Mo or more is shown in the bot- 

tom panel of Figure 8 for the Earth Camera images taken 
on June 1, 1996. The width of the bins is 0.1 •. For val- 
ues of M > -1.6 the occurrence frequencies are similar to 
those calculated for the random rate. For M < -1.6, 
there are two tails in the distribution which significantly 
exceed the random rates. These two tails are to be 

found at about -2.0 < M < -1.6, and at M < -2.2. The 
appearance of these two tails is particularly gratifying be- 
cause the analyses of instrument responses in the previ- 
ous sections indicate that effects such as those due to 

energetic particles and sensor hotspots should contribute 
significantly to false detection of holes in the range -2.0 
< M < -1.6 and indeed such a tail is present in the data 
shown in the bottom panel of Figure 8. The analyses of 
the preceding sections also show that these instrument 
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128 FRANK AND SIGWARTH: ATMOSPHEI•C HOLES 

effects are not present for values of M < -2.5 which are 
positioned in the second tail of the distribution. Of 
course, in order to verify that this second tail is due to 
the presence of real objects within the field of view of the 
camera, and not due to another instrumental effect, it is 
necessary to establish the geophysical correlations asso- 
ciated with these darkened pixel clusters. These correla- 
tions are firmly established in the next sections. A factor 
of 2 for a threshold of M -- -2.5 (Figure 8, bottom panel) 
is a good estimate of the accuracy with which the rates of 
large atmospheric holes can be determined. This accu- 
racy due to choice of threshold is similar to that with the 
Dynamics Explorer 1 photometer (see Figure 1 of Frank et 
al. [1986a]). 

4. Geophysical Effects 

4.1. Altitude Dependence of Occurrence Rates of At- 
mospheric Holes 

Several of the critics of the reality of atmospheric holes 
predict that the rates of atmospheric holes will be unaf- 
fected by the spacecraft altitude because they are instru- 
ment artifacts [Parks et al., 1997; Dessler, 1991; Cragin et 
al., 1987]. We refer in this paper to the Parks-Dessler- 
Cragin hypothesis that the atmospheric holes are instru- 
ment artifacts. That _% the number of holes per pixel will 
be constant regardless of the spacecraft position. For our 
present analysis the dayside of Earth is divided into 576 
sectors of equal area at the upper atmosphere as is 
shown in Plate 7. The color-coded angular sectors are 
those which are viewed during the actual imaging series 
for June 1, 1997. The gray shading indicates regions of 
the dayglow which were not observed. The occurrence 
rates of atmospheric holes are indicated by the color 
scale on the right-hand side which is used to color the 
maps for two altitude ranges, 3 to 5 R E and 5 to 8 R E. A 
small amount of statistical fluctuations is introduced by 
using a random number generator in order to reflect the 
expected sampling statistics of an actual series of obser- 
vations. The prediction of the artifact hypothesis is clear: 
there are no differences in the occurrence rates when the 

two altitude maps are compared. The unidentified in- 
strument artifact must be blind to the spacecraft altitude. 

The observations of the occurrence frequencies of at- 
mospheric holes for June 1 are shown in Plate 8 in ex- 
actly the same format as Plate 7. The total number of 
atmospheric holes in the bins for 3 to 5 R E and 5 to 8 R E 
are 529 and 358, respectively. Recall that the orbital time 
at high altitudes near apogee is much greater than that 
for the lower altitudes. The altitude variations for the 

two maps are strikingly large. The occurrence rates are 
much less for the altitude bin at 5 to 8 R E relative to 
those for 3 to 5 R E. From the color bar note that the oc- 
currence rates of atmospheric holes range from about 0.1 
to 0.6 holes per 1000 pixels. The existence of a dramatic 
local-time variation favoring local morning sectors for 
both altitude bins is also evident in Plate 8. The instru- 

ment artifact hypothesis is inconsistent with the robust 
altitude and local-time effects observed in the maps for 
atmospheric hole rates. 

It is worthwhile to further establish these results with 

the analysis of a second series of observations on June 4, 

5 

NUMBER OF ATMOSPHERIC HOLES PER PIXEL 

AS A FUNCTION OF ALTITUDE FOR THE 
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Figure 9. The observed dependence of the occurrence 
rate of holes per pixel as a function of altitude in I-R E 
bins on June 1, 1997. The 12 angular sectors in the at- 
mosphere which were used are shown in the right-hand 
side of this figure. The Parks-Dessler-Cragin hypothesis 
for holes as instrument artifacts requires that there is no 
dependence on altitude and is shown as a horizontal line 
at an arbitrary value. The measured altitude dependence 
is large and eliminates the possibility of instrument arti- 
facts. The slight increase in the 6-R E and 7-R E bins is 
further evidence that the holes are real objects because 
this effect is expected for the large slant angles for view- 
ing the selected atmospheric region. 

1997, four orbits after the observations of June 1. The 
reason for the fourth orbit selection is that the low-alti- 

tude observations are compromised during the interven- 
ing three orbits by the fact that the cameras are pointed 
in other directions than for dayglow measurements for 
the purposes of star viewing for calibration purposes or 
for viewing along the direction of the magnetic field, for 
examples. The occurrence rates for June 4, 1997, again 
in units of holes per pixel, are shown for the two altitude 
bins in Plate 9. The total number of atmospheric holes in 
the bins for 3 to 5 R E and 5 to 8 R E are 420 and 313, 
respectively. The presence of substantial altitude and 
local-time dependences similar to those for June I are 
confirmed with this second survey. 

The altitude dependence of the atmospheric hole rates 
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SHOWN ARE HOLES PER PIXEL 

NORTH 

ALTITUDE = 

3.0 TO 5.0 R E 
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MORNING 

EARTH 

EVENING 

HOLES PER 

PIXEL 

EVENING 

(xlc• 3) 
0.8 

0.6 

0.4 

0.2 

parison of the images in Plates 2, 3, and 4. The error 
bars shown in Figures 9 and 10 correspond to +1 c•. The 
Parks-Dessler-Cragin hypothesis is shown in Figure 9 
only. It predicts that the occurrence rates must be con- 
stant as a function of altitude. Of course, the absolute 
rate is not predicted and is arbitrarily assigned in our 
graphs. The strong observed variations of rates as a 
functions of altitude reject the instrument artifact hy- 
pothesis. 

It is interesting to note that there is a minimum in the 
occurrence rates at an altitude of about 5 to 6 R E for both 
of the measurement sets on June 1 and 4, and that the 
rates increase slightly for the higher altitude bins cen- 
tered at 7 R E. If the atmospheric holes are a real geo- 
physical phenomenon, this increase must occur because 
of the large slant angles from the spacecraft to the tar- 
geted region. These slant angles, angles between the 
normal to the region viewed and the line of sight, are 
given in Table 2. This table also gives other orbital and 
viewing parameters for the images closest to the centers 
of the I-R E bins. 

EVENT RATE OF HOLES PER PIXEL I dUNE 1997 

NORTH 

SOUTH 

ALTITUDE = 

3.0 TO 5.0 R E 

(RE, EARTH RADIUS) 

EARTH 

Plate 7. Expectations from the Parks-Dessler-Cragin 
hypothesis that states that the atmospheric holes in the 
images from the Earth Camera are instrumental artifacts. 
According to this hypothesis there can be no variations 
in the occurrence rate of atmospheric holes per pixel as a 
function of spacecraft altitude or the local time of the 
dayglow emissions. Thus the maps of hole frequency for 
the two altitude ranges, 3.0 to 5.0 R E and 5.0 to 8.0 R E , 
should be identical with the exception of small fluctua- 
tions due to hole counting statistics. The area of the 
sunlit atmosphere is divided into 576 sectors with equal 
areas. The sectors which are sampled with the Earth 
Camera on June 1, 1997, are identified by the color bar 
on the right-hand side and the sectors which were not 
viewed are indicated by the gray color. 

MORNING 

MORNING 

NORTH 

SOUTH 

EVENING 

HOLES PER 

PIXEL 

5 

4 

I 

0 

EVENING 

is further examined for June 1 and 4, 1997, in Figures 9 
and 10, respectively. The occurrence rates are plotted 
for five I-R E bins for the 12-sector area of the atmos- 
phere as noted in the two figures. If the subsolar coor- 
dinates are (0% 0 ø) then the corner coordinates (latitude, 
longitude) for the viewed area are (14.5 ø , -52.5ø), (30.0 ø , 
-52.5ø), (30.0 ø , -22.5ø), (14.5 ø , -22.5ø). It is very impor- 
tant to note that a specific atmospheric area must be se- 
lected because of the strong local-time dependences of 
the rates as is evidenced in the maps of Plates 8 and 9. 
Otherwise, a study of the altitude dependence simply on 
the basis of spacecraft altitude is compromised by the lo- 
cal-time variations and the changing viewing geometry 
along the spacecraft orbit. The changing viewing geome- 
try along the orbit is dramatically demonstrated by com- 

SOUTH 

Plate 8. In the same format as shown in Plate 7 the ob- 

servations of atmospheric holes with the Earth Camera 
on June 1, 1997, are displayed. The distributions of the 
occurrence rates of holes per pixel exhibit a strong alti- 
tude dependence and a local-time variation which favors 
the local-morning sectors of the dayside atmosphere. 
The instrument artifact hypothesis as shown in Plate 7 
fails to account for these altitude and local-time depend- 
ences. The atmospheric holes must be due to geophysi- 
cal effects, and not due to instrument artifacts. 
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Figure 10. Continuation of Figure 9 for June 4, 1997. 

Note that the ratios of the occurrence rates for 3 and 5 

R E, for examples, are similar for the two series of meas- 
urements on June 1 and 4. All available images are used 
for June 1 and 4; there is no editing of the images. In 
fact the atmospheric hole rates have decreased by about 
25% on June 4 relative to those on June 1. As noted in 
the previous section careful consideration of the radiation 
belt intensities in the bin at 3 R E is necessary in order to 
eliminate aliasing of hole observations at high electron 

EVENT RATE OF HOLES PER PIXEL 

NORTH 

ALTITUDE = 

3.0 TO 5.0 R E 

(RE, EARTH RADIUS) 

MORNING 

SOUTH 
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0 
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Plate 9. A continuation of Plate 8 for the occurrence 

rates of holes per pixel but for the later date of June 4, 
1997. With the exception of the changes in occurrence 
rates associated with seasonal variations, the maps are 
similar to those for June 1. 

intensities. The HIST electron (2.7 MeV) measurement 
on June 7, 1997, was N5 x 103 cm 2 s sr MeV and well 
below the threshold for such aliasing. However, HIST 
energetic electron measurements were not available for 
June 1 and 4. Thus the electron (2.5 - 14 MeV) meas- 

Table 2. Viewing Angles and Dayglow Intensities for Several Spacecraft Altitudes 

Spacecraft Spacecraft Spacecraft Spacecraft Solar Zenith Stm-Atmosphere- 
Altitude, Latitude, Longitude, Local Time, Angle, deg Spacecraft Angle, 
R E øN øE LT deg 

Angle Between 
Atmospheric Normal 
and Direction to 

Spacecraft, deg 

Dayglow 
Intensity, 

|true 1, 1997 
3 19 142 0854 LT 43 45 

4 34 39 0902 LT 43 40 

5 46 28 0907 LT 43 43 

6 58 13 0915 LT 43 48 

7 69 356 0928 LT 43 54 
Iune 4, 1997 

3 19 160 0842 LT 43 48 

4 35 54 0850 LT 43 43 

5 46 43 0855 LT 43 43 

6 57 30 0902 LT 43 49 

7 68 12 0916 LT 43 55 

20 

3 

16 

29 

40 

21 

1 

15 

27 

38 

17.2 

14.1 

14.2 

14.2 

14.4 

15.8 

14.2 

13.9 

13.2 

13.7 
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L MITA, TIONS O.__.•N VIEWING ATMOSPHERIC HOLES 
DUE: TO THEIR APPARENT SPEEDS 

REQUIREMENT: THE DWELL TIME FOR A GIVEN PIXEL 
MUST BE AT LEAST 25% OF THE 

33-SECOND FRAME TIME 

ALTITUDE: 8 R IO0-KM DIAMETER HOLES ,N -- TYPICAL TRAIL A1- _6 KM/S 

I 5 PIXELS I 2 
o KM/S ,• 

E 36% Of I ::•:':'Q•-• PIXELS 

HOLES ARE VIEWED i:.•:[] I PIXEL 
S = 72 X 72 KM 2 
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SI • 20 K•/S E 36 ¾o 
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Figure 11. The average number of holes per sector for 
each Earth Camera image as a function of spacecraft alti- 
tude on June 1, 1997. 

urements with the PET instrumentation [Cook et al., 1993] 
on board the SAMPEX spacecraft were used to confirm 
that the electron intensities during June 1 and 4 were 
similar to those for June 7, i.e., there was no major elec- 
tron injection event. Because the operating parameters 
for the Earth Camera were identical for these two days 
these temporal variations of hole rates are further evi- 
dence against an instrument artifact as a source of at- 
mospheric holes (see also Figure 7). That is, the camera 
would be tinaware of the date. 

Because the atmospheric holes have been shown here 
to be a geophysical phenomenon and are not due to an 
instrument artifact, it is more appropriate to replot the 
results shown in Plates 8 and 9 in terms of events per 
sector as averaged over the number of images of that 
sector. Such a plot compensates for the decreasing pro- 
jected areas of the sectors with increasing slant angle for 
the measurements. Such a map for June 1 is shown in 
Plate 10. For example, the upper map provides an ap- 
proximate measure of the number of holes which would 
be detected in the 33-s accumulation period of an image 
as averaged over the altitude range of 3 to 5 R E. For a 
hole lifetime of about 100 s [Frank and Sigwarth, 1993, 
1997a] these maps provide an approximate record of the 
number of atmospheric holes occurring per minute, 
within factors of 2 to 3. The map for June 4 is shown in 
Plate 11. The high-altitude maps record only a small 
fraction of the actual events because the apparent sizes 
of the atmospheric holes as viewed from these altitudes 
are similar to the pixel resolution of the Earth Camera. 
Thus an approximate value of the global event rate from 
the low-altitude map of Plate 10 is in the range of tens 
per minute, in agreement with ranges for global event 
rates as previously determined with the spin-scan im- 
ager on board Dynamics Explorer 1 [Frank and Sigwarth, 
1993]. 

Similar conversion of Figures 9 and 10 to units of at- 

mospheric hole events per angular sector as averaged 
over the number of times that the area was viewed is 

shown in Figures 11 and 12. The same area of 12 angu- 
lar sectors is used in order to acquire adequate event 
counting statistics and to avoid aliasing the results due to 
the substantial local-time dependences. The expected 
decreasing rate is evident in Figures 11 and 12 because 
the slant range effects to be seen in the high-altitude 
bins in Figures 9 and 10 are reduced by assigning equal 
areas of the atmosphere for each angular segment. 

4.2. Local-Time Variations of Occurrence Rates of At- 

mospheric Holes 

The diurnal (local-time) variations of the number of 
holes per angular sector as averaged over the number of 
images of that sector are shown in Figure 13 for a solar- 
ecliptic latitude band at 14.5øN to 30øN on June 1, 1997. 
This local-time effect is readily noted in Plate 10. The lo- 
cal-time dependence for the two altitude bins, 3 to 5 R E 
and 5 to 8 R E, favors the late-morning hours as shown 
in Figure 13. The occurrence rates for the high-altitude 
bin have been multiplied by a factor of 5 in order to ac- 
commodate the decrease of rates with altitude. It is im- 

portant to consider that the spacecraft viewing geome- 
tries for the two altitudes are significantly different. For 
the low-altitude bin the spacecraft trajectory passes over 
the dayglow during the morning hours and for the high- 
altitude bin the dayglow is viewed from high latitudes 
and altitudes. Both of these views find a maximum of 

hole occurrence rates at local morning, about 1000 LT, 
relative to those at local evening. 

It is important to ascertain that the local time effect for 

i¾ 2 
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Figure/2. Continuation of Figure 11 for June 4, 1997. 
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FRANK AND SIGWARTH: ATMOSPHERIC HOLES 

NUMBER OF ATMOSPHERIC HOLES PER SECTOR 
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•i•e 13. •e diurnal vadaQons o• •e •umbe• o• at- 
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14.5•N to •oN • solar ec•pQc laU•de. •e diurnal 
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Pla•e 10. No•e •a• •e diurnal vadaQo•s •avodn• local 
mom• a•e a•o see• • •e hi•hes• alQtude bin, even 
•ou•h •e occurrence •a•es a•e much less. 

the low-altitude bin in Figure 13 is not dominated by the 
fact that the spacecraft trajectory passes over the morn- 
ing sector of the dayglow, i.e., a nadir effect. The pos- 
sibility of the dominance of a nadir effect can be investi- 
gated by examining the local-time dependence in the 
narrower altitude bin of 3.5 to 4.5 R E which is fortui- 
tously positioned such that the spacecraft nadir direction 
nearly coincides with atmospheric normal (see Table 2). 
The observed diurnal variations in this altitude bin for 

the solar ecliptic latitude band 9.6øN to 35.7øN, which is 
increased to improve counting statistics, is shown in Fig- 
ure 14. If the hole rates were due primarily to the nadir 
effect, the maximum rates should coincide with the local 
time of the spacecraft. However, the local time of the 
spacecraft position does not coincide with the maximum 
of the hole rates. Thus substantial local-time variations 
in these hole rates are observed at these altitudes. 

A similar local-time dependence of atmospheric hole 
rates was observed with Dynamics Explorer 1 in a differ- 
ent orbit and with a camera of entirely different design. 
Again, these local-time variations cannot be accounted 
for by instrumental artifacts. 

4.3. Increasing Apparent Sizes of Atmospheric Holes 
With Decreasing Spacecraft Altitude 

The major features of atmospheric holes have been al- 
ready established in the published literature [Frank and 

Sigwarth, 1993, 1997a]. Of interest for the present dis- 
cussion are the facts that (1) the atmospheric holes ex- 
pand to maximum diameters of about 100 km, (2) the ex- 
pansion rate of the diameters is about 1 kmls, (3) the 
lifetime of the atmospheric holes is about 100 s, and (4) 
the apparent speeds are in the range of 0 to 20 kmls. 

Without the need for invoking a detailed model for the 
atmospheric hole the above features can be used to pro- 
vide the expectations for viewing atmospheric holes with 
the Earth Camera as a function of spacecraft altitude. 
These expectations are shown in the diagrams of Figure 
15. First of all the reader should note that the dwell time 

of an atmospheric hole on a given pixel of the camera 
must be at least about 25% of the image accumulation 
time of 33-s because the 2.5-• decrease for the threshold 

of a darkened pixel corresponds to approximately a 25% 
decrease in the pixel responses. Shorter dwell times on 
a pixel produce darkenings which are less than this 
threshold and cannot be robustly detected in the images. 
Hence, for a given altitude there is a maximum apparent 
speed (trail length) for which a hole can be detected with 
the Earth Camera. Because the apparent sizes and 
speeds in terms of pixels increase with decreasing alti- 
tude, the maximum apparent speed is more or less a 
constant as a function of spacecraft altitude. This speed 
is 12 (+ 3) kmls. Thus the corresponding percentage of 
the atmospheric holes which can be detected is 36 (+ 13, 
-11)%. For simplicity, it is assumed that the apparent 
velocities are distributed uniformly in direction where in 
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Figure 14. Atmospheric hole rates as a function of local 
time for the altitude bin 3.5-4.5 R E and the solar ecliptic 
latitude band 9.6øN to 35.7øN on June 1, 1997. If the 
hole rates were dominated by the nadir effect, rather 
than that due to local time, the spacecraft position would 
be symmetrically placed at the maximum in the hole rate 
profile. 
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Figure 15. Diagram which shows the expected increases 
in the maximum sizes of atmospheric holes in the images 
as the spacecraft altitude decreases. Exemplary pixel di- 
mensions are given for an atmospheric hole diameter of 
100 km and an apparent speed of 6 km/s. 

fact there is a preferred direction of motion from east to 
west across the daylit hemisphere of Earth [Frank and 
Sigwarth, 1993, 1997a]. 

Second, the expectations for the sizes of the darkened 
pixel clusters can be understood by the diagrams on the 
right-hand side of Figure 15 for the three spacecraft alti- 
tudes of 8, 4, and 1.5 R E, respectively. A diameter for 
the atmospheric hole of 100 km is assumed, along with 
an assumed apparent speed of 6 km/s as an example. 
The pixel dimensions are also given in the figure. Be- 
cause the full width of the point spread function at one- 
half maximum response is about 2 pixels as determined 
by viewing stars [Frank and Sigwarth, 1997c] the trail of 
the atmospheric hole will be smeared into a thickness of 
about two pixels and many of the holes will not be de- 
tected when viewed from the highest altitudes. The mo- 
tion of an atmospheric hole during the 33-s sampling 

Table 3. Occurrence Frequencies of Atmospheric Holes 
Per Pixel for 1-R E Altitude Bins on April 26, 1997 

Spacecraft Holes/Pixel, 

Altitude, R E x 10 -5 

1 2.8 (+ 0.4) 

2 7.4 (+ 0.5) 

3 13.8 (+ 2.0) 

4 3.3 (+ 0.4) 

5 2.4 (:L-0.3) 

6 2.1 (•q).3) 

7 1.7 (•q).3) 

NORMALIZED OCCURRENCE FREQUENCY 

FOR ATMOSPHERIC HOLES 

•--•••X WITH >_ N PIXELS AS A FUNCTION OF ALTITUDE 

ß POLAR VlS 

C'X,• 1,4,7 JUNE 1997 <_ -2.5 o' 

X I o_ _> 7.5 D N 

\• 2.5- ,3.5 R E 

ALTITUDE = '1'\\ 
4.5-7.5 R E \ "• . 

I I I 
6 7 8 9 I0 II 

HOLE SIZE, _> N PIXELS 

Figure 16. Normalized occurrence frequencies as a func- 
tion of hole size as measured in numbers of pixels as ob- 
served during June 1, 4, and 7, 1997. The apparent hole 
sizes are larger for the lower altitude bin at 2.5-3.5 R E 
relative to those observed in the 4.5-7.5 R E bin as ex- 
pected for atmospheric holes located in the upper at- 
mosphere. 

period is shown for all three altitudes, as well as the ap- 
parent size of the hole. The pixel dimensions are given 
in the same scale in order to facilitate the comparison for 
the different altitudes. At lower altitudes of 4 R E the at- 
mospheric hole is resolved as shown in the pixel diagram 
on the right-hand side of Figure 15. The low-altitude 
case for viewing an atmospheric hole from a range of 1.5 
R E is also interesting. The hole is large and the require- 
ment for a pixel darkening of 25% yields an elliptical 
feature in the pixel map with a membership of about 50 
pixels. Three circles are drawn for the atmospheric hole 
in this diagram and correspond to the position of the at- 
mospheric hole at the beginning and end of the image 
frame and a center circle for the position of the atmos- 
pheric hole at midframe. It turns out that the apparent 
motion of 6 km/s during the frame accumulation of 33 s 
corresponds to an apparent motion of 198 km, or two 
hole diameters, which explains the relative hole positions 
shown in Figure 15. Later in this section such large fea- 
tures are reported. 

In summary, as the spacecraft altitude decreases from 
apogee position at 8 R E, the frequency of detection of the 
atmospheric holes will increase because the apparent 
sizes of the holes are larger. Thus the occurrence rates 
recorded with the Earth Camera should increase, then 
decrease with decreasing spacecraft altitude if the holes 
are a geophysical effect. Indeed, this effect is clearly 
seen in the altitude dependence of the hole occurrence 
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134 FRANK AND SIGWARTH: ATMOSPHERIC HOLES 

rates shown in Table 3 for April 26, 1997, for seven 1-R E 
altitude bins positioned at 1 to 7 R E. The radiation envi- 
ronment for this series of measurements was not severe 

and is only present during the bin at altitude 3 R E. Note 
that the increases and decreases in the adjacent altitude 
bins also exhibit the expected behavior and are posi- 
tioned outside of the radiation zone. All pixels with 
dayglove are used for this survey because there is no 
single daylit sector which is viewed for all of these alti- 
tudes. In fact, the viewing encompasses both the North- 
ern and Southern Hemispheres. The effect is sufficiently 
robust as to overcome the latitude and local-time de- 

pendences of the atmospheric hole distributions. Note 
that the instrument artifact hypothesis demands that the 
hole rates shown in Table 3 do not change with altitude. 

The rapid decrease in the atmospheric hole rates at 
the lower altitudes is precisely what is expected for a real 
geophysical phenomenon and cannot be explained in 
terms of an instrument artifact. This decrease is due to 

the fact that the atmospheric area in an image, in km 2, is 
rapidly decreasing with decreasing altitude with a corre- 
sponding decrease in the numbers of holes present in 
each image. 

Tt,e increases of the sizes of atmospheric holes can be 
directly determined for viewing the same dayglove area 
by comparing the occurrence frequencies of hole sizes 
for two altitude bins, 2.5 - 3.5 R E and 4.5 - 7.5 R E, as 
shown in Figure 16. This dayglow area is the same as 
that employed for the altitude study (see Figure 9). The 
occurrence frequency is normalized to that for 5-pixel 
holes because the direct comparison of the larger hole 
sizes is of importance. Three days of data gathering, 
June 1, 4, and 7, 1997, are used in order to improve the 
statistical significance of the altitude dependence of the 
hole sizes. Note that the occurrence of holes with nine 

or more pixels is a factor of 4 greater in the lower alti- 
tude bin relative to the bin at higher altitudes with a sta- 
tistical significance of about 10 c•. 

Of course, an exciting aspect for this investigation of 
hole sizes is the promise of the observations at the low- 
est altitudes as displayed in the bottom panel of Figure 
15 which shows that atmospheric holes with pixel mem- 
bership in the range of 40 to 50 darkened pixels should 
be occasionally sighted at altitudes of <• 1.5 R E. Accord- 
ingly, a set of 50 images taken at love altitudes and se- 
lected only on the basis of good dayglow viewing geome- 
try was examined for the presence of large atmospheric 
holes. The images were taken during April 23 and 26, 
and May 1, 1997. The spacecraft is moving quickly 
through these southern locations near its perigee and 
imaging time is limited. Still, it was gratifying to find 5 
large atmospheric holes in these 50 images. 

A rave image, with the exception of the removal of en- 
ergetic particle events in the sensor, is shown in Plate 12. 
None of these charge depositions from energetic particles 
compromised the atmospheric hole indicated with an ar- 
rove and there were no clouds in its vicinity. Even 
though the atmospheric hole comprises about 50 dark- 
ened pixels it appears relatively small in the image sim- 
ply because of the 65,536 dayglow pixels in the image. 
The pixel resolution is 11 kin, and the dimensions of the 
atmospheric hole are about 100 kin, as expected. A pixel 

map of the event with responses in standard deviations 
is shown in Plate 13. The color code is linear as a func- 

tion of standard deviations and is such that yellow is > 0 
c• and brown is -3.0 c•. This event is so large that it ali- 
ases the determination of the standard deviations and 

means which have been computed for a box which has 
been increased from 7 x 7 pixels in our standard compu- 
tation to a box of 13 x 13 pixels. For a threshold of 0 c• 
one would expect equal numbers of yellow and dark- 
ened pixels surrounding the hole. The predominantly 
yellow pixels in the surrounding region are due to the 
fact that the mean is underestimated and that the pixels 
are somewhat darker than computed with even a search 
box of 13 x 13 pixels. In any case, the size of the hole is 
about 50 pixels. A second example of a slightly smaller 
atmospheric hole in numbers of pixels is shown in Plate 
14 where yellow indicates < -0.5 c• and brown is -3.0 c•. 
The pixel dimension is 18 kin. The diameters of the 
clusters of darkened pixels are about 100 kin, as ex- 
pected. 

4.4. Seasonal Variations of Atmospheric Hole Rates 

It is of considerable interest to compare the seasonal 
variations of the occurrence rates of atmospheric holes as 
observed with the far-ultraviolet photometer on board 
Dynamics Explorer 1 with those as determined with the 
Earth Camera of the Polar spacecraft. The Dynamics 
Explorer 1 observations of seasonal variations for the pe- 
riod November 1, 1981, through late-January 1982 are 
shown in the top panel of Figure 17 [Frank et al., 1987; 
Frank and Sigwarth, 1993]. The area for the events is 
bounded by solar-ecliptic latitudes and longitudes 30 ø to 
90 ø and 285 ø to 315 ø, respectively, for a total area of 1.1 x 
107 km 2. The occurrence rates averaged over 2-day peri- 
ods are shown in Figure 17. The overall variations are 
large, i.e., by a factor of 10. The principal features of the 
atmospheric hole rates are a maximum intensity during 
early November, a brief plateau of intensities in mid- 
November, more or less constant intensities during No- 
vember 21 until December 14, a lower plateau of intensi- 
ties during December 14 through early January, and a 
well-defined minimum in mid-January with subsequent 
recovery. Certainly, these are enough features to estab- 
lish a correlation with other observations, if one exists. 

In the bottom panel of Figure 17 are shown the for- 
ward scatter radar rates for the same months at Ottawa, 
Canada [Vogan and Campbell 1957], but for a period 26 
years earlier than the Dynamics Explorer 1 observations. 
It is quite evident that the atmospheric holes are not cor- 
related with the well-known stony meteor showers but 
are instead well correlated with the nonshower rates in- 

dicated by the solid circles. Forward scatter radar signals 
are more sensitive to higher altitude events relative to 
the infall of the meteors associated with the showers 

[McKinley, 1961]. The maximum nonshower rates during 
early November, the two main plateaus of rates during 
mid-November through early January, and the minimum 
in mid-January with subsequent recovery are well corre- 
lated with the Dynamics Explorer 1 detections of atmos- 
pheric holes in the upper panel of Figure 17. 

The atmospheric hole rates as observed over the 
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nificant operating change for the Earth Camera for the 
observations reported in this paper. 

Examination of the atmospheric hole rates as deter- 
mined with the Earth Camera in the upper panel of Fig- 
ure 18 reveals the exciting result that the features are 
qualitatively similar to those found in the Dynamics Ex- 
plorer 1 data within the statistical accuracy of the two 
data sets. That is, these features are the maximum in- 
tensities in early November, the brief plateau in mid- 
November, the decrease to a plateau spanning late No- 
vember to mid-December, the further decrease to a pla- 
teau during the period mid-December through early 
January, and the notable minimum of intensities during 
mid-January with subsequent recovery. The Dynamics 
Explorer 1 observations are shown in the bottom panel of 
Figure 18. Averages for the rate plateaus are indicated in 
Figure 18. It is remarkable that two different spacecraft 
with entirely different instruments and in different polar 
orbits should determine strikingly similar seasonal vari- 
ations during periods separated by 16 years. 

A line summary of the observations of atmospheric 
hole rates with the Polar and the Dynamics Explorer 1 
spacecraft, and the forward scatter radar rates with the 
Canadian radar, are shown in Figure 19 in order to facili- 
tate the comparison of the three series of measurements. 
These observations span a period of 42 years and indi- 

SOUTH 

Plate 10. The occurrence rates for the number of atmos- 

pheric holes per sector for each Earth Camera image on 
June 1, 1997, in the same format as Plates 8 and 9. The 
holes per sector is more meaningful because the artifact 
hypothesis has been discarded as inconsistent with the 
data. Note the large decrease in hole frequency for the 
higher altitude bin. A pronounced local-time variation 
remains evident in the pixel maps of the dayside atmos- 
phere. 

EVENT ,RATE OF HOLES IN ANGULAR SEGMENTS 
WITH EQUAL SURFACE AREAS 

NORTH 

ALTITUDE = 

3.0 TO 5.0 R E 

(RE, EARTH RADIUS) 

MORNING 

4 JUNE 1997 

EARTH 

EVENING 

northern hemisphere at altitudes of 4 to 8 R E with the 
Earth Camera on the Polar spacecraft are shown in the 
upper panel of Figure 18. This altitude range is above 
that of the radiation zones. These rates are determined 

for the 'same months as for the Dynamics Explorer 1 
measurements but 16 years later. A severe solar proton 
event precluded observations during November 6-7. 
The occurrence rates are also 2-day averages for the en- 
tire dayglow region viewed by the Earth Camera. The 
criteria for identification of the atmospheric holes remain 
the same as that for all of the results presented here. 
The only difference is the operation of the companion 
Low-Resolution Visible Camera during these winter 
months. This camera was activated on October 28, 1997, 
and increases the electronic noise in the Earth Camera 

such that the hole detection rate decreases by a factor of 
3.2 (_+0.3). This is a well-determined decrease during the 
period October 26 through November 1 for which the 
atmospheric hole rate is constant. With the exception of 
this turn-on of the visible camera there is no other sig- 

--0.3 

NORTH 

SOUTH 
HOLES PER 

SECTOR 

0.2 

mO.! 
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Plate 11. Continuation of Plate 10 for June 4, 1997. 
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136 FRANK AND SIGWARTH: ATMOSPHERIC HOLES 

Plate 12. Sighting of an atmospheric hole when the spacecraft is at very low altitudes. The number 
of pixels is large and the diameter of the hole is about 100 km. This sighting corresponds to the 
viewing shown in the bottom panel of Figure 15. This image was taken at 0303:18 UT on April 23, 
1997, at a spacecraft altitude, latitude and longitude of 7621 km, -40.2øN and 122.6øE, respectively. 
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Figure 17. (top) Average occurrence rates of atmospheric x • 
holes during the period November 1981 through late % 
January 1982 as observed with Dynamics Explorer 1. • .5-- 
(bottom) Forward scatter meteor rates reported by Vogan • 
and Campbell [1957] for the same months but for earlier o• 
years 1955 and 1956 [after Frank and Sigwarth, 1993]. 

cate that the phenomenon is not transient on this time 
scale. 

5. Summary and Discussion 

An extensive study of the images taken with the Earth 
Camera on the Polar spacecraft is reported for the phe- 
nomenon of atmospheric holes. These analyses were 
first directed toward a comprehensive examination of all 
currently suggested artifacts which might give rise to the 
transient clusters of darkened pixels which are called at- 
mospheric holes. The selection criteria which are used to 
evaluate the geophysical effects exhibited by the atmos- 
pheric holes were shown to provide robust protection 
from the aliasing by instrumental artifacts. Our sum- 
mary and discussion provide an overview of the various 
findings reported in this paper. 

An automated survey of the images for the purposes 
of the identification of the atmospheric holes was em- 
ployed in order to avoid any selectivity by a visual 
search method. The criteria for the automated survey 
were simple and straightforward. An atmospheric hole 
was required to have five or more contiguous pixels, 
each with intensities which were lower than the local 

mean value by -2.5 cr or more. The standard deviation 
was required to be > 7.5 DN (digitization numbers for 

the pixel responses) in order to eliminate false detections 
of holes due to energetic charged particles in the radia- 
tion zones. The local mean and standard deviation for 

each pixel in an image were determined by placing a 7 x 
7 pixel block centered on the pixel in question and using 
the 32 peripheral pixels for the computations. The only 
correction to the images was the reduction of the effects 
of charge deposition in the sensor by penetrating 
charged particles. This procedure was also simple in 
that it identified pixels with responses greater than 30 
DN above the mean of the 7 x 7 pixel block and replaced 
these values with the mean values. Although this pro- 
cedure was applied for all the images it was important 
only for a small range of spacecraft altitudes in the ra- 
diation zones in the 1-R E altitude bin centered at 3 R E 
for approximately 10 to 25 min during the 17.6-hour 
orbital period of the spacecraft. 

Important aspects of the investigation of instrumental 
effects are as follows. 

1. The period in mid-January during which no at- 
mospheric holes were detected provided an excellent 
opportunity to have a very effective calibration series of 
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__ 
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FiFe 18. (top) Occurrence rates of atmospheric holes 
as observed by the Earth Camera on the Polar spacecraft 
durinõ the period November 1997 •rou•h late )anua W 
1998. •o•om) Atmospheric hole rates as obse•ed with 
•na•cs Explorer 1 during the same months but {or d•- 
{erent years, 1981 and 1982. 
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Figure 19. Line summary of the atmospheric hole rates 
observed (top) with the Polar spacecraft and (middle) 
with the Dynamics Explorer 1 spacecraft and (bottom) 
meteor rates with the Canadian forward scatter radar. 
Ordinates are proportional to those shown in Figures 17 
and 18. 

images which were equivalent to an extensive postlaunch 
laboratory calibration. These inflight calibration images 
were extremely important in establishing the instrument 
noise performance without the presence of atmospheric 
holes and with the actual temperatures and operating 
voltages for the instrument. These images verify the ac- 
curacy of our computations of random hole rates. 

2. The criterion for pixel darkening by response 
decreases of -< -2.5 o was shown to provide random 
rates which were considerably lesser than the observed 
hole rates, except during the above mid-January calibra- 
tion period. On the other hand, a weaker criterion of < 
-2.0 o allows random rates which are significan. tly lesser 
than the observed rates at the higher spacecraft altitudes 
but also allows a significant fraction of false hole detec- 
tions due to such instrumental effects as penetrating ra- 
diation and sensor hot spots. 

3. The immunity of the selection criteria to false 
detections due to the large fluxes of penetrating electrons 
in the outer radiation zone was tested by comparing the 
simultaneous occurrence rates of atmospheric holes and 
the fluxes of energetic electrons as determined with the 
onboard HIST charged particle instrument. No obvious 
correlation of these two measurements was found for 
spin-averaged electron (2.7 MeV) intensities <• 2 x 
104(cm -2 s sr MeV) -1. At higher intensities the auto- 
mated search algorithm recorded a substantial number of 
false identifications. No images taken at these higher 
electron intensities were used for the automated search 
for geophysical effects as reported here. 

4. The variations of sensitivity of the CCD in the 
sensor of the Earth Camera can provide 'hot spots' for 
which the probability for the recording of darkened 
clusters is greater. The atmospheric holes are expected 
to be randomly distributed over the area of the sensor. 
Our selection criteria limits these effects to about 3% of 
the total number of hole events, an acceptable number. 
On the other hand, if the criteria are relaxed to < -2.0 • 
the hot spots provide an unacceptable number of such 
events. 

5. The near-ultraviolet response of the sensor of 
the Earth Camera is sufficient that high-altitude clouds 
are recorded in the images. The relevant wavelength 
range is 200 to 300 nm. A sufficiently large near-ultra- 
violet response would preclude detection of atmospheric 
holes because of the large background. For viewing 
when the spacecraft is at equatorial latitudes the addi- 
tional signal due to the clouds is about 40%. As the 
spacecraft latitude increases this contribution also de- 
creases due to the increased path length for the reflected 
solar radiation to be seen at the spacecraft. The Low- 
Resolution Visible Camera of the VI$ instrumentation is 
used to show that the contribution of near-ultraviolet 
radiation for the off-cloud areas is less than an accept- 
able 15% of the O I 130.4-nm signal. Since the high-alti- 
tude clouds typically cover only about 5 to 10% or less of 
a dayglow image the loss of area is acceptable. The po- 
sitions of the atmospheric holes were not found to be 
correlated with cloud features. In addition the strong 
correlation of the seasonal variations as observed with 
the Polar and Dynamics Explorer 1 cameras further con- 
firms that the Earth Camera images are not aliased by 
near-ultraviolet emissions because the Dynamics Ex- 
plorer 1 camera was not sensitive to these long-wave- 
length radiations. 

The above study which eliminates substantial instru- 
mental effects for the criteria employed for the auto- 
mated search provided the opportunity to establish the 
following geophysical effects. 
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140 FRANK AND SIGWARTH: ATMOSPHE•C HOLES 

1. The altitude dependence of the occurrence rates 
of atmospheric holes was firmly established with global 
maps of these rates in the Earth's atmosphere for two 
altitude buckets. The altitude dependence was also 
clearly shown by the decreases in event rates for a fixed 
area of the dayglow in I-R E bins as the spacecraft alti- 
tude increased. These decreases are simply due to the 
fact that lesser numbers of the holes can be detected by 
the Earth Camera with increasing altitude as the appar- 
ent sizes of the holes decrease beneath the spatial reso- 
lution of the camera. 

2. It is notable that the typical global rates in the 
range of a few tens per minute for the atmospheric holes 
as reported here for the Polar Earth Camera are similar 
to the average global rates as observed with Dynamics 
Explorer 1 [Frank and Sigwarth, 1993]. The designs of 
these two cameras are entirely different, i.e., the Earth 
Camera is based upon CCD technology and the Dynam- 
ics Explorer 1 instrument was a simple spin-scan pho- 
tometer. The thresholds for atmospheric hole detection 
were not arbitrary but were assigned at well-defined 
knees in the observed probability functions (see Figure 
8). If the atmospheric holes were due to instrument arti- 
facts, the occurrence rates would be expected to differ by 
large factors for the two cameras. The fact that the 
global rates are similar is strongly supportive of atmos- 
pheric holes as a geophysical reality. 

3. ^ strong local-time dependence of the occur- 
rence rates of atmospheric holes is observed in Earth's 
atmosphere. The occurrence rates favor local late- 
morning relative to local evening. The same local-time 
variation is seen at low and high altitudes. A similar lo- 
cal-time variation was previously observed with Dynam- 
ics Explorer 1. 

4. At the very lowest altitudes in the range of 1 to 
2 R E the occurrence frequencies of atmospheric holes are 
significantly lesser than the rates observed at the higher 
altitude of 3 R E. This effect is due to the fact that only a 
relatively small fraction of the dayglow area is viewed at 
the lower altitudes. Such a decrease in the frequency of 
atmospheric holes in the images can only be attributed to 
a distribution of real objects within the field of view of 
the Earth Camera. 

5. The atmospheric hole size is shown to increase 
with decreasing altitude, as expected. At the lowest alti- 
tudes a 100-km-diameter atmospheric hole is expected 
to be a cluster of darkened pixels with larger pixel num- 
bers relative to the high-altitude detections. For exam- 
ple, the pixel resolution of the Earth Camera is about 13 
km when the spacecraft is at an altitude of 1.5 R E . 
Clusters of 40 or 50 darkened pixels are expected and are 
found. 

6. The seasonal variations of the occurrence rates 

of atmospheric holes as viewed with the Earth Camera 
have been determined for the period November 1, 1997, 
through late January 1998. These rates vary by a factor 
• 10 during this period. These variations are character- 
ized by large intensities during early November, a brief 
plateau of lesser intensities during mid-November, an 
extended period of lesser and more or less constant in- 
tensities for late November through mid-December, a 
decrease to a lesser plateau of intensities from mid-De- 

cember to early January, and a well-defined minimum in 
mid-January with subsequent recovery. Remarkably, 
this is the same signature observed with Dynamics Ex- 
plorer 1 during the same months 16 years earlier and in 
the nonshower forward scatter meteor rates observed in 

Ottawa, Canada, some 42 years earlier than the present 
Polar spacecraft observations. 

The sources of instrumental effects for detection of 
atmospheric holes with the Earth Camera on board the 
Polar spacecraft have been comprehensively investi- 
gated. The automated determination of the strong geo- 
physical effects reported in this paper validates the real- 
ity of the atmospheric holes. 
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