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ABSTRACT

The sky polarization pattern during solar eclipse totality shifts from the usual daytime clear-sky pattern, with maximum
polarization in an arc located 90° from the Sun, to one with maximum polarization slightly above the horizon in a ring
nominally concentric about the zenith. A sequence of 9 visible-wavelength all-sky images are shown throughout totality
for the 21 August 2017 solar eclipse from a site near Rexburg, ID USA (43.8294°N, 111.8849°W). A neutral region
appeared in the southwest quadrant of the all-sky images, directly opposite the eclipsed Sun, and evolved in size and
radial position throughout the 2 min 17 s of totality.
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1. INTRODUCTION

During solar eclipse totality, the sky polarization pattern changes dramatically because the light source abruptly switches
from direct sunlight to sunlight that has been multiply scattered into the umbra from outside the umbra. This leads to the
polarization pattern shifting from the usual clear-sky pattern, with maximum polarization in an arc located 90° from the
Sun, to a pattern with maximum polarization slightly above the horizon in a ring nominally concentric about the zenith.
This was first shown by Glenn Shaw at the 1973 eclipse in Kenya'? and the small asymmetry in his measurements were
suggested to be a possible result of asymmetric surface albedo below the umbra (with a dark lake on one side and bright
desert on the other side). Kénnen developed a simple model that extended the prediction of symmetry about the zenith
and hypothesized that the asymmetry in Shaw’s African measurements was a result of the changing conditions during
the scan time for Shaw’s scanning polarimeter.> More recently, all-sky polarization imaging has been used to reveal
evidence of a significantly asymmetric pattern of sky polarization during solar eclipse totality.*>° For the 21 August
2017 eclipse, our goal was to use our own experience with all-sky polarization imaging and related remote sensing
measurements to characterize aerosols, clouds, and surface reflectance, and thereby obtain the most complete data set
based on all-sky images of sky polarization during solar eclipse totality.”*

The eclipse polarization measurements were the latest step in a long history of polarization remote sensing research
conducted by our research group, first at the National Oceanic and Atmospheric Administration (NOAA) with numerical
and experimental studies of thermal infrared polarization from water.>!> The most recent 18 years of this history have
taken place at Montana State University, where we have pursued all-sky polarization imaging to quantify the dependence
of VIS/NIR sky polarization on aerosols, clouds, and surface reflectance. Our primary instrument has been a multi-
wavelength VIS/NIR all-sky polarization imager based on liquid crystal variable retarders'* (LCVRs) to achieve a rapid
sequence of all-sky images at different retardance states so we can retrieve a full Stokes vector at each pixel while
avoiding the time smearing that plagues slower division-of-time polarimeters.'> Deploying this imager continuously
outdoors'® allowed us to obtain radiometrically and polarimetrically accurate images even with variable clouds so we
could quantify how clouds alter the clear-sky degree of linear polarization (DoLP) and under certain conditions even the
angle of polarization.!” Comparisons were made with simple radiative transfer models!®!® and more complex radiative
transfer models.?” The LCVR all-sky polarization imager was deployed at the Mauna Loa Observatory in Hawaii to
quantify the role of surface reflectance on the clear-sky DoLP?! and this was incorporated into a model that was used to
explain the huge spectral variation of DoLP in the VIS/NIR spectral range?? and later the VIS-SWIR spectral range.?
Recently we have used all-sky polarization imaging for remote sensing of cloud thermodynamic phase.?*2¢ This paper
now builds on a previous proceedings paper® to summarize the temporal evolution of the 2017 eclipse sky polarization.
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2. MEASUREMENT METHODS

2.1 All-sky polarization imagers

For the 2017 solar eclipse we developed two all-sky polarization imagers, each based on three digital single-lens-reflex
(DSLR) cameras with fisheye lenses,’ to take images faster than is possible with the LCVR system during the low-light
conditions of totality. One of these new 3-camera systems was based on Nikon D700 DSLR cameras with Sigma 14-mm
/2.8 fisheye lenses, while the other new 3-camera system was based on Sony o7s cameras. We originally built the
Nikon system using existing cameras and then later built the Sony system for redundancy when we found that we could
get a commercial adapter to couple the Nikon-mount Sigma fisheye lenses to the Sony E-mount bodies. Having two all-
sky polarization imaging systems based on different DSLR bodies ended up also providing valuable confirmation of the
spatially variable patterns we measured, as both systems (which were oriented side by side, but with one rotated 180° in
azimuth from the other one) measured effectively identical sky polarization patterns. The LCVR-based all-sky
polarization imager'>'® also was used, but only was able to capture one well-exposed totality image (but it also agreed
with the results measured by the 3-camera systems at the same time).

We deployed our instruments at the BYU-Idaho astronomical observatory located at 43.8294°N, 111.8849°W,
approximately 8.8 km from the center line of totality and 8 km west and slightly north of the BYU-Idaho campus in
Rexburg, Idaho. This was an excellent site, with low ambient light pollution and excellent horizon-to-horizon views of
the sky. Figure 1 shows three degree of linear polarization (DoLP) all-sky images on the top row and three angle of
polarization (AoP) all-sky images on the bottom row, comprising three DoLP-AoP image pairs at sunrise (left), midday
but post-totality (center) and near sunset (right). In each image, the outer edge of the circle is the horizon and the center
is the zenith. These daytime images taken before and after the eclipse were measured with the LCVR imager’s 450-nm
channel. The AoP is shown relative to the solar principal plane containing the Sun, the zenith, and the observer. The all-
sky images are oriented with north to the top and west to the right. This requires care to avoid confusing east and west,
but it matches what would be seen by an observer lying on the ground, looking up into the sky with his or her head
pointing north. The DoLP images include a sun-occulter disk mounted on a metal band stretching across the lower
portion of the image (moving to block the Sun as its position shifts from southeast in the morning to southwest in the
evening). The band of maximum polarization situated 90° from the Sun has a DoLP value near 60%, higher in the
morning than in the evening (note also that the DoLP is effectively zero at and very near the Sun). The lower DoLP at
the end of the day was a result of higher aerosol optical depth that occurred as wildfire smoke concentration increased
after a welcome break in haziness during morning and midday on the eclipse day. The AoP images also show the
morning-to-evening evolution of the otherwise fixed pattern, with colored patterns coming together to indicate the
location of the Babinet neutral point just above the Sun and a numerical discontinuity that has the appearance of another
neutral point at the zenith (i.e., the center of the images).

One of the supporting instruments we deployed at this experiment was a new fisheye-lens-based all-sky infrared
cloud imager (ICI) system based on a long history of thermal infrared imagers developed to detect and characterize
clouds from the ground.?’* The ICI system was operated throughout eclipse day, detecting any clouds in the sky
continuously, 24 hours per day. On the day of the eclipse (21 Aug. 2017), those images showed scattered clouds near the
southeast horizon in the early morning hours before and near dawn but confirmed a completely cloud-free sky for the
duration of the late-morning eclipse. Other supporting instruments included an AERONET? solar radiometer at the
nearby BYU-Idaho campus and ground-level weather stations at BYU-Idaho and at the BYU-Idaho astronomical
observatory where we were deployed (~8 km west-northwest of campus). Some of the data from these supporting
instruments were shown in our earlier proceedings paper.®

3. TOTALITY ALL-SKY POLARIZATION IMAGES

Even throughout the latest stages of partial eclipse, the rapidly darkening sky maintained its daytime-like polarization
pattern, abruptly shifting to the nominally zenith-concentric pattern at second contact, which marked the start of totality
(17:33:05 UTC = 11:33 am Mountain Daylight Time). Figure 2 is a multi-frame image showing all-sky DoLP images
from the start of totality (upper left, 17:33:13) to the last second of totality (lower right, 17:35:23). Below each image is
the UTC time when that image was recorded by the 3-camera Nikon all-sky polarization imaging system. Obstructions
low on the horizon include two power poles and a small agricultural building at the upper left (NE of the imager), the
observatory dome at the lower right (SW of the imager), and an excited student’s head and hands (holding a camera) at
the right side (W side) of the 17:34:24 and 17:34:36 images.
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Figure 1. All-sky images from eclipse day (21 Aug. 2017) of the degree of linear polarization (DoLP) on the top row and the
angle of polarization (AoP) on the bottom row. DoLP and AoP image pairs are shown for sunrise (left), midday (middle),
and near sunset (right). The images are from the blue channel (~450 nm) of the LCVR all-sky polarization imager and the
AoP is shown referenced to the solar principal plane.?°

The polarization pattern that was otherwise fairly symmetric about the zenith exhibited a large neutral region with
zero or minimal polarization in the portion of the sky directly opposite the Sun (i.e., the NW part of the sky), in the
direction from which the umbra approached our location. Throughout totality, this neutral region flattened toward the
horizon and spread out in azimuth as the umbra progressed over our observing location. The neutral region was least
apparent in the image recorded in the last second of totality and most apparent in the first image, which was recorded 8
seconds after the start of totality. In the band of highest totality polarization, located near the horizon (especially in the
north, east, and south portions of the images), the peak DoLP reached approximately 50% for the blue channel (see our
paper about camera characterization’ for details of the spectral bands). Immediately following the final image shown in
Figure 2, the sky polarization pattern returned abruptly to the usual daytime pattern, even though only a tiny fraction of
the Sun was directly illuminating the sky around us at that time.
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Figure 2. All-sky images of the degree of linear polarization (DoLP) at the indicated UTC times throughout totality on 21 Aug.
2017 in Rexburg, ID (43.8294°N, 111.8849°W). Obstructions low on the horizon include two power poles and a small agricultural
building at the upper left (NE of the imager), the observatory dome at the lower right (SW of the imager), and an excited student’s
head and hands (holding a camera) at the right side (W side of the image) for the 17:34:24 and 17:34:36 images.
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4. CONCLUSIONS

Unlike the azimuthally symmetric pattern expected in early eclipse polarization papers, all-sky polarization imaging has
revealed a very asymmetric pattern that evolves throughout totality. The images shown here were from the 21 August
2017 solar eclipse, observed near Rexburg, Idaho USA. This was a late-morning eclipse, with the umbra approaching
from the northwest or top right region of the all-sky images shown here. The Sun was in the southeast or lower left
region of the all-sky images shown here. A large neutral region with zero (or very nearly zero) polarization was observed
in the northwest part of the sky, from where the umbra approached our observation site. This neutral region shifted
toward the horizon and spread out in azimuth as totality progressed to third contact (end of totality). More details will be
shown in a forthcoming journal paper.
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