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Abstract In April 2011 Saturn’s midlatitude ionospheric Hj emissions were detected, exhibiting
anomalous (nonsolar) H;f latitudinal variations consistent with the transport of water from specific locations
in Saturn’s rings, known as “ring rain”. These products, transported to the planet along the magnetic field,
may help to explain the unusual pattern of peaks and troughs in electron densities discovered in Saturn’s
ionosphere by spacecraft flybys. In the present study, we analyzed H3 emissions recorded on 23 April 2013,
showing for the first time since the original detection that Saturn’s midlatitude HJ emissions are indeed
heavily modified. Although the 2013 emissions are dimmer by almost a factor of 3.7, the latitudinal contrast
is greater and uncertainties are lower. Increased Hj intensities were found near planetocentric latitudes of
43°,51°, and 63°, previously identified with sources at the inner edge of the B ring, A ring, and the orbit of
Enceladus and associated E ring.

Plain Language Summary Saturn was found in the past to be subjected to the flow of water
particles from the rings to the planet, which leave an imprint on the upper parts of the atmosphere. This
water is eroded from Saturn’s rings by a combination of electrical and magnetic forces, which can alter
the estimated age and lifetime of the rings. Here we present our observations that have redetected this
influence upon the atmosphere at higher resolution, significantly improving our understanding of how
it works.

1. Introduction

Prior to the arrival of any spacecraft at Saturn, early models describing Saturn’s ionosphere based on pho-
toionization of H,, He, and H by extreme ultraviolet (EUV) radiation from the Sun predicted an electron density
of around 1x10° cm~3 (McElroy, 1973; Waite et al., 1979). In 1979, the Pioneer 11 spacecraft became the first
human-made object to encounter Saturn as it flew by (Kliore et al., 1980). The spacecraft was occulted twice
by Saturn: once upon passing behind the planet at 11.6° south latitude, and again as it emerged 1 h 19 min
later at 9.6° south. Kliore et al. (1980) used the radio occultations to estimate the ionospheric electron density
as a function of altitude, finding that the peak density was an order of magnitude less than models predicted,
at 1x10* cm™3.

Subsequent radio occultations by Voyager 1 and 2,in 1980 and 1981, showed peak electron densities between
~6x10% cm~3 and ~2.3x10* cm~3 (Atreya et al., 1984). The highest density was derived at a latitude of 73°
south, while the lowest was found at 36° north, an unexpected latitudinal variation. Nonauroral peak electron
densities ought to increase toward the equator as their production mechanism is solar EUV ionization. Like-
wise, analyses of Saturn electrostatic discharges suggested dramatic variations of peak electron density with
both latitude and local time Kaiser et al. (1984).

Connerney and Waite (1984) proposed a “radically different” ionospheric model to account for these observa-
tions in which an exogenous water influx was introduced, greatly accelerating recombination and depleting
peak densities. They found that a planet-wide water influx of ~4x10” molecules cm~2 s~! was needed in order
to reduce electron densities to match the observed values. A much greater localized water influx magnetically
conjugate to the inner edge of the B ring (—38° south) was also proposed. This source was required to explain
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observed latitudinal variations in peak density but was also predicted by a theory of charged particle motion
in Saturn’s ring plane (Northrop & Hill, 1983).

An influx of water transported along the magnetic field from the rings would result in latitudinal varia-
tions in ionospheric chemistry and electron density (Connerney & Waite, 1984). Saturn’s ring system contains
submicrometer-sized ice particles or icy grains that can acquire charge by photoionization or exposure to
a micrometeorite impact’s dense plasma cloud (Connerney, 2013). On acquiring charge, sufficiently high
charge-to-mass ratio grains are confined to motion along the magnetic field, in response to gravitational,
centrifugal, and magnetic mirror forces acting on the grain (Connerney, 2013; Northrop & Connerney, 1987;
Northrop & Hill, 1983). Inward of 1.62 Rs (where 1 R is Saturn’s equatorial radius 60,268 km) within the ring
plane, charged grains with zero magnetic moment are unstable and will not return to the rings and be reab-
sorbed. At radial distances less than 1.62 R, gravity overwhelms centrifugal force (resolved along B), pulling
charged grains along B toward the planet (Northrop & Hill, 1983). Charged grains initially moving at Keplerian
velocity will experience a magnetic mirror force in addition to gravity and centrifugal forces, which acts to
reflect charged grains back to the rings, such that the original 1.62 R force balance region is moved closer to
the planetat 1.525 R in thering plane (Connerney, 2013; Northrop & Connerney, 1987; Northrop & Hill, 1983).

This process is perhaps best described as an electromagnetic erosion process that over time depletes the rings.
Indeed, the boundary between the B and Crings at 1.525 R exhibits a sharp transition in density; “ring rain”
may very well explain the bulk structure of the rings (Northrop & Connerney, 1987). A similar process involv-
ing positively charged dust grains has been modeled, demonstrating a pathway for an influx of water into
the equatorial ionosphere (Liu & Ip, 2014): this would help to explain the observed depletion in ionospheric
electron density observed at the equator (Kliore et al.,, 2014). Estimating the mass loss of the rings by erosion
mechanisms is of paramount importance for determining the age, lifetime, and evolution of the rings. Are
they relatively young, with evolutionary lifetimes measured in tens of million years, or are they cosmogonic,
a relic of solar system formation some 4.5 billion years ago (see Connerney, 2013, and references therein)?

Latitudinal variations in reflected light (high contrast, green filter Voyager 2 images) from Saturn’s atmosphere
were related to ring plane conjugate sources (Connerney, 1986a), suggesting transport along magnetic field
lines. Dark bands in these images at 44.2° and 46.3° planetocentric latitude north map along magnetically
field lines to suspected sources at 1.525 R; and 1.62 R; in the ring plane. Additional dark bands at 51.9° and
63.7° appear and are magnetically conjugate to, or near, the collection of gaps in the rings known as the
Cassini division (starting at ~1.95 Rg) and to the orbit of Enceladus (3.95 Rg). Enceladus is a copious source
of water in Saturn’s magnetosphere, releasing water vapor at a rate of ~200 kg s~' (Hansen et al., 2011). The
reduction in reflected light associated with a local depletion of haze particles would result in dark bands;
indeed, Connerney (1986a) proposed such a mechanism. Haze particles, acting as condensation nuclei for
downward diffusing water, grow heavy enough to be depleted relative to neighboring latitudes.

Water was also directly observed in Saturn’s atmosphere by the Infrared Space Observatory in the following
decade, with Feuchtgruber et al. (1997) concluding that interplanetary dust (mostly originating from comets)
and ring/satellite material are the likely sources. Hubble Space Telescope observations later showed that
Saturn’s hydrocarbon abundance exhibits a local minimum at 41° south, within a global trend of increasing
toward the poles (Prangé et al., 2006). These results were reported to be consistent with a localized influx of
water flowing into Saturn’s atmosphere at latitudes magnetically linked to the rings, as photochemical models
show that the presence of stratospheric water depletes hydrocarbon molecules (Moses & Bass, 2000).

H; isa major ion making up the ionosphere, with an observed peak density located at an altitude of ~1,155 km
above the 1 bar pressure surface within the auroral region (Stallard et al., 2012). At lower latitudes, where auro-
ral charged particle precipitation is not a factor, the modeled H peak density may occur upward of 2,000 km
above the 1 bar surface (Taoetal., 2011). The 10 m Keck Il telescope on Mauna Kea, Hawaii, was used to observe
emissions from H;f ions from pole to pole in 2011 (O’'Donoghue et al., 2013). Two broad and prominent peaks
in H intensity were found at planetocentric latitudes 43°N and 38°S, and as a result of the location of Saturn’s
magnetic equator lying north of the center of the planet by 0.036 R, both are conjugate to the same loca-
tion in the ring plane near ~1.525 R (Connerney, 1986a). This was the first time that the predicted signature
of ring rain was measured in both hemispheres simultaneously such that magnetic conjugacy was directly
observed. This is particularly important as it demonstrates that the ionospheric emissions are related to mag-
netic conjugacy in the ring plane. The model of Moore et al. (2015) related the increase in H emissions to an
increase in H;’ density, as opposed to a temperature increase. They demonstrate that recombination of water
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Figure 1. (a) Saturn as observed with Keck, 23 April 2013, using the NIRSPEC instrument’s slit camera from a 2.134 to

2.5 um~" wavelength range. The slit of the spectrometer shown by the vertical black line in the middle of Figure 1a was
orientated in the north-south position on Saturn, aligned along the rotational axis (Saturn’s sub-Earth latitude was 18.3°
during the observations). Light entering the slit is dispersed into spectral images. (b) The summation of all spectral
images. Bright emissions at —15° planetocentric latitude (south) dominate the entire wavelength range and are the
uniform reflection of sunlight by the rings, while the remaining bright areas are mostly due to reflection of sunlight by
hydrocarbons. The vertical stripes of light at 3.953 um~" are the Q(1, 07) line emissions from H;“. The emissions from the
red box are the focus of this study; this is the region depicted in Figure 2.

products (e.g., H,0% and O*) with electrons reduces the HJ loss rate by the same process, yielding greater H}
density in association with increased water influx.

Cassini spacecraft measurements of electron densities have not, thus far, tested the ring rain hypothesis, lim-
iting the confidence needed to invest time in future study of the interaction (Kliore et al., 2014). Since the
original detection of the H; modulation by ring rain, there have been no additional published observations
of the phenomenon. This is due to two related factors: (1) Saturn’s midlatitude thermosphere (colocated with
the ionosphere) appears to have cooled by ~100 K between 2011 and 2015 (Koskinen et al., 2015); and (2) H;f
intensity is exponentially dependent upon the ion’s temperature (Melin et al., 2014). These factors lead to a
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Figure 2. A spectral image of Saturn’s intensity from 2013 observations as a function of northern planetocentric latitude
(y axis) and wavelength (x axis). Color contours indicate the intensity of light received at the detector, with emissions
higher than 5 x 107> Wm=2 sr=" um~" limited to this value. Centered at 3.95296 um is the fundamental H; emission
line, Q(1, 07). Vertical dashed lines (white) indicate the area selected for investigating H; intensity as a function of
latitude. Emissions outside of the area indicated by the dashed lines are primarily hydrocarbon reflection of sunlight and

secondarily the background noise.

O'DONOGHUE ET AL.

REDETECTION OF THE SATURN'’S “RING RAIN” 11,764

85US017 SUOWILLIOD BANTERID 3[edtidde au) Ag PoLLBAOD a2 A1 YO ‘35N J0 S3IN 10} AIRIGIT BUIIUO A3IA UO (SUOTIPLIOD-PUE-SLLLBIICO" A1 ARe.q1 U |UO//SHNY) SUOIPLOD PUE SWi | U} 885 *[5Z02/50/90] U0 AXRIqIT 8UIlUO AB1IM ‘9 L AQ 286520192 T0Z/Z00T 0T/10pAu00"Aa | AReqj1puljuo'sqndnfe//:sdiny wiou papeoumoa ‘€z *2T0Z *L008¥6T



@AG U Geophysical Research Letters

10.1002/2017GL075932

Equatorial magnetic mapping (R,)
3.95 3.0 1.95 1.62 1.525
T T T

T 150

——— April 172011 49
——— April 232013

S

N

o

()

4 I 1-sigma

Intensity of H; Q(1,0) (x10° Wm?sr)
o]

[N

01 ! 1 ! ! 140
70 65 60 55 50 45 40 35

Planetocentric Latitude (deg)

Figure 3. Saturn’s H;“ Q(1, 07) line intensities (y axis) as a function of north
planetocentric latitude (x axis). The 2013 line intensity results from the
summation of light between the vertical dashed lines in Figure 2. The 2011
line intensities are summed from the same wavelengths, corresponding to a
FWHM of 5 pixels in each data set, enough to encompass the majority of the
line emission without gathering appreciable noise from other wavelengths.
The top horizontal axis and vertical red lines indicate the corresponding ring
plane conjugate distances. From left to right, these correspond to the inner
edge of the E ring and orbit of Enceladus (3.0 Rs—3.95 Rg), the Cassini
division (starting at ~1.95 Rs), and the two theoretical water source
locations (1.62 Rg and 1.525 Rs) discussed in the main text. Note the range
of possible conjugates taking into account different magnetic field models,
altitude of emission, and observation uncertainties. One-sigma uncertainties
are calculated based on the background intensity in the spectral image
(where no hydrocarbon reflection is present).

decrease in signal strength of H;r at midlatitudes over time, with more
recent observations obtained near the limit of detection. However, owing
to improved data reduction and analysis, applied to ground-based Keck
telescope data from 2013, we present the first redetections of the apparent
imprint of ring rain on Saturn’s ionospheric H;“.

2. Observations

We present observations of Saturn’s midlatitude H;r emissions obtained
with the 10 m Keck telescope on 23 April 2013, between 10:30 and 13:40
Universal Time (UT). We also performed a reanalysis of data from the 17
April 2011 observing opportunity (O'Donoghue et al., 2013), to ensure that
a comparison between the two used an identical data reduction approach.
However, almost all of the results and discussion herein are related to the
2013 campaign (Melin et al., 2016) (refer to O'Donoghue et al. (2013) for
details on the 2011 observations). One of the largest differences between
these two observing opportunities is the planetary tilt with respect to the
Earth, which was 8.2° in 2011 and 18.3° in 2013. The 2011 observations
afforded the ability to view both hemispheres simultaneously; those in
2013 are limited to northern latitudes only, as the southern hemisphere
is largely obscured by the rings. The 2013 observations do show a mod-
est improvement in spatial resolution in the north: at 67.7° a single pixel
subtends 2° of latitude in 2011, whereas in 2013, the same pixel rep-
resents 1.5°. The influence of planetary tilt on spatial resolving power
becomes negligible when heading equatorward to 35°, with the difference
in resolution per pixel is less than 0.1°.

The Near InfraRed SPECtrometer (NIRSPEC, McLean et al., 1998) was used
on Keck Il. The detector’s 24 by 0.432 arc second spectrometer slit (1 pixel
corresponds to 0.144 arc seconds in the resulting images) was orientated

along Saturn’s noon meridian in a north-south direction as shown in Figure 1a. NIRSPEC has a resolving
power of R= /A4 ~25,000, providing a minimum spectral resolution of, for example, A4 ~ 1.59x10~% um at
3.975 um. Exposures were taken as the planet rotated beneath the slit, such that during the night of observa-
tion light from 39 to 135° Central Meridian Longitude (in the Saturn system Il longitude system, Kaiser et al.,
1980) was captured. The result of coadding the 50 frames recorded on 23 April 2013 is shown in Figure 1b.
Atmospheric seeing was estimated to be 0.4 and 0.7” in 2011 and 2013, respectively. Other observations in
the April 2013 campaign took place on 19-21 April but were directed toward Saturn’s auroral/polar regions

(O'Donoghue et al.,, 2015).

The telescope slewed to two positions throughout the night: Saturn “A” and sky “B,” in an ABBA pattern. At
each position a spectral image was obtained, consisting of twelve 5 s integrations, yielding 60 s exposures.
Standard astronomical reduction techniques were used to clean the spectral images; we outline the main ones
here. The most important process (causing the largest improvement) is A-minus-B subtraction in which the
Earth’s sky emissions are removed from the Saturn spectra. A flux calibration was performed by measuring the
spectrum of a standard (blackbody emitting) star (AQ) to obtain the physical flux per photodetector count rate.
This has a dual benefitin that it also accounts for the wavelength-dependent absorption of light by the Earth’s
atmosphere. The stars used for performing the calibrations in the 2011 and 2013 were HR6035 and HR7891,
respectively. A dark current subtraction and a division by a “flat field” frame were performed to account for
thermal emissions at the detector and nonuniformity in the response of the detector and optics, respectively.

3. Analysis and Results

A total of 50 cleaned and flux-calibrated Saturn frames were aligned and coadded to make a single spectrum
for the analysis of 2013 data, and 38 frames in the 2011 reanalysis. A Gaussian curve was first fitted to the
large and bright rings (which emit at all measured wavelengths) in the spectral image to assign pixels to
latitudes. The decrease in intensity of planetary emissions was mapped poleward from that position until
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limb distance in pixels (118 pixels) equates to 17 arc seconds, and together
with the geometry obtained from planetary ephemeris (NASA’s Horizons
web interface at https://ssd.jpl.nasa.gov/horizons.cgi), planetocentric lati-
tudes were assigned. Telluric seeing adds uncertainty in determining the
position of the planetary limb, since the data are spatially smeared by
+2 pixels (+0.3”). This uncertainty equates to ~1° of latitude near 35°
north, increasing to 3° by 75° north due to the variation in viewing geom-
etry. A cosine correction of the emission angle was applied to remove the
line-of-sight effects of viewing geometry.

In order to map planetary latitudes to radial distance in the ring plane,
magnetic field lines are traced from the ionosphere to the ring plane using
a model of Saturn’s magnetosphere. We used two different sets of spher-
ical harmonic coefficients, one set based on Voyager 2 spacecraft derived
data and the other on Cassini spacecraft data. Both models are the same
except for the difference in coefficients and include the full order-3 internal
field, ring current, oblateness of the planet, and a Saturn equatorial radius
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-25-20-15-1.0-05 0.0 05 1.0 15 2.0 25 of 1 R, = 60,268 km. A range of ionospheric heights of 1,155-2,155 km

Mapped radial distance Rg

Figure 4. Saturn and its planetary ring system is shown from above the

were used to account for the unknown level of the H3 density peak from
low-to-high-latitudes (Stallard et al., 2012; Tao et al., 2011). The Voyager

northern pole. Both axes show the radial distances from the center of the “Z3" magnetic mapping model of Connerney et al. (1982) was used with
planet. H;r intensities from Figure 3 (capped to 9 n\Wm™2 sr™') are traced via  the coefficients gl = 21,248 nT, g2 = 1,613, and g3 = 2683 (evaluated

the magnetic field to their mapped radial distances in the ring plane on the
upper left of the rings (over an arbitrary range of longitudes). On the top
right, ring opacity measured by the Voyager 2 UVS is shown (Lane et al.,

at 1 Rg), while the Cassini model used internal field coefficients g1 =
21,153 nT, g2 = 1,576, and g3 = 2,267 from Burton et al. (2010). The Z3

1982; Lillie et al.,, 1977). At the bottom, for context, a portion of Saturn’s model maps a given equatorial radial distance in the rings slightly pole-
rings observed in reflected light is shown. ward (~ 1°) of estimates obtained using the Cassini model, while the range

of ionospheric height estimates broadens mapping solutions toward the
equator. The range of mappings from both models for the full range of
altitudes is illustrated by the grey bars in Figure 3.

A portion of the coadded spectral image is shown in Figure 2, in which the fundamental H} Q(1, 07) line
emission at 3.9529 um can be seen as a function of wavelength and latitude. The strongest emissions are
associated with greater density and/or temperature of ionospheric-bound Hj. The highest latitudes are the
mostintense:these are the auroral regions centered at ~ 75° (Badman et al., 2006). Equatorward of the aurorae
(and the focus of this study), the decrease in intensity toward the equator is interrupted by bright features
near ~ 51° and ~ 44°. The full width at half maximum (FWHM) power of the nonauroral Q(1, 07) spectral line
is shown by white dashed lines; the area inside is summed and plotted against latitude in Figure 3. From 2011
to 2013, the maximum intensity of H} between 42° and 45° has decreased by a factor of 3.7.

The two northern planetocentric latitudes upon which ring-derived water is theoretically expected to fall are
at45° and 42° and correspond to 1.62 Rg and 1.525 R, respectively, when mapped to the equatorial plane. In
both Figures 2 and 3 we observe a large increase in Q(1, 07) intensity centered within these locations. Addi-
tionally, two prominent nonauroral peaks in intensity are visible: one at 51° and one near 63°. The former
maps close to the Cassini division, whereas the latter maps to a region occupied by Enceladus and the inner
edge of the E ring. These H; emission intensity enhancements correspond to the four features (dark bands)
identified in Saturn’s northern hemisphere (Connerney, 1986a) and attributed to an increased water influx.
Vertical grey regions in Figure 3 mark these mappings of significant interest, noting that the latitudinal ranges
of these regions are due to uncertainties in the position of the mapping (see section 3).

In order to demonstrate the relationship between ionospheric H and ring structures, in Figure 4 we take the
planetary emissions from Figure 3 and trace them via the magnetic field and cast them onto Saturn’s rings.
This is shown alongside an illustration of ring opacity from a stellar occultation of the rings by the Voyager 2
Ultraviolet Spectrometer (UVS) (Lane et al., 1982; Lillie et al., 1977). A value of 0 indicates that the rings were
sufficiently dense to block all UV photons from the star “behind” the rings, while a value of 1 indicates light is
passing through unhindered.
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4, Interpretation and Discussion

Saturn’s midlatitude H; emissions appear to be inextricably associated with features in the ring plane. The
results presented here are the first confirmation of the modulation of ionospheric H; by virtue of an interac-
tion with Saturn’s rings (ring rain), as originally found by O’'Donoghue et al. (2013) using data from 2011. A
major difference between these two sets of observations, separated by 2 years, is the planetwide decrease in
intensity of the ionospheric emissions. Near 42° they are a factor of ~3.7 weaker in the more recent observa-
tions. This fact explains the lack of success, until now, in redetecting any H; signal in that region in 2013. Itis
likely due to a decrease in the upper-atmospheric temperature (~100 K) from 2011 to 2013, as observed by
Koskinen et al. (2015) during this period. Based on measurements by Koskinen et al. (2015), we estimate that
the exospheric temperature near northern midlatitudes in our H;r measurements was 500 K. Assuming that
the HY temperature is 20 K lower than this (Moore et al., 2015), we estimate that a factor of 3.7 difference in the
signal strength represents a 90 K drop in temperature. We calculate that the H;r temperature in 2013 ought to
be near 390 K (assuming there are no changes in density; see the supporting information for further details).
However, because density and temperature may both vary at the same time, only direct measurements of H
temperatures and densities can confirm this. This measurement is only possible if one can observe 2 or more
H3 lines; only the Q(1,0) line emission was visible in 2013. Most of the emission peaks and troughs found in H
Q(1, 07) intensity in 2013 appear to occur at comparable latitudes as observed in 2011, within observational
uncertainties. The results from 2013 show a more highly resolved latitudinal variation compared with 2011,
as shown by Figure 3, with a larger contrast between bright and dim features and lower uncertainties. This
may reflect the better spatial resolution realized in the more recent observations or differences in observing
conditions that could not be accurately measured throughout the night. Entertaining a physical basis for the
differences would be rather premature, though it would presumably involve increased precipitation of water
in 2013 compared to 2011.

An influx from the rings (1.525 Rg and 1.62 Ry) is the most likely reason for the relatively higher H emissions
near 42°N latitude (Northrop & Connerney, 1987; 0'Donoghue et al., 2013). HJ intensity enhancements were
modeled assuming increased number of H3 ions emitting, as opposed to higher ion temperatures that yield
a larger emission per ion (Moore et al.,, 2015). This is because the introduction of water products reduces elec-
tron densities locally, thus, reducing the major loss mechanism of H;“ (recombination with electrons). Overall,
this causes H} densities and therefore emissions to be greatest when colocated with an enhanced water
influx. H3 density is treated as the main driver of emissions based on the available data, since a flow of water
from 1.525 R, is expected (Northrop & Connerney, 1987; Northrop & Hill, 1982), observed (Connerney, 1986a;
O'Donoghue et al., 2013), and modeled to increase the density of HJ (Moore et al., 2015). In the supporting
information we explore the H; emissions further, varying density at fixed temperature, and varying temper-
ature at fixed density. The H} temperatures and densities in 2013 are considerably more variable than those
of 2011, but that it is difficult to draw further conclusions due to the covariability of temperature and density
in emission intensity.

Two discrete dark bands were identified in images from Voyager 2 (Connerney, 1986a), associated with the
inner B ring, while here we observe only one peak of Hy Q(1,07) located near 43°. The peak of intensity near 43°
leans slightly equatorward of the predicted conjugate of the inner edge of the B ring (but within observational
uncertainties of 1-2°). The flux of water-bearing grains available for transport from the rings depends on
(1) whether charged grains can be trapped in the ring plane (and reabsorbed before transport) and (2) the
number of small grains available to be charged. Inside of 1.525 R, charged grains must fall into the planet, but
asthe Cring is less dense than the B ring, and largely devoid of small particles—likely as a consequence of the
ring rain erosion mechanism itself —it makes for a poor source region. Outward of 1.525 R, charged grains can
be trapped and reabsorbed before loss, but there is a copious supply of small grains available in the optically
dense B ring. At 1.525 R, there is a “best of both worlds” scenario: a rich supply of grains available to be
charged and a low trapping potential. This presumes that the optically thick B ring is able to transport particles
inward to replace those lost. Our data are smoothed by the latitudinal seeing of +2°, so we may simply lack
the resolution required to identify discrete sources in close proximity. This limitation may be overcome using
adaptive optics or by observing from space, with, for example, the James Webb Space Telescope.
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5. Summary

We analyzed H; emissions from Saturn’s northern hemisphere taken by the Keck telescope in 23 April 2013.
We found that Saturn’s midlatitude ionosphere is dominated by interactions with the ring system via the
magnetic field, replicating the observational results of O'Donoghue et al. (2013) for the first time and par-
tially explaining the unusual electron densities found at Saturn (Kliore et al., 2014). All of the H} intensity
enhancements seen here are colocated with dark bands observed in images from the Voyager 2 spacecraft,
attributed to the removal of stratospheric haze by an influx of water from the rings (Connerney, 1986a). The
theoretical water sources in the rings at 1.525 R; and 1.62 R; are associated with a single latitudinally broad
peakin H; intensity near 43° planetocentric latitude north. The peak in H;“ intensity itself likely indicates that
downward diffusing water increases H; density through a chain of chemical reactions and electron recombi-
nation (Moore et al., 2015). The midlatitude emissions near 63° reported by Stallard et al. (2008, 2010) were
also observed, suggestive of water influx from Enceladus and the associated E ring (Connerney, 1986a). Data
garnered from the final orbits of the Cassini spacecraft will likely add much information about the nature
of the ring-magnetosphere-ionosphere coupling at Saturn (Connerney, 1986b). With no spacecraft in orbit
around Saturn, and none in the planning stages, it may be up to ground-based observations to provide insight
into the electromagnetic ring-erosion mechanism, which has a bearing on the age, lifetime, and evolution of
the rings.
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