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ARTICLE INFO ABSTRACT
Keywords: Using archival near-infrared observations from the Keck and Lick Observatories and the Hubble Space
Neptune Telescope, we document the evolution of Neptune’s cloud activity from 1994 to 2022. We calculate the fraction

Near-infrared astronomy
Planetary science
Atmospheric science

of Neptune’s disk that contained clouds, as well as the average brightness of both cloud features and cloud-free
background over the planet’s disk. We observe cloud activity and brightness maxima during 2002 and 2015,
and minima during 2007 and 2020, the latter of which is particularly deep. Neptune’s lack of cloud activity in
2020 is characterized by a near-total loss of clouds at mid-latitudes and continued activity at the South Pole.
We find that the periodic variations in Neptune’s disk-averaged brightness in the near-infrared H (1.6 pm),
K (2.1 pm), FWCH4P15 (893 nm), F953N (955 nm), FWCH4P15 (965 nm), and F845M (845 nm) bands are
dominated by discrete cloud activity, rather than changes in the background haze. The clear positive correlation
we find between cloud activity and Solar Lyman-Alpha (121.56 nm) irradiance lends support to the theory
that the periodicity in Neptune’s cloud activity results from photochemical cloud/haze production triggered
by Solar ultraviolet emissions.

1. Introduction opacity resulting from variations in the high-energy cosmic rays and
consequent ion-induced nucleation.

Neptune is the most distant planet in the solar system, an ice-giant
that boasts an active and chaotic atmosphere. The long-term evolu-
tion of its atmosphere was first explored with ground-based observa-

tions. Lockwood (2019) presented a compilation of yearly photometric

The planet continued to be monitored on a yearly basis at Lowell
Observatory. Sromovsky et al. (1993) suggested that the long-term
variability in brightness was a seasonal effect, delayed in time by

disk-integrated observations at visible wavelengths (b and y filters)
taken from Lowell Observatory between 1972 and 2016 when Neptune
was close to opposition. The first set of observations was published in
1986; at the time, the authors reported an anti-correlation in brightness
with the solar activity cycle, which they speculated may have resulted
from a darkening of aerosols through solar UV irradiation (Lockwood
and Thompson, 1986). In contrast, Moses et al. (1989a) attempted
to explain the perceived correlation by a reduction in the aerosol
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~30 years. Using the entire database from 1950 to 2005, Lockwood
and Jerzykiewicz (2006), Lockwood and Thompson (2002) showed that
the observed long-term variability in Neptune’s brightness could not be
caused by seasonal variations, since the earlier 1950-1966 data were
much fainter than expected based on seasonal variations. They also
reported that the apparent anti-correlation with the solar cycle had
“faded”, i.e., was no longer present in their more recent data.
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The first high-resolution images of the planet were taken during
Voyager 2’s 6-month period prior to closest approach in 1989 (Smith
et al., 1989). These images revealed a dynamic atmosphere character-
ized by a Great Dark Spot at a planetocentric latitude of ~18°S (the
GDS), a smaller Dark Spot near 53°S (referred to as DS2), a fast moving
bright cloud feature (“Scooter”) near 41°S, and features in the south
referred to as South Polar Features (SPF) near a latitude of 70°S (Smith
et al., 1989; Limaye and Sromovsky, 1991).

After Voyager 2, technological advancements led to the Hubble
Space Telescope’s (HST) launch in 1990 and the development of Adap-
tive Optics (AO) at infrared wavelengths for ground-based telescopes
in the 1990s. HST and AO were solutions to the atmospheric distortion
present in visible and near-infrared data taken by ground-based tele-
scopes using conventional observing techniques. Neptune’s appearance
in early near-IR observations from the late 1990s and early 2000s
was characterized by large and bright mid-latitude bands of activity
and a dark equator free of cloud features — a dramatic change from
its appearance in Voyager 2 data (e.g., Max et al., 2003; Martin
et al., 2012; Roddier et al., 1997; Gibbard et al., 2003; Hammel and
Lockwood, 1997; Sromovsky et al., 2001).

Hammel and Lockwood (2007) gave an excellent summary of Nep-
tune’s disk-averaged and disk-resolved observations. They suggested
that Neptune undergoes a three-stage brightness pattern in the near-
IR, starting with an anomalously bright feature, or “storm”, followed
by a 5-year period during which a single bright feature dominates the
brightness, and ending with a period they refer to as “transitional”,
where no single feature dominates the brightness. This pattern would
explain the higher-than-expected brightness in the mid-70s, and the
strong rotational modulation in the near-IR between 1977 and 1980
as reported by Cruikshank (1978), Brown et al. (1981), and Belton
et al. (1981). This rotational modulation was absent during 1981-1985,
after which time a single feature dominated the brightness again (e.g.
Hammel (1989), Hammel et al. (1989)). With the Voyager flyby, this
feature was recognized as a companion cloud to the GDS (e.g., Smith
et al., 1989). Based upon the available data at the time, Hammel and
Lockwood (2007) suggest these years were followed by a quiescent
phase, until an anomalously bright feature was recognized in 1993 in
Lockwood’s photometric data, identified as a bright companion cloud
to a new dark spot in early HST data (Hammel et al., 1995). Such bright
storms were visible throughout the 1990s, observed in high-spatial
resolution imaging from the ground through speckle imaging (Gibbard
et al., 2002).

When AO came online on the 10-m Keck telescope during 1999,
both Keck AO and HST images showed a change in the latitudinal dis-
tribution of clouds: the clouds were still confined to specific latitudes,
but the range of latitudes had broadened considerably, both at mid-
southern and northern latitudes, with occasional small features near the
equator (e.g., Max et al., 2003; Karkoschka, 2011; Martin et al., 2012).
Moreover, no storms were visible in the early 2000s. A combination of
Lowell Observatory (Lockwood, 2019) disk-averaged HST data in blue
wavelengths (F467M) (Zorzi, 2019) show that Neptune’s brightness
continued to gradually increase until southern summer solstice (2005)
and remained flat until ~2012, after which it started to decrease
overall.

A few noteworthy observations have been reported since 2007: In
2015, a bright storm was seen in near-IR Keck AO data, which was iden-
tified as a companion cloud to a new dark spot on the planet (Hueso
et al., 2017; Wong et al., 2018), quite similar to the companion clouds
seen near the Voyager GDS and dark spots in the 1990s. A second new
dark spot was detected in the north in 2018 (Simon et al., 2019); this
spot was exceptionally large and long-lived (Wong et al., 2022). We
note that no dark spots were detected during 1996-2015 (Hsu et al.,
2019).

Potential correlations of variations in Neptune’s brightness with
changing seasons and the solar activity cycle have been explored, but
so far no single cause has been identified. While seasonal effects are
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most likely important for the slow gradual changes, secular variations
in brightness must have a different origin. Aplin and Harrison (2016)
suggest that both UV sunlight and galactic cosmic rays likely affect
Neptune’s brightness at visible wavelengths. Roman et al. (2022) noted
a potential correlation between the amount of discrete clouds seen in
near-infrared observations (Karkoschka, 2011) and the solar Lyman-
alpha flux, but this was based on data limited to less than 2 solar
cycles.

At this point in time, we have almost 30 years of data at high spatial
resolution which cover almost 3 solar cycles, although still only ~20%
of Neptune’s orbit. In this paper, we investigate changes in Neptune’s
brightness and cloud cover in these images to address the question
of its variability over time. In Section 2 we summarize the (mostly
archival) observations from HST, Keck, and Lick from 1994 through
2022 used in this paper; Section 2.2 outlines the data reduction and
calibration methods we used for these data. We describe our analysis in
Section 3, which involved several different measurements of Neptune’s
cloud activity, including the fraction of the disk covered in clouds,
the brightness of the disk, the brightness contribution from the clouds,
and the typical pressure levels of these clouds. Finally, we explore
overall trends in these quantities that characterize cloud activity, and
we speculate about possible causes for any observed patterns.

2. Data

Programs that have contributed to long-term observations of Nep-
tune include the Outer Planet Atmospheres Legacy (OPAL)' program
(Simon et al., 2015) with the Hubble Space Telescope and the Twilight
Zone program® (Molter et al.,, 2019) at Keck Observatory and Lick
Observatory. OPAL data featured in this paper were taken from 2015
through 2021, the Keck Twilight Zone data from 2017 to 2022, and
the Lick Twilight Zone data from 2018 and 2019. We included data
from these programs in combination with (mostly archival) HST and
Keck data to analyze how Neptune’s cloud activity was changing with
time. In total, our HST data spanned from 1994 through 2021 and
our Keck data spanned from 2002 through 2022, providing nearly 2
decades worth of temporal coverage (see Fig. 1 for a few representative
images). The total number of observations taken in each filter can be
found in Table 1.

2.1. Data description

Near-IR data from the Hubble Space Telescope were taken with the
Wide Field and Planetary Camera 2 (WFPC2) in FQCH4P15 (893 nm),
F953N (953 nm), F850LP (965 nm) and the Wide Field Camera 3
in F845M (845 nm). Data were taken in FQCH4P15 from 1994 to
2002, F850LP from 1996 to 2002, and F953N from 1995 to 2008. A
full summary of these filters can be found in Table 1. Images with
the WFPC2 were sporadic, with observations taking place during 1-
10 days scattered throughout each year. Each of these dates had a few
observations taken. Following the WFC3’s installation in 2009, F845M
data were taken between 2009 and 2021. The WFC3 data were taken
1-5 days every year, with multiple images being taken during each
date. Much of the data during and after 2015 were taken as part of
the OPAL Program (Simon et al., 2015). When taking both the WFPC2
and the WFC3 images into account, the data were regularly sampled
on a yearly basis from 1994 through 2021, with the exception of 1999,
2003, and a 3-year gap from 2012 to 2014. WFC3 data from 2018,
2019, and 2020 were magnified to pixel scales 2-3 times smaller than
the standard 39.62 mas/pixel by Wong et al. (2022); note, though, that
this process does not increase the resolution of the images. The 2021
data were not magnified.

1 https://archive.stsci.edu/prepds/opal/index.html
2 https://www2.keck.hawaii.edu/inst/tda/TwilightZone.html
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Fig. 1. Select example images from Keck (H and K’ band) and HST (F850LP and F845M) that display Neptune’s characteristic appearance throughout the three decades worth of
data. Note the decreased cloud activity, particularly in the mid-latitudes, after the start of 2020. North roughly points upwards in each image. The index in the top left corner of
each image corresponds to the image’s index within Figs. A.5 and A.6 in the appendix, which are collections of the HST and Keck images used in our analysis. .

Table 1

List and description of telescope filters.
Telescope Filter Central wavelength Range Pixel Scale Cutoff fraction Image count Dates

A (pm) A4 (pm) (mas/pixel) X,

NIRC2 H 1.63 0.30 9.942 1.5 149 2002-08-22 to 2022-09-12
Keck NIRC2 K 2.12 0.35 9.942 2.5 118 2002-08-22 to 2022-09-12
Lick ShARCS H 1.66 0.30 33 1.5 10 2018-09-27 to 2019-09-15
HST WFPC2 FQCH4P15 0.8930 0.0055 99.6 1.5 22 1994-06-28 to 2002-08-10
HST WFPC2 F953N 0.9546 0.00525 99.6 1.5 30 1995-09-01 to 2008-07-23
HST WFPC2 F850LP 0.9650 0.16724 99.6 1.5 6 1996-08-13 to 2002-08-10
HST WFC3 F845M 0.8454 0.0870 39.62 1.25 176 2009-10-22 to 2020-12-13

Note — 2018, 2019, and 2020 F845M data were magnified to pixel scales 2-3 times smaller than the standard 39.62 mas/pixel by Wong et al. (2022).

Near-infrared images were taken with the Near Infrared Camera
2 (NIRC2) on the Keck Telescopes from 2002 through 2022 in H
band (1.63 pm) and K’ band (2.12 pm), and the Shane AO infraRed
Camera and Spectrograph (ShARCS) on the Shane Telescope at Lick
Observatory during 2018 and 2019 in H band (1.66 pm); see Table 1 for
filter descriptions. These telescopes both utilized adaptive optics (AO)
systems. Keck NIRC2 and Lick ShARCS had pixel sizes of 9.94 mas (de
Pater et al., 2006) and 33 mas (McGurk et al., 2014), respectively.

Between 2002 and 2017, the Keck data were typically taken on a
few consecutive nights each year, producing regularly sampled yearly
data. In 2017, the Twilight Zone Program was implemented at Keck
Observatory, giving classically scheduled observers the opportunity to
donate their unused telescope time (often during poor weather condi-
tions or twilight hours) to take short (10-40 min) observations of bright
solar system objects (Molter et al.,, 2019). The addition of Twilight
program data increased the temporal frequency of Keck data between
2017 and 2022, with gaps between some observations being shortened
to weeks, or days. Since its implementation in 2015, the Twilight Zone
Program has also been active at Lick Observatory, resulting in data
taken during 2018 and 2019 (Molter et al., 2019).

2.2. Data reduction and calibration

All frames of Keck and Lick data underwent standard image re-
duction that involved sky subtraction, flat fielding, and median value
masking to remove bad pixels. A dither pattern with Neptune posi-
tioned in different regions of the detector was used to account for

detector artifacts and construct a sky background after median aver-
aging the frames. A three-point dither was used for Keck observations
and a five-point dither was used for Lick observations. After cropping
and aligning the images, the frames were median averaged to produce
a final image.

The Keck data were usually reduced with in-house IDL routines, and
the geometric distortion of the array was corrected using the dewarp
routines provided by Brian Cameron of the California Institute of Tech-
nology.® Keck and Lick data taken with the Twilight Zone Project were
reduced in Python, using the package nirc2_reduce (Molter, 2022).

When possible, the Keck data were photometrically calibrated using
known photometric stars (from e.g., Elias et al., 1982; Cutri et al,,
2003; Leggett et al., 2006; Hunt et al., 1998) (see also individual papers
of previously published images, Table A.3). All calibrated data were
converted to units of I/F, as defined by Hammel et al. (1989):

r_rhy €]
F QF,
where r is Neptune’s heliocentric distance in A.U., zF is the Sun’s
flux density at Earth’s orbit (1 A.U.) (from Colina et al., 1996), Fy is
Neptune’s observed flux density, and ( is the solid angle corresponding
to a single pixel on the detector.

HST data were reduced and calibrated in the manner described
by Wong et al. (2018, 2022), and were converted to units of I/F using

3 http://www2.keck.hawaii.edu/inst/nirc2/forReDoc/post-observing/
dewarp/nirc2dewarp.pro
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Fig. 2. Neptune’s background I/F (light gray points), and the yearly weighted average of the background I/F (black squares) as determined by photometrically calibrated Keck
data. The background I/Fs and the associated lo error were determined by taking the mean and standard deviation of a cloudless equatorial region within an observation (see
Section 2.2.1). The yearly weighted averages were used to calibrate the rest of the Keck data (see Section 2.2.1 for description of calibration method). Top: Results from H band
data. Bottom: Results from K’ data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Eq. (1). The HST data from 2020 were deconvolved using the method
described in Fry and Sromovsky (2023).

2.2.1. Calibration method for non-photometric Keck data

While some Keck data were photometrically calibrated, the images
taken as part of the Twilight Zone program at Keck and Lick were
not calibrated; neither were images taken during nights that were not
photometric. However, we were able to calibrate the remaining Keck
data using a different calibration method that relied on assumptions
about how Neptune’s background reflectivity changed with time.

At near-IR wavelengths, all light contributions are due to reflected
sunlight from clouds and hazes, not thermal emission from the planet.
We took Neptune’s background to be cloudless regions on the disk
where light contribution is due to reflective haze layers. Zorzi (2019)
showed that Neptune’s mean background brightness in HST methane-
band data (F850LP and F845M) between 1996 and 2019 changed over
time, however these occurred over the span of multiple years and were
minimal in comparison to changes in the disk-averaged I/F (see Figure
4.2 in Zorzi, 2019). If Neptune’s background behaved similarly in H
band and K’ band, we could assume that Neptune’s background in both
filters remained relatively constant over the span of 1-2 years. We made
this assumption when proceeding with the calibration for these data.

The typical background I/F of Neptune in an image was calculated
by taking the median of a square region within the disk that contained
no cloud features. We used the equatorial region of Neptune, as it was
typically free of cloud features throughout all filters (see Figs. A.5 and
A.6). The size of the box was chosen to span a fraction of Neptune’s
equatorial band, spanning several degrees of latitude and longitude
on the planet’s surface. The box’s location on the disk was consistent
throughout all images within a filter to avoid the effects of limb darken-
ing impacting our background calculation (see Fig. A.1 for an example
of box placement). The standard deviation of the data within the box
was used as the 1-¢ error on the background I/F. The background I/F
for the calibrated H and K’ band data is shown in Fig. 2.

Fig. 2 shows that Neptune’s background I/F within a year are
typically clustered around similar values. We assumed that Neptune’s
background remained constant over the span of a year, and determined
the background I/F for each year by taking the weighted average of
the background I/F values for each year in photometrically calibrated
H and K’ data; the results are shown in Fig. 2. We used the error on
the weighted mean as the 1o error. A weighted average was used to

decrease the impacts that large storms could have on the background
I/F measurement. For example, the increased spread during 2017 may
have been caused by contamination from the large equatorial storm
observed during that year (Molter et al.,, 2019), and we therefore
expect that the presence of other large storms could have an impact on
determining the background I/F. We then used these yearly-averaged
backgrounds to photometrically calibrate the uncalibrated Keck data.
From the assumption that Neptune’s background remained constant
over the span of 1-2 years, we multiplied the uncalibrated data by
the ratio between the nearest yearly-averaged background I/F and its
background I/F, which calibrated the image. Since all uncalibrated
Keck images had a yearly-averaged calibrated background I/F taken
within 2 years, we were able to calibrate the previously uncalibrated
Keck data with this method. We did not apply this method to the Lick
H band data due to the lack of photometrically calibrated Lick images.
While we could have used the backgrounds as determined from Keck
H band data to calibrate the Lick data, the differences in the spatial
resolution and PSF between the Keck and Lick data would introduce
major uncertainties in the resulting calibration. Therefore, the Lick data
remained uncalibrated.

3. Cloud activity analysis

As pointed out in the Introduction, while seasonal effects are likely
important, the cause of secular variations in Neptune’s brightness is
not known; both UV sunlight and galactic cosmic rays have been
suggested. With almost 30 years of data at high spatial resolution
from HST and Keck combined, we use these data to further investigate
the cause of Neptune’s variability. To do so, we first determine the
fraction of Neptune’s disk that was covered by clouds, and how this
varies over time. Our second method consists of measuring the average
brightness or reflectivity (I/F) of Neptune’s disk and clouds in an image.
We then separate these I/F contributions by clouds from an average
background haze, and then “normalize” the disk-averaged I/F at the
different wavelengths to account for wavelength-dependent variations
in reflectivity.

3.1. Fractional cloud coverage

We measured the fractional cloud coverage on the planet’s disk by
determining a “cutoff” value for which all regions with a brightness
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Fig. 3. The fractional area of Neptune’s disk that contained clouds. This area was determined by counting the number of pixels on Neptune’s disk above a “cutoff value” and
dividing it by the total number of pixels subtended by the disk in an image. The HST filters of F845M, FQCH4P15, FO53N, and F850LP are shown with gold, green, blue, and
pink crosses respectively. Keck H band and K’ band results are shown with black and purple circles, respectively. Lick results are shown with green diamonds. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

higher than this value were determined to be clouds. This approach did
not require calibrated data to determine the cloud coverage. We began
with Neptune’s background brightness measurements in all images,
determined by the equatorial box method outlined in Section 2.2.1.
We then determined a cutoff value, X, such that all pixels with values
higher than X, x background were determined to be clouds. The precise
value of X, did depend on the filter in question, since the contrast
between the clouds and background was different for different filters.
For example, a higher X, was necessary for K’ band than H band, as
the contrast between cloud features and the background was much
higher in K’ band. The cutoff values X, used for each filter are listed in
Table 1. These were chosen to be low enough that major cloud features
throughout the disk, including near the limbs were captured, but high
enough so that background hazes were not counted as cloud features.
This meant that faint features were not captured as effectively as bright,
prominent ones. Fig. A.1 shows an example of the cloud features on an
image determined with this cutoff method.

After determining our choices for these cutoff values, we isolated
Neptune’s disk in every image. We did this by using an ellipse that
traced the edge of the planet. The semimajor axis of this ellipse was
used as Neptune’s equatorial radius (Rp), while the semiminor axis
was used as Neptune’s apparent polar radius: R, = 1/R2, sin’ ¢ + R cos? ¢
where ¢ was the sub-Earth latitude for the given observation, which
was retrieved from JPL Horizons (Karim et al., 2018). Once we deter-
mined this ellipse, we summed up the number of pixels it contained,
which we used as the total pixels spanned by Neptune’s disk (N,). We
then calculated the number of pixels within Neptune’s disk that were
above the associated cutoff value (N,). The ratio between these two
values was used as the fractional cloud coverage F, for Neptune in
the image: F, = N,/N,. Our fractional cloud coverage results from
all filters are shown in Fig. 3.

3.2. Disk-averaged I/F

We calculated the disk-averaged I/F of Neptune in our
photometrically-calibrated Keck data. We began by isolating the planet
from the background sky by drawing a circle centered on Neptune’s
disk on each image. The radius of this circle ranged between 10 and 20
pixels larger than Neptune’s equatorial radius to account for brightness
that was spread past the edge of Neptune’s disk due to its point-spread
function (PSF). The radius was increased more for dates with poor
weather or when massive, bright features appeared on the disk, both of
which caused a large amount of light to be spread past the disk edge.
This was a common occurrence in the H and K’ band data (see Figs. A.6
and A.7).

Summing up the brightness within the circle gave Neptune’s disk-
integrated I/F. Converting the disk-integrated I/F to disk-averaged
required us to divide by the total number of pixels on Neptune’s disk,
see Section 3.1 for how we determined this. This process was repeated
for every calibrated Keck and HST image in all filters, resulting in Fig. 4.

3.3. Disk-averaged, background-subtracted 1/F

As described earlier, the disk-averaged I/F includes contributions
from the background aerosol hazes/cloud-free regions, as shown in the
images and in Fig. 4. Although there are latitudinal differences in the
temporal evolution of Neptune’s background, these are relatively small
in comparison to the changes in the disk-averaged I/F (see Fig. A.3)
and hence by subtracting the background I/F from the disk-averaged
I/F, we can remove the total background contribution to the first order.
The results are shown in Fig. 4.

While panel D of Fig. 4 appears closer to a direct comparison of
cloud activity across multiple filters due to the removal of background
contributions, we made one final correction: - taking the wavelength-
dependent cloud spectra. For example, even when the same feature was
observed in both filters, the H band consistently showed a higher disk-
averaged, background-subtracted I/F than the K’ band. This discrep-
ancy between filters could obscure underlying patterns of activity. We,
therefore, corrected the background-subtracted, disk-averaged I/F to be
spectrally flat; the procedure for doing so is described in Section 3.4.

3.4. Modeling cloud pressures, spectrally flat disk-averaged I/F

Modifying the typical background-subtracted, disk-averaged I/F in
panel D of Fig. 4 to be spectrally flat requires radiative transfer mod-
eling. We use the SUNBEAR (Spectra from Ultraviolet to Near-infrared
with the BErkeley Atmospheric Retrieval) radiative transfer program to
model Neptune’s atmospheric spectrum (for details, see Molter et al.,
2019). To understand how a cloud’s brightness changes depending on
the filter it was observed in, we need to generate a cloud spectrum using
SUNBEAR that represents the typical clouds in Fig. 4. All modeling is
performed at x4 = 0.67 to simulate a disk-averaged value, where y is the
cosine of the emission angle.

We first determine the typical cloud pressures at which observed
cloud features were located. Having obtained a substantial amount of
data in both the H and K’ band, we used the following equation (de
Pater et al., 2011):

Lo =Tk T (By) =Ly
Iy - Ly

In this equation, the ratio between the intensity of a background-
subtracted cloud (I, — I,) observed in K’ and H band is related to
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Fig. 4. Data shown in all 4 panels include H band (black circles), K’ band (purple circles), F845M (golden crosses), FQCH4P15 (green crosses), F953N (blue crosses), and F850LP
(golden crosses) from 1994 to 2022, as available. All H and K’ band data were either photometrically calibrated using standard methods or were calibrated using the method
described in Section 2.2.1. Lick data are not included, as they were not calibrated. A: The background I/F of Neptune measured in all 6 filters. Note that the H and K’ background
1/F that were determined from photometrically calibrated Keck data shown here are also shown as light gray points in Fig. 2. The rest of the H and K’ background I/F measurements
were from data calibrated with the method described in Section 2.2.1. B: The disk-averaged I/F of Neptune in all 6 filters. C: The disk-averaged I/F of Neptune in panel B, now
normalized within each filter for better comparison. D: Neptune’s disk-averaged I/F (panel B) after subtraction of the corresponding background I/F measurement (panel A). This
isolates the contributions to Neptune’s reflectivity due to clouds. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 5. The relationship between cloud pressure and the ratio of that cloud’s background-subtracted I/F in K’ and H band as determined by Eq. (2).

the pressure of that cloud, P,. Assuming an optically thick cloud at
different pressure levels in the atmosphere, we used a radiative transfer
model to solve Eq. (2) (for details, see Molter et al., 2019); the results
are shown in Fig. 5.

This process required that the same features be captured in both H
and K’ band. Neptune hosts many rapidly (timescales <1 hr) evolving
features (Limaye and Sromovsky, 1991; Sromovsky et al., 1993; Martin
et al., 2012). To maximize the chances of capturing the same features in
both H and K’ band images to determine the clouds’ pressure levels with
Eq. (2), we limited our selection to calibrated H and K’ band images
taken within 1 h of each other. This meant that the Lick and HST data
were not utilized in this step. Eq. (2) also required that the cloud feature
be visible in H band, so we only used data where the H band image
had a non-zero disk-averaged, background-subtracted I/F. After these
images were identified, we divided the K’ and H band background-
subtracted, disk-averaged I/F, and used Fig. 5 to convert this value to
atmospheric pressure. The results shown in Fig. 6 thus shows the typical
cloud pressure on Neptune at that time. As shown, these pressures vary
between <0.1 bar down to ~0.3 bar, sometimes down to 0.6 bar and
once to 1 bar. This agrees well with the pressures found for individual
clouds by Gibbard et al. (2003), de Pater et al. (2014) (their Table 8),
and Irwin et al. (2011). Clouds in the north have typically been found
in the stratosphere, at mid-southern latitudes both in the stratosphere
and troposphere, and clouds at high southern latitudes (including SPFs)
are usually somewhat deeper in the atmosphere.

We took the median of the disk-averaged cloud pressure for data
from 2002 through 2019 and found it to be 0.177 bar (see Fig. 6); this
value was used as input to our spectral flattening procedure outlined
below. We did not consider the data from 2020 onwards due to an in-
crease in typical cloud pressures, which is discussed more in Section 4.
The resulting cloud spectrum is shown in Fig. 7.

For each HST and Keck filter in our data base, we convolved
the spectrum in Fig. 7 with the filter transmission curves. Given this
modeled spectrum, the colored squares in Fig. 7 represent the cloud’s
I/F value we expect to observe in each filter. We used this to scale
the background-subtracted, disk-averaged I/F from panel D of Fig. 4
to make them spectrally flat. We normalized all values to the H band,
following a similar approach to Roman et al. (2022). For each filter, we
calculated the ratio between the expected I/F value of the H band and
the expected 1/F value of that filter: [I/F] /[1/F],. Multiplying each
filter’s disk-averaged, background subtracted I/F by its associated ratio
resulted in the spectrally flat disk-averaged, background subtracted I/F.
The results are shown in Fig. 8; we used this quantity as a measure of
Neptune’s disk-averaged cloud brightness over time.

4. Results and discussion

4.1. Fractional cloud area and cloud I/F: Overall patterns

The two quantities we use to measure cloud activity are the fraction
of Neptune’s disk that contains clouds (see Fig. 3) and the spectrally flat
disk-averaged, background-subtracted I/F (see Fig. 8). In this section,
we refer to these two quantities as Neptune’s cloud coverage and
average cloud brightness.

The results of our cloud coverage work should be compared with
the work done by Karkoschka (2011). That author analyzed Neptune’s
cloud coverage between 1994 and 2010 in HST data, and while they
used slightly different filters, including some at visible wavelengths,
their results show the same general pattern as ours: a rise and subse-
quent fall in cloud coverage, with minima in ~1995 and ~2007 and a
maximum in ~2002 (see Karkoschka, 2011, Figure 9). We extend this
time record using HST, Keck and Lick data, finding another maximum
in cloud coverage in ~2015 and a deep minimum during 2020-2022.

Averaging the cloud coverage and the average cloud brightness over
year-long bins and plotting these quantities against each other (see
Figs. A.2 and A.4) confirms that these quantities are correlated and
show the same periodic pattern. However, we will proceed with the
average cloud brightness as the more accurate measurement of cloud
activity. Since the determination of cloud coverage may suffer from
“bleeding” effects of cloud features due to the PSF, a more accurate way
to analyze potential variations is by using our average cloud brightness.
For example, the discrepancy in cloud coverage in ~2007 between HST
and Keck data is not present in the average cloud brightness, which
we attribute to PSF contamination. Two distinct peaks in activity occur
in ~2002 and ~2015, and two minima are seen around 2007 and
2020, suggesting that the cloud I/F has a ~13 year period variation
(see Fig. 8). The first maximum in 2002 appears to be somewhat
brighter than the second (2015) peak. The precise timing of the second
maximum, however, is difficult to determine due to the large scatter
in the data between 2017 and 2019. There clearly is a dramatic drop,
however, in cloud I/F during late 2019/early 2020 in all 3 filters. This
mirrors the drop in cloud coverage during the same time period.

The time sampling of the data increased in 2015 and 2017 due to
the OPAL and Twilight Zone programs, respectively. With more data,
daily variations in cloud activity are better documented. These varia-
tions show high levels of scatter in cloud coverage and average cloud
brightness during 2017 and 2019 — years where large storms were seen
on Neptune. In particular in 2017 a large, bright equatorial storm was
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Fig. 9. Top: The composite Solar Lyman-alpha irradiance at Earth measured in W/m? from 1994 to 2023 from LISIRD (Machol et al., 2019), represented by gray dots. Gaps in
measurements were filled in by models derived from solar radio data. Overplotted are the spectrally flat, background-subtracted, disk-averaged brightness results (in units of I/F)
shown in Fig. 8. Bottom: The same figure as the top panel, now with the Lyman-alpha emission shifted forward two years.

discovered (Molter et al., 2019), and in 2019 several long-lived storms
were observed at mid-latitudes (Chavez et al., 2023).

The comparison between the different panels of Fig. 4 show that
patterns in disk-averaged brightness were primarily driven by cloud
activity. Panel C of Fig. 4 shows that the disk-averaged I/F within each
filter displays the same periodic pattern as the average cloud brightness
(Fig. 8) and the cloud coverage (Fig. 3): maxima during 2002 and 2015,
minima during 1995, 2009, and 2020. These patterns are not reflected
in Neptune’s Background I/F (panel A of Fig. 4), which stayed relatively
constant over time. Therefore the changes in Neptune’s disk-averaged
brightness during this time were primarily driven by changes in the
discrete cloud activity, and not by changes in the background hazes.

4.2. Drop in cloud activity during late 2019/early 2020

During the second peak in cloud activity (~2013-2019), the mid-
latitudes were very active, hosting bands of activity and large, long-
lived features that persisted for months (Hueso et al., 2017; Chavez
et al., 2023, see Figs. A.5 and A.6). However, Figs. A.5 and A.6 reveal
a dramatic transition in Neptune’s cloud activity that began during late
2019. This transition is characterized by the loss of mid-latitude cloud
activity, and by early 2020, cloud activity at mid-latitudes has nearly
disappeared. In stark contrast to its appearance in previous years,
Neptune’s typical appearance during 2020 is dominated by background
hazes with an active south pole and occasional small, isolated cloud
features at mid-latitudes.

Images of decreased cloud activity characteristic of 2020 were taken
as early as September and October 2019 (see Images 134 and 135 from
Fig. A.5 and Image 176 from Fig. A.6). However, subsequent images
during November 2019 still show high levels of cloud activity at south-
ern mid-latitudes (see Images 178-180 from Fig. A.6), demonstrating
a gradual transition in cloud activity. HST images from January 7 and
8, 2020, show far less activity than those from late 2019, with some
isolated mid-latitudinal features present. Subsequent H and K’ band
Keck data from May 2020 and F845M data from June 2020 show an

even emptier disk, and represent the typical appearance of Neptune
during 2020-2022.

This dramatic shift was captured in our cloud activity analysis
through the dip in cloud coverage and in the disk-averaged cloud
brightness during 2020 (see Figs. 3 and 8), both of which resulted from
the low number of cloud features on the disk. The lack of scatter in
cloud activity typical of previous years further confirms that Neptune’s
disk consistently lacked clouds during this period of low activity.

Our cloud pressure analysis (see Fig. 6) also reveals a notable shift
that accompanies the decrease in cloud activity. A small increase in
cloud pressure began during 2019 and continues through 2022, which
shows that the clouds during this period of low activity are overall
located deeper in the atmosphere than in previous years. While occa-
sionally a few small cloud features appear at mid-latitudes, the south
polar region consistently hosted features throughout 2020-2022, most
notably in the H and K’ bands. A notable feature consistent throughout
these years is a bright ring of activity near —65° in H band data, which
is further explored in Chavez et al. (2023). South Polar Features are
also present in F845M data, some of which were identified and tracked
in Chavez et al. (2023). This consistent activity highlighted the South
Polar region as the primary region of prominent cloud activity during
2020-2022. Cloud features near Neptune’s south pole lie deeper in the
atmosphere than those at mid-latitudes (e.g, Gibbard et al., 2003; Irwin
et al., 2011; de Pater et al., 2014). Therefore, the increase in disk-
averaged cloud pressure in Fig. 6 is most likely caused by the primary
region of cloud activity shifting from the mid-latitudes to the south
polar region.

4.3. Connections to solar cycle variations

As discussed in the Introduction, variations in Neptune’s brightness
cannot only be caused by seasonal variations. Possible correlations
with the solar cycle activity have been proposed and investigated
before (Lockwood and Thompson, 1986; Hammel and Lockwood, 1997;
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Aplin and Harrison, 2016; Roman et al., 2022). In a recent paper, Ro-
man et al. (2022) show that long-term variations in Neptune’s mid-
infrared intensity, interpreted as being caused by a variation in its
stratospheric temperature, may also be related to the Solar cycle.
These authors noted the apparent tentative correlation between the
stratospheric temperature between 2003 and 2020, the discrete cloud
coverage between 1994 and 2011 (as measured by Karkoschka (2011)),
and the solar Lyman « flux (Machol et al., 2019). Our current analysis
of disk-averaged cloud I/F not only shows a consistent trend in cloud
coverage, but extends and strengthens the apparent correlation in time.

In Fig. 9 we use the Solar Lyman-alpha emission (121.56 nm)
measured at Earth as a proxy for the Sun’s ultraviolet irradiance and
compare it to the cloud variation, following the similar comparison
of Roman et al. (2022), but now with additional observations extended
over more than two complete solar cycles. The comparison shows
similar trends between the solar Lyman-alpha emission and the spec-
trally flat, disk-averaged cloud I/F (see Fig. 8). Both have a similar
periodic pattern characterized by two peaks and three minima. The
first peak in the Lyman-alpha emission at ~2002 was notably stronger
than the one around ~2015. While difficult to determine because
of the large scatter in cloud activity around 2017, a similar trend
appears to occur in the spectrally flat, disk-averaged cloud I/F, with
the first peak appearing slightly stronger than the second. To quantify
a possible correlation, we plotted the yearly-averaged Lyman-alpha
emission against the spectrally flat I/F in Fig. A.4. There is evidence for
a linear relationship in this figure, strongly suggesting that solar Lyman-
alpha emission is influencing Neptune’s cloud activity. We note that the
match between the Lyman-alpha and the last minima of the spectrally
flat, disk-averaged cloud I/F may be improved with a 2-year shift of
the Lyman alpha data forward in time, i.e., a lag time in Neptune’s
cloud cover by ~2 yr (shown in the bottom panel of Fig. 9). However,
the total correlation between solar activity and cloud activity decreases
when this is considered (see Fig. A.4). The last Lyman-alpha minimum
during 2019 is especially notable for how it preceded the drop in cloud
activity during late 2019/early 2020.

This correlation indeed suggests that Neptune’s cloud cover is af-
fected by the Sun’s UV light. A possible explanation for this trend
may involve photochemistry. High levels of UV light at wavelengths
below ~145 nm will increase the dissociation rate of methane gas, and
hence the production of hydrocarbons (CxHy) at high altitudes (Moses
et al., 2018). If these hydrocarbons descend in the atmosphere and
reach levels where the temperature drops below the condensation
temperature of the particular hydrocarbon, they will condense and form
hazes and clouds (Moses et al., 1989b, 1992). At low levels of UV light,
the rate of methane photolysis decreases, and hence such a mechanism
may potentially explain the apparent variation in clouds and hazes if
the chemical and advection timescales are short enough.

Interestingly, note that in neither (Roman et al., 2022) nor our
work, maxima in temperature or cloud coverage happened at Neptune’s
summer solstice, in 2005; both the cloud coverage and temperature
were already decreasing, i.e., following the solar activity (UV) cycle.

In addition to the disk-averaged parameters discussed above, our
data show that cloud formation did not diminish in the south polar
region. Since the South Polar Features and the bright H-band ring (often
not visible in K’ band) are located deeper in Neptune’s atmosphere,
one would indeed expect that solar UV light would have little effect on
these features. These, as well as large storms in the atmosphere (such
as the one in 2017, discussed in Molter et al., 2019), are indicative
of convective processes originating deeper in the atmosphere. Such
processes will affect the cloud coverage and disk-averaged cloud I/F
in unknown ways. It is interesting to note that we sometimes do see
clouds at mid-latitudes in 2019-2022, which might be the “lower-level”
clouds as identified by de Pater et al. (2014) which presumably rise up
from deeper levels. Hence, these clouds should not be affected by solar
UV emission.
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The variation in the spatial distribution of clouds in our data and
mid-infrared emission in Roman et al. (2022) is also intriguing. The
south polar region became much brighter in the mid-infrared between
2018 and 2020, in particular in the methane (CH,) and ethane (C,Hy)
bands (Roman et al., 2022). As mentioned by the latter authors, this
may indicate either an increased stratospheric temperature and/or
an enhanced hydrocarbon abundance. While an increase in methane
abundance will heat the atmosphere through absorption of sunlight,
an increase in solar UV emission will increase methane photolysis, and
hence increase the production of hydrocarbons and hazes. In contrast
to the atmospheric heating by methane and hazes, an increase in
hydrocarbon emissions would lead to local cooling of the atmosphere,
i.e., there is a complicated feedback between photochemical and radia-
tive processes. More detailed modeling of the processing linking clouds,
temperatures, and chemistry is needed and will be the focus of future
work.

Despite variations caused by changes in seasons and solar activ-
ity, Neptune clearly does also exhibit variability triggered by internal
processes. As shown in Fig. A.4, the relation between cloud activity
and solar activity is not perfectly linear. Intense cloud activity is
present during years of decreased solar emissions, therefore internal
processes must also play a significant role in modulating cloud activity.
The occurrence of dark spots and infrared-bright storms are “set” by
an internal clock, perhaps much like the quasi-periodic (every 20—
30 years) appearance of giant storms in Saturn’s atmosphere, which
are likely caused by occasional moist convective events, after having
been suppressed for decades (Li and Ingersoll, 2015). Hammel and
Lockwood (2007) suggested the apparition of large storms in ~1976,
1986 and 1993, with “transitional” periods in between. After these
events, storms in HST and AO data did not occur until ~2015, and while
the large dark spot, NDS2018, was still visible in 2021, no infrared-
bright storms were seen after 2019. While the “transitional” period
characterized by Hammel and Lockwood (2007) following the bright
storms did consist of cloud features filling multiple latitude bands,
as indeed occurred from ~2000 to ~2015, the period following the
most recent events showed essentially no activity, not even companion
clouds to NDS2018 (Wong et al., 2022).

5. Conclusions

We examined the time variation in the fractional cloud cover and
the disk-averaged I/F of Neptune’s clouds as derived from near-infrared
HST and Keck data between 1994 and 2022. We summarize our find-
ings as follows:

+ Periodic variation is apparent in Neptune’s cloud activity. While it
is present in the fractional cloud coverage, it is most notable in the
disk-averaged cloud brightness measurements. We documented
two cycles of activity with maxima in ~2002 and 2015, and
minima in ~1996, 2007, and 2020.

A significant transition in Neptune’s cloud activity and cloud
distribution occurred during late 2019/early 2020 that changed
its appearance. This was characterized by the near-disappearance
of mid-latitude clouds that were typical throughout previous
decades, leaving a primarily blank disk dominated by background
hazes. The South Polar region was unaffected by this change and
became the primary region of cloud activity, especially in H and
K’ band. Neptune’s new appearance has persisted throughout our
most recent data; as of 2022, we have not observed a return
of prominent mid-latitudinal cloud activity comparable to earlier
years.

The pattern in Neptune’s average cloud brightness (i.e., disk-
averaged I/F after subtraction of a uniform background atmo-
sphere) shows a correlation with Solar ultraviolet emissions. Our
data provide the strongest evidence to date that the discrete cloud
coverage appears correlated with the solar cycle, following the
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findings by Roman et al. (2022) and extending the observational
record initially reported by Karkoschka (2011).

While we documented 2.5 cycles of cloud activity in this paper,
more work is necessary to further explore the relation between seasonal
changes and solar UV emissions with variations in Neptune’s clouds
and/or hazes. This relation is, no doubt, complex. For example, an
increase in UV sunlight would increase photolysis of methane gas, and
hence the production of hydrocarbons and associated hazes. However,
an increase in UV sunlight may also lead to a darkening of aerosols and
hazes, and hence a decrease in Neptune’s overall brightness. Since solar
activity is inversely correlated with the intensity of galactic cosmic
rays, it may be difficult to disentangle the ion-induced nucleation
from aerosol darkening. Stratospheric temperature must affect the haze
production rate as well, and this temperature must depend on the
season and the stratospheric hydrocarbon production rate (i.e., UV
sunlight), while hydrocarbon emissions cool the atmosphere - i.e., a
complex system with feedback mechanisms between photochemical
and radiative processes. Finally, processes internal to Neptune must
drive infrared-bright “storms”, which are likely convective processes
perhaps suppressed for decades before making it up to the “surface”,
while many “storms” appear as companion clouds to Dark Spots, which
are vortices located deeper in the atmosphere. Continued observations
of Neptune are also necessary to observe if the new era of diminished
cloud activity that began during late 2019/early 2020 will continue in
future years.
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Appendix

Fig. A.1 demonstrates an example of calibrating an image using the
method outlined in Section 2.2.1 and shows the cloud regions identified
in that image.

Here we discuss the sources of uncertainty associated with our
determination of the cloud I/F. The three steps were calibrating the
non-photometric Keck data, performing background subtraction, and
the spectral flattening procedure. To characterize the spread in the
data, Fig. A.2 shows the raw cloud I/F data from Fig. 8, the spectrally
flat cloud I/F data from Fig. 8, and the fractional cloud coverage
from Fig. 3 averaged over 1-year bins. The periodic variation in cloud
brightness is present in both the raw and spectrally flat cloud brightness
data. This figure also shows how the amount of scatter changes when
the average cloud brightness is spectrally flattened. Fig. A.3 shows the
yearly variations in the disk-averaged I/F and the background I/F as
measured in F850LP and F845M data.

The uncertainties due to the Keck calibration method described in
Section 2.2.1 are shown in Fig. 2; these were all equal or less than
0.001 I/F. Uncertainty introduced from background subtraction were
determined in Section 2.2.1 by taking the standard deviation of a cloud-
free region on Neptune. Typical values can be inferred from the error
bars of the gray points on Fig. 2 for Keck data and from the black points
in Fig. A.3 for HST data, all of which were equal or less than 0.005 I/F.

From Fig. A.2 the scatter in the cloud brightness is either unchanged
or reduced after the spectral flattening procedure (see orange vs black
points). The same periodic pattern in cloud activity can be seen in
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Fig. A.1. An example of the calibration method described in Section 2.2.1 and of the method used to determine cloud coverage of Neptune’s disk. An H band image from
September 4, 2017 is shown (displayed logarithmically). Panel A: The uncalibrated image of Neptune. Panel B: The isolated disk after applying our calibration method described
in Section 2.2.1. The box within the equatorial region used to calculate the background I/F is outlined by four white dots. Panel C: The regions of Neptune’s disk that contains

clouds are shown (see the method outlined in Section 3.1).
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Fig. A.2. Top: The black points show the spectrally flat, disk-averaged, background-subtracted I/F shown in Fig. 8, now averaged within 1-year bins. The orange points are the
disk-averaged, background subtracted I/F from panel D of Fig. 4. Bottom: The fractional cloud coverage shown in Fig. 3 averaged within 1-year bins. The uncertainties for the
binned cloud I/F and the binned fractional cloud coverage were determined by taking the standard deviations of the data. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table A.1 Table A.1 (continued).

HST data used in this paper. 2001-06-26 13:19:14 F953N 8634 Rages
Date Time Filter Program ID PI 2002-08-09 15:15:16 F850LP 9393 Sromovsky
1994-06-28 05:24:17 FQCH4P15 5991 Trauger 2002-08-09 17:11:16 FQCH4P15 9393 Sromovsky
1994-10-10 15:50:16 FQCH4P15 5329 Hammel 2002-08-09 19:01:16 FO53N 9393 Sromovsky
1994.10.10 o146 FOCHAP1S 2329 Hammel 2002-08-10 13:42:16 F850LP 9393 Sromovsky
1994.10.18 64217 FOCHAP1S 2390 Hammel 2002-08-10 15:38:16 FQCH4P15 9393 Sromovsky
19941016 005817 FOCH4P1S 2399 Hammel 2002-08-10 17:18:16 FQCH4P15 9393 Sromovsky
1994-10-19 05:34:17 FQCH4P15 5329 Hammel 2002-08-10 17:27:16 F953N 9393 Sromovsky
1994-11-02 02:33:17 FQCH4P15 5329 Hammel 2004-08-18 14:17:16 F953N 10170 Rages
1994-11-02 02:47:17 FQCH4P15 5329 Hammel 2005-04-19 05:42:16 F953N 10170 Rages
1995-09-01 01:36:16 F953N 5831 Hammel 2005-08-10 15:02:16 F953N 10534 Rages
1995-09-01 01:54:17 FQCH4P15 5831 Hammel 2006-06-30 05:05:16 F953N 10534 Rages
1995-09-01 02:05:17 FQCH4P15 5831 Hammel 2006-07-02 00:05:16 F953N 10534 Rages
1995-09-02 11:23:16 F953N 5831 Hammel 2007-08-11 05:50:16 F953N 11156 Rages
1995-09-02 11:40:17 FQCHA4P15 5831 Hammel 2008-04-24 09:43:17 F953N 11156 Rages
1995-09-13 13:19:16 FQCH4P15 6219 Trauger 2008-05-07 01:04:17 F953N 11156 Rages
1995-11-22 04:29:17 FQCH4P15 5831 Hammel 2008-05-18 15:19:17 F953N 11156 Rages
1995-11-22 10:37:16 F953N 5831 Hammel 2008-05-24 02:35:17 F953N 11156 Rages
1995-11-24 06:03:16 F953N 5831 Hammel 2008-05-25 02:27:17 F953N 11156 Rages
1995-11-24 06:29:17 FQCH4P15 5831 Hammel 2008-07-17 10:34:17 FO53N 11156 Rages
1995-11-24 06:29:17 FQCH4P15 5831 Hammel 2008-07-18 10:33:17 F953N 11156 Rages
1996-08-13 10:15:16 F850LP 6650 Sromovsky 2008-07-19 08:55:17 F953N 11156 Rages
1996-08-13 23:29:16 FQCH4P15 6650 Sromovsky 2008-07-21 08:52:17 F953N 11156 Rages
1996-08-14 00:42:16 FQCH4P15 6650 Sromovsky 2008-07-23 10:25:17 F953N 11156 Rages
1996-08-14 00:57:16 F850LP 6650 Sromovsky 2009-10-22 04:17:56 F845M 11630 Rages
1997-07-05 05:24:13 FQCH4P15 5831 Hammel 2010-06-16 22:00:01 F845M 11630 Rages
1997-07-05 16:15:13 F953N 5831 Hammel 2010-08-09 01:13:15 F845M 11630 Rages
1998-08-11 02:37:14 FQCH4P15 7324 Sromovsky 2011-06-25 19:34:58 F845M 12675 Noll
1998-08-11 15:13:13 F850LP 7324 Sromovsky 2011-06-25 20:04:39 F845M 12675 Noll
1998-08-12 10:51:13 F850LP 7324 Sromovsky 2011-06-25 22:54:44 F845M 12675 Noll
2000.08.30 0436.13 FOR3N 8634 Reges 2011-06-25 23:26:24 F845M 12675 Noll
5000.10.01 145113 953N ge34 Rages 2011-06-26 00:28:27 F845M 12675 Noll
5000.10.09 140813 FORaN g634 Rages 2011-06-26 02:37:31 F845M 12675 Noll
5000.10.18 133713 3N g634 Rages 2011-06-26 03:58:45 F845M 12675 Noll
5001.05.28 012514 53N 8634 Rages 2011-06-26 04:12:44 F845M 12675 Noll
5001.06.95 1450.14 FoRaN s634 Rages 2011-06-26 05:01:33 F845M 12675 Noll

2011-06-26 07:05:09 F845M 12675 Noll
2015-09-01 08:14:00 F845M 14044 de Pater
2015-09-02 08:05:26 F845M 14044 de Pater
2015-09-18 07:15:30 F845M 13937 Simon

(continued on next page)

12



E. Chavez et al.

Table A.1 (continued).
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Table A.1 (continued).

2015-09-18
2015-09-18
2015-09-18
2015-09-18
2015-09-18
2015-09-18
2015-09-19
2015-09-19
2016-10-03
2016-10-03
2016-10-03
2016-10-03
2016-10-03
2016-10-04
2016-10-04
2016-10-04
2016-10-04
2016-10-04
2017-10-06
2017-10-06
2017-10-06
2017-10-06
2017-10-06
2017-10-06
2017-10-07
2017-10-07
2017-10-07
2017-10-07
2017-10-07
2018-09-09
2018-09-09
2018-09-09
2018-09-09
2018-09-09
2018-09-10
2018-09-10
2018-09-10
2018-09-10
2018-09-10
2018-09-10
2018-11-05
2018-11-05
2018-11-05
2018-11-05
2018-11-05
2018-11-05
2018-11-05
2018-11-05
2018-11-05
2018-11-06
2018-11-06
2018-11-06
2018-11-06
2019-09-28
2019-09-28
2019-09-28
2019-09-28
2019-09-28
2019-09-28
2019-09-28
2019-09-28
2019-09-29
2019-09-29
2019-09-29
2019-09-29
2019-09-29
2019-09-29
2019-09-29
2019-09-29
2020-01-07
2020-01-07
2020-01-07
2020-01-07

07:15:30
12:11:41
16:48:17
17:35:12
21:34:41
22:21:36
00:45:36
06:18:55
07:04:01
11:50:15
16:34:23
21:20:36
23:56:20
00:33:30
04:33:01
10:03:52
10:05:57
12:30:05
02:47:31
09:45:27
14:29:18
18:48:59
22:04:17
23:58:16
00:00:27
03:14:41
07:14:35
08:00:18
12:44:10
13:15:25
13:24:36
16:26:08
19:40:21
19:49:32
01:58:20
02:07:31
05:09:04
05:18:15
08:19:48
08:28:59
07:09:18
07:18:29
10:20:02
10:29:13
13:30:48
13:39:59
18:16:54
23:03:00
23:12:11
03:49:37
03:58:48
08:35:14
08:44:25
07:24:04
07:33:13
12:10:09
12:19:18
16:56:14
17:05:23
21:42:19
21:51:28
00:53:02
01:02:11
04:03:46
04:12:55
07:14:28
07:23:37
12:00:33
12:00:33
19:16:42
19:24:50
19:49:11
19:53:13

F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M
F845M

13937
13937
13937
13937
13937
13937
13937
13937
14334
14334
14334
14334
14334
14334
14334
14334
14334
14334
14756
14756
14756
14756
14756
14756
14756
14756
14756
14756
14756
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15262
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
15502
16057
16057
16057
16057

Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Simon
Wong
Wong
Wong
Wong
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2020-01-07 22:27:22 F845M 16057 Wong
2020-01-07 22:35:30 F845M 16057 Wong
2020-01-07 22:59:51 F845M 16057 Wong
2020-01-07 23:03:53 F845M 16057 Wong
2020-01-08 01:38:02 F845M 16057 Wong
2020-01-08 01:46:10 F845M 16057 Wong
2020-01-08 02:10:31 F845M 16057 Wong
2020-01-08 02:14:33 F845M 16057 Wong
2020-01-08 04:48:42 F845M 16057 Wong
2020-01-08 04:56:50 F845M 16057 Wong
2020-01-08 05:21:11 F845M 16057 Wong
2020-01-08 05:25:13 F845M 16057 Wong
2020-01-08 07:59:20 F845M 16057 Wong
2020-01-08 08:07:28 F845M 16057 Wong
2020-01-08 08:31:49 F845M 16057 Wong
2020-01-08 08:35:51 F845M 16057 Wong
2020-06-23 05:29:47 F845M 16084 Wong
2020-06-23 05:37:55 F845M 16084 Wong
2020-06-23 06:02:16 F845M 16084 Wong
2020-06-23 06:06:18 F845M 16084 Wong
2020-06-23 08:40:28 F845M 16084 Wong
2020-06-23 08:48:36 F845M 16084 Wong
2020-06-23 09:12:57 F845M 16084 Wong
2020-06-23 09:16:59 F845M 16084 Wong
2020-06-23 11:51:08 F845M 16084 Wong
2020-06-23 11:59:16 F845M 16084 Wong
2020-06-23 12:23:37 F845M 16084 Wong
2020-06-23 12:27:39 F845M 16084 Wong
2020-06-23 15:01:50 F845M 16084 Wong
2020-06-23 15:09:58 F845M 16084 Wong
2020-06-23 15:34:19 F845M 16084 Wong
2020-06-23 15:38:21 F845M 16084 Wong
2020-06-23 18:12:30 F845M 16084 Wong
2020-06-23 18:20:38 F845M 16084 Wong
2020-06-23 18:44:59 F845M 16084 Wong
2020-06-23 18:49:01 F845M 16084 Wong
2020-12-12 07:02:34 F845M 16454 Wong
2020-12-12 07:06:36 F845M 16454 Wong
2020-12-12 07:12:10 F845M 16454 Wong
2020-12-12 07:17:44 F845M 16454 Wong
2020-12-12 13:23:54 F845M 16454 Wong
2020-12-12 13:27:56 F845M 16454 Wong
2020-12-12 13:33:30 F845M 16454 Wong
2020-12-12 13:39:04 F845M 16454 Wong
2020-12-12 16:34:34 F845M 16454 Wong
2020-12-12 16:38:36 F845M 16454 Wong
2020-12-12 16:44:10 F845M 16454 Wong
2020-12-12 16:49:44 F845M 16454 Wong
2020-12-12 19:45:13 F845M 16454 Wong
2020-12-12 19:49:15 F845M 16454 Wong
2020-12-12 19:54:49 F845M 16454 Wong
2020-12-12 20:00:23 F845M 16454 Wong
2020-12-13 08:27:53 F845M 16454 Wong
2020-12-13 08:31:55 F845M 16454 Wong
2020-12-13 08:37:29 F845M 16454 Wong
2020-12-13 08:43:03 F845M 16454 Wong
2020-12-13 11:38:31 F845M 16454 Wong
2020-12-13 11:42:33 F845M 16454 Wong
2020-12-13 11:48:07 F845M 16454 Wong

both cases. This indicates that uncertainty due to the spectral flattening
procedure is small in comparison to the other sources. From this, the
most significant source of uncertainty is the calibration procedure for
non-photometric Keck data done in Section 2.2.1, with background
subtraction being the next largest contributor. We expect up to 20%
uncertainty to the cloud I/F results that were determined from non-
photometric Keck data, and up to 10% uncertainty in the results
determined from all other data. These error bars remain smaller than
the 90% amplitude of the periodic trend we observe. We conclude that
the periodic variation seen over the 28-years of data is caused primarily
by cloud activity, and not error introduced by our methodology.

Fig. A.4 shows the correlations between the fractional cloud coverage
and the Lyman-alpha emission with the spectrally flat cloud I/F. All
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Table A.2

Keck data used in this paper.
Date Time Filter Calibrated in Section 2.2.1? PI/Observers Twilight?
2002-08-02 09:29:50 H Y Gibbard
2002-08-02 09:57:42 K Y Gibbard
2002-08-03 09:47:46 H Y Gibbard
2002-08-03 10:00:25 K Y Gibbard
2002-08-04 11:22:27 H Y Hammel
2002-08-04 11:27:17 K Y Hammel
2002-08-05 09:00:58 K Y Hammel
2002-08-05 11:22:44 H Y Hammel
2003-08-15 08:02:33 H Y Sromovsky
2003-08-15 08:13:03 K Y Sromovsky
2003-08-15 11:54:56 H Y Sromovsky
2003-08-15 12:05:09 K’ Y Sromovsky
2003-08-16 09:16:11 H Y Sromovsky
2003-08-16 09:34:01 K Y Sromovsky
2003-08-16 11:27:41 H Y Sromovsky
2003-08-16 11:44:09 K’ Y Sromovsky
2003-10-03 06:33:13 H Hammel
2003-10-03 07:09:45 K Hammel
2003-10-04 05:47:22 H Hammel
2003-10-04 06:10:10 K Hammel
2003-10-04 08:04:22 H Hammel
2003-10-04 08:30:28 K’ Hammel
2003-10-05 06:00:35 K Gibbard, de Pater
2003-10-05 06:12:13 H Gibbard, de Pater
2003-10-05 08:06:03 H Gibbard, de Pater
2003-10-05 08:30:37 K Gibbard, de Pater
2003-10-06 06:25:04 H Gibbard, de Pater
2003-10-06 07:45:18 K Gibbard, de Pater
2003-10-06 07:59:38 H Gibbard, de Pater
2004-07-03 14:10:19 H Hammel, de Pater
2004-07-04 10:36:42 H Hammel, de Pater
2004-07-08 14:18:12 H de Pater, Hammel
2004-07-09 11:51:38 H de Pater, Hammel
2004-07-11 11:49:59 H Sromovsky, Fry
2004-07-11 11:54:25 K Y Sromovsky, Fry
2004-07-11 14:25:57 H Sromovsky, Fry
2004-07-11 14:30:26 K Y Sromovsky, Fry
2004-07-12 11:28:20 H Y Sromovsky, Fry
2004-07-12 11:33:14 K’ Y Sromovsky, Fry
2004-07-12 14:16:25 H Y Sromovsky, Fry
2004-07-12 14:21:08 K’ Y Sromovsky, Fry
2004-08-11 06:01:06 H Y Sromovsky, Fry
2004-08-11 06:06:20 K’ Y Sromovsky, Fry
2004-08-11 11:09:59 H Y Sromovsky, Fry
2004-08-11 11:14:52 K Y Sromovsky, Fry
2004-08-12 06:01:31 H Y Sromovsky, Fry
2004-08-12 06:12:17 K Y Sromovsky, Fry
2004-08-12 12:29:47 K Y Sromovsky, Fry
2005-07-05 11:00:07 K Y Hammel, de Pater
2005-07-05 11:17:15 H Y Hammel, de Pater
2005-07-06 13:18:51 K Y Hammel, de Pater
2005-07-06 13:26:25 H Y Hammel, de Pater
2005-08-14 11:55:23 H Y Sromovsky, Fry
2005-08-14 12:00:12 K Y Sromovsky, Fry
2005-08-15 11:12:19 H Y Sromovsky, Fry
2005-08-15 11:17:41 K’ Y Sromovsky, Fry
2005-08-23 06:52:52 H de Pater
2005-08-23 07:06:48 K de Pater
2005-10-29 06:17:32 K Y Hammel, de Pater
2005-10-29 06:22:47 H Y Hammel, de Pater
2006-07-29 11:07:48 H Y Sromovsky,Fry
2006-07-30 11:14:52 H Y Sromovsky,Fry
2006-07-30 11:19:25 K Y Sromovsky,Fry
2007-05-28 12:38:26 K Y de Pater
2007-05-28 13:15:16 H Y de Pater
2007-07-26 11:44:48 K de Pater
2007-07-26 11:50:45 H de Pater
2007-07-27 10:36:44 K de Pater
2007-07-27 10:48:12 H de Pater
2007-07-28 01:40:27 H de Pater
2007-07-28 11:22:31 K de Pater
2007-08-09 10:33:08 K de Pater, Gibbard, Showalter
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Table A.2 (continued).

2007-08-09
2007-08-14
2007-08-14
2008-10-05
2008-10-05
2008-10-06
2008-10-06
2008-10-09
2008-10-09
2009-07-14
2009-07-14
2009-07-16
2009-07-16
2009-07-25
2009-07-25
2009-07-26
2009-07-26
2010-07-27
2010-07-27
2010-07-28
2010-07-28
2010-08-21
2010-08-21
2010-08-22
2010-08-22
2011-07-26
2011-07-26
2011-07-28
2011-07-28
2012-06-26
2012-06-26
2012-07-14
2012-07-14
2012-07-25
2012-07-25
2012-07-30
2012-07-30
2013-07-03
2013-07-03
2013-07-03
2013-07-03
2013-07-03
2013-07-31
2013-07-31
2014-08-05
2014-08-05
2014-08-06
2014-08-06
2014-08-20
2014-08-20
2014-08-20
2015-08-29
2015-08-29
2015-08-30
2015-08-30
2015-12-25
2015-12-25
2015-12-25
2016-09-12
2016-10-16
2017-06-26
2017-06-26
2017-07-02
2017-07-02
2017-07-16
2017-07-24
2017-07-24
2017-07-25
2017-07-25
2017-08-03
2017-08-03
2017-08-10
2017-08-25
2017-08-25

10:38:15
07:09:20
07:18:27
05:05:55
05:11:25
06:10:14
09:10:25
06:07:16
06:18:21
11:09:04
11:22:20
10:43:23
10:56:39
10:01:45
10:12:01
10:50:06
10:55:35
10:40:09
10:51:04
10:38:12
10:42:16
10:38:24
10:43:44
11:06:06
11:11:32
10:36:26
10:43:06
10:34:50
10:39:58
13:21:12
13:37:44
10:36:03
10:55:07
09:13:35
09:33:14
10:49:14
11:03:12
10:50:11
10:59:55
12:50:18
12:58:46
15:03:11
13:17:44
13:25:11
10:53:27
11:00:11
10:46:42
10:51:57
08:15:40
11:32:39
13:21:43
12:30:09
12:35:15
12:08:30
12:13:37
04:25:06
04:29:55
05:38:23
10:14:07
07:19:32
14:52:33
14:57:51
12:06:37
12:17:35
15:08:03
12:53:49
13:01:04
15:14:44
15:20:22
13:25:53
15:26:23
12:45:42
11:27:16
11:30:46

Ko R

Kok R

<

<

de Pater, Gibbard, Showalter
de Pater, Gibbard, Showalter
de Pater, Gibbard, Showalter

de Pater

de Pater

de Pater

de Pater
Hammel
Hammel

de Pater

de Pater
Hammel
Hammel

de Pater

de Pater
Hammel
Hammel

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater
Sromovsky, Fry
Sromovsky, Fry
de Pater

de Pater
Engineering
Engineering

de Pater

de Pater
Sromovsky, Fry
Sromovsky, Fry
de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater

de Pater
Baranec
Baranec

de Kleer, Molter
de Kleer, Molter
Team Keck
Team Keck
Puniwai

de Pater, Tollefson
de Pater, Tollefson
de Pater, Molter
de Pater, Molter
Molter, Jordan
Molter, Jordan
Baranec, Salama

<

de Pater, Molter, Tollefson
de Pater, Molter, Tollefson
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Table A.2 (continued).

2017-08-26
2017-08-26
2017-08-26
2017-09-03
2017-09-03
2017-09-03
2017-09-04
2017-09-04
2017-09-04
2017-09-27
2017-09-27
2017-10-06
2017-10-06
2017-11-08
2017-11-08
2018-01-10
2018-01-10
2018-05-22
2018-05-22
2018-05-23
2018-05-23
2018-05-25
2018-05-25
2018-05-26
2018-05-26
2018-05-27
2018-05-27
2018-06-11
2018-06-11
2019-06-15
2019-06-15
2019-06-16
2019-06-16
2019-06-17
2019-06-17
2019-07-04
2019-07-04
2019-09-10
2019-09-10
2019-09-11
2019-09-11
2019-10-28
2019-10-28
2019-11-04
2019-11-04
2019-11-04
2020-05-19
2020-05-19
2020-08-11
2020-08-11
2020-08-15
2020-08-15
2020-09-08
2020-09-08
2020-11-06
2020-11-06
2020-11-06
2020-11-06
2020-11-06
2020-11-24
2020-11-24
2020-11-24
2021-05-11
2021-05-11
2021-07-21
2021-07-21
2021-07-21
2021-09-23
2021-09-23
2021-10-07
2021-10-07
2021-10-07
2021-10-07
2021-10-07

10:33:10
10:38:49
13:36:10
10:31:36
10:37:02
12:57:19
10:32:34
10:37:35
12:40:40
04:56:27
05:02:01
10:48:40
10:54:32
04:14:10
04:19:22
04:38:21
04:43:26
14:57:04
15:02:14
14:55:28
15:00:38
15:00:03
15:05:33
14:46:03
14:51:13
14:49:56
14:55:21
14:37:52
14:43:06
14:28:43
14:33:45
14:56:27
15:01:48
14:54:24
14:59:51
15:09:31
15:14:38
11:25:14
11:30:44
11:19:00
11:24:20
08:28:59
08:33:55
04:15:52
04:21:04
04:22:26
15:13:01
15:18:03
15:28:00
15:33:12
15:13:47
15:18:57
07:13:46
07:18:56
05:49:12
05:55:34
06:00:52
06:33:01
06:38:14
05:08:13
06:41:23
06:49:21
15:14:44
15:19:59
14:32:45
14:37:25
14:45:34
10:59:11
11:03:42
04:58:32
05:03:26
08:40:25
08:47:56
08:54:48

TDDTRIDRIRRDR DI R T

O e R e

K R

de Pater, Molter, Tollefson
de Pater, Molter, Tollefson
de Pater, Molter, Tollefson
de Pater, Molter, Tollefson
de Pater, Molter, Tollefson
de Pater, Molter, Tollefson
Team Keck

Team Keck

Team Keck

Mcilroy, Magnier

Mcilroy, Magnier

Aycock, Ragland

Aycock, Ragland

Alvarez, Licandro

Alvarez, Licandro
Puniwai, McPartland
Puniwai, McPartland
Alvarez, Mcilroy, Bennett
Alvarez, Mcilroy, Bennett

Mcilroy, Ridenour, Alvarez, Bennett
Mcilroy, Ridenour, Alvarez, Bennett

Aycock, Ridenour, Bennett
Aycock, Ridenour, Bennett
Aycock, Ridenour, Bennett
Aycock, Ridenour, Bennett
Aycock, Bennett

Aycock, Bennett

Stickel, Alvarez, Hu
Stickel, Alvarez, Hu

de Kleer, Pelletier

de Kleer, Pelletier
Pelletier

Pelletier

Pelletier, Gaidos

Pelletier, Gaidos

Team Keck

Team Keck

Sromovsky, Fry, de Pater
Sromovsky, Fry, de Pater
Sromovsky, Fry, de Pater
Sromovsky, Fry, de Pater
de Pater

de Pater

de Pater

de Pater

de Pater

Hershley, Steidel, Chen
Hershley, Steidel, Chen
Renaud-Kim, Stockton
Renaud-Kim, Stockton

Wilburn, Alvarez, Cowie, Barger
Wilburn, Alvarez, Cowie, Barger

de Kleer, Camarca

de Kleer, Camarca
Alvarez, Pelletier
Alvarez, Pelletier
Alvarez, Pelletier
Alvarez, Pelletier
Alvarez, Pelletier

de Pater

de Pater

de Pater

Rostopchina, Prochaska
Rostopchina, Prochaska
de Pater

de Pater

de Pater

Sromovsky, Fry, de Pater
Sromovsky, Fry, de Pater
de Pater, Molter

de Pater, Molter

de Pater, Molter

de Pater, Molter

de Pater, Molter

Ko KR KRR R KRR KRR KRR KRR

Ko Ko

<
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Table A.2 (continued).

2021-10-07 09:02:03 H de Pater, Molter
2021-10-07 09:08:58 H de Pater, Molter
2021-10-07 09:16:02 H de Pater, Molter
2021-10-08 04:31:49 H de Pater, Molter
2021-10-08 04:37:10 K de Pater, Molter
2021-10-08 05:11:41 H de Pater, Molter
2021-10-08 05:25:41 H de Pater, Molter
2021-10-08 05:40:12 K de Pater, Molter
2021-10-08 05:54:19 K’ de Pater, Molter
2021-10-08 06:08:26 K de Pater, Molter
2021-10-08 06:22:44 K de Pater, Molter
2021-10-08 06:29:48 K de Pater, Molter
2021-10-08 06:37:10 H de Pater, Molter
2021-10-08 07:05:11 H de Pater, Molter
2021-10-08 07:33:01 H de Pater, Molter
2021-10-08 07:54:09 H de Pater, Molter
2021-10-08 08:42:57 H de Pater, Molter
2021-10-08 09:04:34 H de Pater, Molter
2021-10-08 09:18:36 H de Pater, Molter
2022-05-17 14:50:34 H Y Alvarez, Aycock Y
2022-05-17 14:55:13 K Y Alvarez, Aycock Y
2022-06-19 14:42:13 H Y Renaud-Kim, Alvarez Y
2022-06-19 14:47:09 K Y Renaud-Kim, Alvarez Y
2022-06-29 14:44:01 H Y Aycock, Taylor Y
2022-06-29 14:48:41 K Y Aycock, Taylor Y
2022-07-25 15:18:46 H Y de Pater
2022-08-03 15:28:36 H Y de Pater
2022-08-15 08:46:14 H de Pater
2022-08-15 08:51:05 K’ de Pater
2022-08-15 14:05:52 H de Pater
2022-08-15 14:10:39 K de Pater
2022-08-15 15:32:43 H de Pater
2022-08-16 08:40:56 H de Pater
2022-08-16 08:45:35 K’ de Pater
2022-08-16 14:33:02 H de Pater
2022-08-16 14:37:07 K de Pater
2022-09-06 10:57:22 H de Pater, Fry, Sromovsky
2022-09-06 11:02:15 K de Pater, Fry, Sromovsky
2022-09-06 13:32:57 H de Pater, Fry, Sromovsky
2022-09-06 13:37:43 K de Pater, Fry, Sromovsky
2022-09-07 10:59:30 H de Pater, Fry, Sromovsky
2022-09-07 11:04:26 K de Pater, Fry, Sromovsky
2022-09-07 13:00:13 H de Pater, Fry, Sromovsky
2022-09-07 13:05:38 K de Pater, Fry, Sromovsky
2022-09-11 11:04:32 K Y Sromovsky, Fry, de Pater
2022-09-12 12:06:15 H Sromovsky, Fry, de Pater
2022-09-12 12:28:38 K Sromovsky, Fry, de Pater
Table A.3
Lick data used in this paper.

Date Time Filter PI/Observers

2018-09-27 04:25:27 H Gates, Rich

2018-10-26 03:05:39 H Gates, Rich

2018-11-25 03:29:13 H Gates, Rich

2019-07-22 11:29:37 H Gates, Ammons

2019-07-23 11:55:42 H Lynam, Rich

2019-08-17 11:46:00 H Gates, Gonzales

2019-08-20 11:31:42 H Lynam, Rich

2019-08-21 09:43:27 H Lynam, Theissen

2019-09-14 08:45:57 H Gates, Giacalone, Dressing

2019-09-15 08:34:32 H Gates, Giacalone
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Year

Fig. A.3. Disk-averaged and mean background I/F for HST F850LP and F845M data. The orange points show the disk-averaged I/F and the black points show the mean background
I/F. The symbols distinguish WFPC2 F850LP from 1994 up to 2009 (diamonds) and WFC3 F845M data from 2009 onwards (circles). The error bars show the variance within each
year Zorzi (Adapted from 2019). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Spectrally Flat Cloud I/F

Spectrally Flat Cloud I/F

Spectrally Flat Cloud I/F

Fig. A.4. Left: The binned spectrally flat cloud I/F plotted against the binned fractional cloud cover as measured in HST and Keck data (see black points in Fig. A.2). The Pearson
correlation coefficient is 0.78. Center: The yearly-averaged Lyman-Alpha solar irradiance plotted against the yearly-averaged spectrally flat cloud I/F. The Pearson correlation is
0.72. Right: The yearly-averaged Lyman-Alpha solar irradiance with a +2 year time delay plotted against the yearly-averaged spectrally flat cloud I/F. The Pearson correlation
coefficient is 0.56, showing a weaker correlation with cloud activity when compared with the original solar Lya emission.

quantities shown are averaged over yearly bins, and the uncertainties
are determined by the standard deviations of the data in the bins. The
Pearson correlation coefficient is used to characterize the correlation;
numbers closer to +1 indicate a stronger positive correlation. The left
panel of Fig. A.4 shows a strong correlation (p = 0.78) between the
cloud cover and the average cloud brightness, confirming that they can
both be used as measurements of cloud activity. In addition, a positive
correlation between the average cloud brightness and the solar Lya
emission is present (p = 0.72). When a 2 year delay in the solar Lya
emission is introduced (right panel of Fig. A.4), the correlation between

18

solar activity and cloud activity becomes weaker, but it is still positively
correlated (p = 0.56). This suggests that there may not be an overall
delay in cloud activity in comparison to solar activity. In both cases,
we show that a positive correlation exists between cloud activity and
solar emission.

Figs. A.5, A.6, and A.7 show the images used in this paper from
the Keck Observatory, Hubble Space Telescope, and Lick Observatory,
respectively. Neptune’s north pole is pointing roughly upwards in all
images (see Tables A.1 and A.2).
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Fig. A.5. HST data from the WFPC2 (FQCH4P15, F953N, and F850LP) between 1994 and 2009 and from WFC3 (F845M) between 2009 and 2021. Images are displayed to best
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Fig. A.6. Select Keck images (H and K’ band) between 2002 and 2021 used in this paper shown on a logarithmic scale. Images within the same filter taken minutes apart have
been excluded. Images are displayed to best display the contrast between cloud features and background hazes. The image stretch for 2020 K’ band images was intentionally

narrowed to better display Neptune’s faint disk.
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