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H+
3 has been detected at all of the solar system giant

planets aside from Neptune. Current observational
upper limits imply that there is far less H+

3 emission
at Neptune than rudimentary modelling would
suggest. Here, we explore via modelling a range of
atmospheric conditions in order to find some that
could be consistent with observational constraints. In
particular, we consider that the upper atmosphere
might be much cooler than it was during the
1989 Voyager 2 encounter, and we examine the
impact of an enhanced influx of external material
that could act to reduce H+

3 density. Resulting
ionosphere models that are consistent with existing
H+

3 observational constraints have an exospheric
temperature of 450 K or less, 300 K lower than the
Voyager 2 value. Alternatively, if a topside CO influx
of 2 × 108 cm−2 s−1 is imposed, the upper atmospheric
temperature can be higher, up to 550 K. The
potential cooling of Neptune’s atmosphere is relevant
for poorly understood giant planet thermospheric
energetics, and would also impact aerobreaking
manoeuvers for any future spacecraft. Such a large CO
influx, if present, could imply Triton is a very active
moon with prominent atmospheric escape, and/or
that Neptune’s rings significantly modify its upper
atmosphere, and the introduction of so much exogenic
material would complicate interpretation of the origin
of species observed in Neptune’s lower atmosphere.
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1. Introduction
The H+

3 ion is rapidly formed primarily by collisions between H2 and H+
2 and is therefore

expected to be important in a variety of astronomical environments [1,2]. Since its first remote
detection in Jupiter’s auroral ionosphere [3], it has served as a remarkably useful probe of upper-
atmospheric densities, temperatures and velocities at Jupiter (e.g. [4–6]), Saturn (e.g. [7,8]) and
Uranus [9], but it has remained undetected thus far at Neptune [10]. Such remote measurements
serve as effective constraints in an otherwise difficult-to-sample atmospheric region. They also
provide key insights into coupling processes from above and below, as the simplicity of the
chemistry in gas giant ionospheres, which consist mainly of H+

3 and H+ above the homopause, is
temporarily disrupted by any exogenic material [11].

Observations of quantities relevant to H+
3 in Neptune’s upper atmosphere are limited by

its distance and small angular size. Voyager 2, during its 1989 flyby, used solar occultation
measurements to derive an exospheric temperature of 750 ± 150 K [12], and found stratospheric
temperatures of approximately 170 K [13,14]. Interpolated temperature at the expected H+

3
altitudes is roughly 550 K. Recent ground-based observations have used this average temperature
to place an upper limit on H+

3 column density, based on a non-detection of bright H+
3 lines near

4 µm, of 1.0+1.2
−0.16 × 1013 m−2 [10] (see also [15,16]). These vibration–rotation transitions of the ν2

fundamental band [17] have been used to derive non-auroral H+
3 column densities at Jupiter,

Saturn and Uranus, typically of order 1015 m−2 [18], 1016 m−2 [8] and 1015 m−2 [9], respectively.
Consistent with the limited observational constraints, there are few published models of

Neptune’s upper atmosphere. Lyons [19] modelled the sharp layers of electron density revealed
by radio occultation experiments in Neptune’s lower ionosphere [20]. While that model truncates
at 1500 km altitude (above the 1 bar pressure level), the modelled H+

3 column density can be
conservatively estimated as > 5 × 1013 m−2, i.e. more than a factor of 5 larger than the current
upper limit. A recent model, again focused on Neptune’s lower ionosphere, finds an H+

3 column
density that is roughly comparable or even larger [21]. Therefore, while modelling studies
of Neptune’s ionosphere are limited, with objectives other than upper atmospheric H+

3 , there
appears to be a significant discrepancy between the amount of H+

3 expected and historical
observational upper limits.

Here, we conduct a range of model simulations in order to find combinations of conditions
in Neptune’s upper atmosphere that could be consistent with the present lack of H+

3 detection.
As H+

3 emission is driven exponentially by temperature, we first examine the possibility that
Neptune’s atmosphere is cooler than found by Voyager 2 in 1989. Next, as H+

3 reacts readily with
other molecules, we also investigate how its density might be reduced by enhanced influxes of
external material, such as CO or dust particles from Triton/other satellites/Neptune’s rings, or
material from elsewhere in the local system. The models used and modelling approaches followed
are described in §2. Results are introduced and discussed in §3, with implications for Neptune’s
atmosphere outlined in §4.

2. Methods

(a) Model description
The majority of H+

3 ions in giant planet ionospheres are in photochemical equilibrium (PCE),
as the H+

3 chemical lifetime is much shorter than the transport timescale at most altitudes,
and therefore the ion continuity equation simplifies to equating local production and loss (i.e.
Ps = Ls) [22,23]. While transport processes are still relevant—and highly so for H+, especially at
high altitude—the dominance of chemical loss at low altitudes justifies the use of one-dimensional
(1-D) simulations for those regions, which offer the advantages of simplicity and computational
freedom over more dynamically comprehensive 3-D simulations.
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Two models are adopted in the present work. The simulations are conducted in 1-D, owing to
the prevalence of PCE for H+

3 distributions, and there are separate neutral and plasma modules
in order to enable a more computationally efficient exploration of ion chemistry.

The neutral module is described in detail by Moses & Poppe [24], and is actually a combination
of a meteoroid ablation code [25,26] with the Caltech/JPL 1-D KINETICS photochemical model
[27,28]. KINETICS solves the coupled mass-continuity equations as a function of pressure, and
includes molecular and eddy diffusion transport terms. It has proved to be effective and highly
adaptable, having been applied to all of the giant planets, and currently treats 70 hydrocarbon and
oxygen species that interact via approximately 500 recently-updated chemical reactions [24,29].
Input for the meteoroid ablation code follows from revised constraints on interplanetary dust
fluxes in the outer Solar System based on in situ spacecraft data [30]. The resulting oxygenated
and hydrocarbon mixing ratios are in agreement with a wide range of observational constraints
[24]. Therefore, after adjusting the KINETICS simulations for the solar and geometric conditions
explored here, the resulting neutral atmospheres serve as an excellent background for exploring
realistic ion-neutral photochemistry at Neptune.

Plasma densities and temperatures follow from another 1-D model called BU1DIM, which has
recently been generalized for application to any planetary atmosphere, and includes significantly
expanded chemistry (see [31] and references therein). BU1DIM describes the time- and altitude-
dependent structure of an ionosphere by solving the coupled continuity, momentum and energy
equations for all ion species of interest. The primary effect of magnetic fields on 1-D ionospheric
calculations is to constrain the plasma motion (e.g. introducing a sin2I term into the expression
for vertical ion drift velocity, where I is the magnetic dip angle [32,33]). Therefore—partly due to
incomplete knowledge of Neptune’s magnetic field, and partly due to the predominance of PCE
at H+

3 altitudes—magnetic field lines are considered to be vertical here. Modelled ion production
rates follow from the attenuation of solar Extreme UltraViolet (EUV; 10–124 nm) and soft X-ray
photons (combined, the XUV) [34], which are extrapolated to Neptune based on measurements
from the Thermosphere Ionosphere Mesosphere Energetics and Dynamics Solar EUV Experiment
(TIMED/SEE) [35]. Aside from solar XUV radiation, no other sources of ionization are considered
in this work.

Early theoretical models of giant planet ionospheres predicted electron densities that were up
to an order of magnitude too large based on later spacecraft measurements, with Saturn exhibiting
the most extreme discrepancy [36,37]. One commonly adopted mechanism for reducing modelled
electron densities in order to better match observations was to convert H+ into a short-lived
molecular ion via the reaction

H+ + H2(ν ≥ 4) → H+
2 + H. (2.1)

Without the introduction of some form of ion-neutral charge-exchange reaction, such as
(2.1), modelled H+—and hence electron density, ne—is unrealistically large, as the radiative
recombination rate coefficient for H+ is extremely slow (approximately 10−12 cm3 s−1 for typical
giant planet thermospheric electron temperatures) [38]. The (2.1) reaction rate is thought to be
near its maximum kinetic value [39,40], however the fraction of molecular hydrogen in the
fourth or higher vibrational state is not constrained by observations at present. As two of the
dominant sources of vibrationally excited H2 have been shown to be photon-induced fluorescence
and dissociative recombination of H+

3 ions—two solar-driven processes—we scale fractional H2
vibrational populations calculated for Jupiter [41] by 1/r2 to account for the diminution of solar
photons with distance. Thus adjusted, the Majeed et al. [41] H2(ν ≥ 4) results are then interpolated
onto the appropriate Neptune pressure grid. Further model inputs and specific settings are
discussed in relation to their corresponding results in §2b.

(b) Variations in the background atmosphere
Planetary H+

3 emission is optically thin [18] and depends on the temperature and density of the
plasma. Therefore, the lack of H+

3 detection at Neptune is most likely caused by some combination
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Figure 1. Coloured solid lines represent variations in thermal structure explored in this study. The red is the reference
atmosphere based on infrared observations [42], combined in Moses et al. [43], and Voyager 2 constraints from its 1989 flyby
[12,13], with various aspects of the Voyager data indicated by the grey shaded and dotted lines, and the filled circle. (Online
version in colour.)

of two factors: (a) Neptune’s upper atmosphere is cooler than found by Voyager 2 in 1989, and/or
(b) there is some unknown mechanism reducing the amount of H+

3 in Neptune’s ionosphere. This
section outlines the parameter variations that we explore in order to find model atmospheres that
are consistent with the present H+

3 upper limit.
Constraints on thermal structure in Neptune’s atmosphere are based on analysis of Voyager 2

flyby data and on a variety of infrared observations. Solar occultation measurements by Voyager’s
Ultraviolet Spectrometer (UVS) found the topside, or exospheric (Texo), temperature to be 750 ±
150 K [12] (filled circle in figure 1). Radio occultations by Voyager’s Radio Science Subsystem
(RSS), sensitive to the upper troposphere and lower stratosphere, found a local minimum of
approximately 50 K [20] (grey shaded region in figure 1). Subsequent detailed analysis of the UVS
observations was also used to constrain temperatures in the upper stratosphere [13] (dotted line
in figure 1). Finally, remote infrared observations [42,44] led to a temperature profile in Neptune’s
troposphere and stratosphere that was mostly consistent with Voyager data (approximately
represented by the dashed line in figure 1, taken from [43]).

The thermal structure used in the reference model is given by the red curve in figure 1.
Other coloured curves represent additional possible atmospheres that are still consistent with
observations in the troposphere and stratosphere, differing only in exospheric temperature
and the resulting upper atmospheric temperature gradient. There is sufficient justification for
considering exospheric temperatures different from what Voyager observed in 1989. First, the
Voyager measurement sampled one location on Neptune, so it is reasonable to assume that
temperature will vary spatially. Second, we know that temperatures in giant planet upper
atmospheres—and, of course, planetary atmospheres in general—are temporally variable. There
is recent evidence at Saturn [45,46] and Uranus [9] for significant temperature variations as well
as long-term cooling. Finally, we do not yet fully understand the energetics of giant planet upper
atmospheres: observed exospheric temperatures at all four giant planets are hundreds of Kelvin
hotter than predictions based on solar heating alone [47]. Upper atmospheric energy budgets are
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likely further modified by internal forcing, such as due to gravity waves, which have been shown
to be present at Jupiter [48] and Saturn [49], though the degree of resulting heat deposition is
unclear at present [50].

Thermal structure primarily affects overall atmospheric extent. It also strongly affects H+
3

emission, as it is driven exponentially by temperature [51]. Also relevant for the lack of H+
3

detection at Neptune is H+
3 column density, which is marginally reduced in a cooler atmosphere,

owing to a smaller column depth. H+
3 is also highly reactive, however, and so can be removed

by contaminants introduced into the pristine H+ and H+
3 upper ionosphere. At Saturn, we now

have ample evidence for an inflow of ring material modifying ionospheric chemistry [8,11,52,53].
All of the giant planets are also exposed to interplanetary dust particles (IDPs), primarily from
various families of comets. Dust grains can also originate from active plumes on satellites
such as Io, Enceladus and Triton. Constraints on these influxes are limited, typically based
on model comparisons with observations sensitive to atmospheric constituents at stratospheric
pressure levels. In other words, such model-data comparisons are insensitive to possible upper-
atmospheric concentrations, and those concentrations are responsible for modifying H+

3 densities.
Further ionospheric modifications might derive from internal forcing, such as due to gravity
waves breaking in the lower thermosphere, though the effect on H+

3 is minimal due to its
relatively short chemical lifetime [54].

The upper-atmospheric ‘contaminant’ explored here is CO. While the reference atmosphere
contains both internal and external sources of CO [43], only external sources lead to sufficient
thermospheric abundances to affect the ionosphere. It acts to remove H+

3 via charge-exchange
reactions, just as a range of other possible contaminants would. Given the lack of upper-
atmospheric observational constraints, we choose to focus on CO for simplicity, but emphasize
that some combination of contaminants could similarly affect the ionosphere. In addition, there
is an enormous CO abundance in Neptune’s stratosphere, which must have an external source
based on the increase of the observed mixing ratio from the troposphere to stratosphere (e.g. [55]).
Current literature tends to favour a cometary impact within the last couple of hundred years as
that source (e.g. [21,24] and references therein), however models which consider a topside influx
of ≤ 2 × 108 CO molecules cm−2 s−1 are also consistent with stratospheric constraints on CO and
lead to much larger thermospheric CO concentrations than the cometary scenario [24].

Figure 2a presents the reference Neptune atmosphere used in this study, representative of
conditions at 45◦ S planetocentric latitude. Its vertical structure follows from the red temperature
profile in figure 1, and its oxygenated species are generated by two sources: a flux of IDPs based
on recent dust dynamical modelling [30], and a large cometary impact approximately 200 years
ago (as described in [24]). Figure 2b then illustrates the full range of variations in CO evaluated.
First, solid lines correspond to the above scenario, coloured according to the assumed Texo.
Second, dotted lines consider that Neptune’s CO is due solely to IDPs, also coloured by Texo.
Note that solid and dotted lines only differ below 600 km altitude (i.e. they overlap above 600
km), demonstrating that higher altitude CO comes from IDPs in the reference model. Finally,
a range of different topside influxes of CO are represented by various types of dashed lines, as
indicated in the legend. The five different thermal scenarios illustrated in figure 1 are all evaluated
for the maximum CO influx of 2 × 108 cm−2 s−1, colour coded according to Texo. For reduced CO
influxes, spanning 105–108 cm−2 s−1 only the Texo = 750 K atmosphere is considered.

Finally, it should be noted that modifying the effective rate of reaction (2.1) is likely not a
primary solution to the lack of H+

3 at Neptune. A larger electron density, such as would follow
from a reduced (2.1) rate, would lead to smaller H+

3 densities via an increase in their dissociative
recombination reaction with electrons, but electron densities are constrained to be < 103 cm−3

above approximately 1700 km altitude by Voyager 2 radio occultation measurements [20].

3. Results and discussion
We now present ionospheric results based on the neutral atmospheres shown in figure 2. In 3a, we
show altitude variations in H+

3 number density. In 3b, we column-integrate the model parameters
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Figure 2. (a) Reference Neptune atmosphere at 45◦ S planetocentric latitude with Texo = 750 K and CO based on cometary
and dust sources (see [24]), plotted in altitude to highlight the upper atmosphere. (b) Variations in CO considered in this work
due to Texo (line colours) and CO source (line types). CO from the ‘dust only’ and ‘comet+dust’ model types are identical above
600 km altitude (i.e. the dotted and solid curves overlap there). Similarly, topside CO influxes of< 106 cm−2 s−1 (not shown)
are indistinguishable from the ‘dust only’ model below approximately 1000 km. Note that the axes are scaled differently in each
panel. (Online version in colour.)

in order to compare directly with observational constraints. Finally, in 3c, we discuss the choice
of CO as the representative ‘external material’ within the model and speculate on the possibility
and source of such large influxes.

(a) Variability in H+
3 density

The reference Neptune ionosphere model, based on figure 2a, is shown in figure 3a. It represents
local noon densities at 45◦ S planetocentric latitude. This latitude was chosen as a reasonable
compromise between the geometry of Voyager observations and recent observational constraints
[10]. The Voyager 2 RSS egress was at approximately 45◦ S planetographic latitude (grey shading
in figure 1), and the UVS exit was at 49◦ S (filled circle in figure 1). Recent ground-based H+

3
observations searched for emission integrated over Neptune’s dayside between 17 and 20 August
2017. Neptune’s sub-solar latitude over this time period was 25◦ S, but the diurnally averaged
solar irradiance is quite similar at 45◦ S. This has been demonstrated for other giant planets (e.g.
[31]), as modelled H+

3 column densities are comparable over a wide range of latitudes in the
summer hemisphere.

Figure 3b illustrates the effect of the neutral background variations from figure 2b on modelled
H+

3 densities. The solid lines represent changes due to variations in atmospheric temperature,
coloured according to Texo. Cooler atmospheres exhibit a decreased altitudinal extent of H+

3 ,
consistent with the relative atmospheric collapse, but peak H+

3 number densities are actually
marginally increased due to the reduced attenuation of solar photons at higher altitudes. CO in
Neptune’s atmosphere for these profiles is assumed to come from interplanetary dust (IDPs) and
a cometary impact 200 years ago [24]. Dotted lines, which overlap with solid lines, investigate
the possibility that Neptune’s CO is instead solely due to IDPs. As shown in figure 2b, the
‘comet+dust’ and ‘dust only’ CO scenarios differ only below approximately 600 km altitude, and
therefore it is unsurprising that their effect on H+

3 densities, which are significant only above
approximately 700 km altitude, is indistinguishable. Dashed lines then examine a scenario in
which an influx of 2 × 108 CO molecules cm−2 s−1 is introduced at the top of the atmosphere.
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Figure 3. (a) Reference Neptune ionospheric model at noon solar local time (SLT). Ion species are indicated in the legend.
(b) Variations in modelled H+

3 at 12 SLT resulting from different Texo values (line colours) and CO sources (line types). Note that,
as CO from the ‘dust only’ and ‘comet+dust’ model types are identical above 600 km altitude (figure 2b), H+

3 values are also
identical over that region, and thus solid and dotted lines overlap completely in this panel. (Online version in colour.)

Modelled H+
3 densities are significantly lower than either of the two previous scenarios, as

H+
3 is rapidly converted to HCO+, though the qualitative behaviour with Texo variations is

similar. Finally, the remaining line types indicated in the legend examine slightly reduced topside
CO influxes for the Texo = 750 K case. From the perspective of H+

3 density, any CO influx
< 106 cm−2 s−1 is effectively indistinguishable from the alternative scenarios currently used to
explain stratospheric observational constraints.

(b) Comparison to observational constraints
The most recent observational constraints on H+

3 at Neptune come from ground-based
spectroscopic observations near 4 µm [10]. In that campaign, Melin et al. [10] aligned the spectral
slit along the planetographic equator and integrated for 15.4 h over 4 nights. The 1.5 arcsec
wide slit covered nearly the entire southern hemisphere of the planet, and stretched up to
approximately 15◦ N latitude. In order to search for a faint H+

3 emission, the data were summed
spatially: i.e. integrated across Neptune’s entire dayside over this region. The upper limit on
spectral intensity above the continuum at the location of bright H+

3 spectral lines was found to be
12+15

−10 nW m−2 sr−1 µm−1. Combined with an estimated temperature of 550 K near the H+
3 peak,

this led to an upper limit on H+
3 column density of 1.0+1.2

−0.16 × 1013 m−2, a 30% improvement over
previous constraints [15,16].

In order to best compare with observations, which are column integrated, we must derive
similar modelled parameters. However, as H+

3 emission is tightly coupled to the vertical
temperature and gradients present in the atmosphere, and as imperfect knowledge of those
gradients can induce ambiguity in the derived column-integrated densities and temperatures
[31], it is best to compare with the more fundamental upper limit on H+

3 emission rather than the
derived column density. Therefore, figure 4 presents model results for both H+

3 column densities
(4a) and total emission (4b). These are mean daytime values, meaning they are the average from
6 to 18 solar local time (SLT), consistent with the observations. Column densities follow directly
from figure 3b. Total H+

3 emission is calculated by combining the line list of Neale et al. [56] with
the partition function and total emission formulation of Miller et al. [57]. This treatment depends
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while Texo variations are indicated along the abscissa. The grey shaded region, split by a dotted line, indicates the upper limit,
including error bars, on H+

3 emission from ground-based observations [10].

on the vertical structure of both H+
3 density and temperature. H+

3 has been found to be in quasi-
LTE with the surrounding neutral atmosphere at the other giant planets, at least at altitudes within
~5 scale heights of the density peak (e.g. [58,59]). Therefore, we take the H+

3 temperature to be the
neutral temperature (figure 1) for these calculations.

Based on figure 4a, H+
3 column density is most strongly affected by enhanced CO influxes.

An atmosphere with Texo of 350 K has a column density that is 30% lower than one with Texo of
750 K, whereas the impact of a CO influx of 2 × 108 cm−2 s−1 leads to a reduction by more than a
factor of 10. This relative importance of CO influx is minimized for cooler atmospheres, however.
In figure 4b, showing total H+

3 emission, the situation is reversed and temperature becomes the
more important parameter. If Neptune’s atmosphere is still as warm as it was during the Voyager
2 flyby (Texo = 750 K), then H+

3 emission could vary by more than a factor of 3, depending on the
thermospheric CO concentration. However, H+

3 emission drops off precipitously with cooler and
cooler atmospheres, to the point that CO influx has no noticeable impact on the already weak
emission when Texo is ≤ 450 K.

The grey shaded region and dotted line in figure 4b represent the observational limits from
Melin et al. [10], recast in terms of total H+

3 emission. The model atmospheres with Texo of 350 K
and 450 K are consistent with the observations, regardless of the thermospheric CO content. When
we consider that there remain a number of model input paramaters that we have not varied
here, it is possible that the Texo = 550 K atmosphere is also consistent with these constraints,
provided there is a topside CO influx of 2 × 108 cm−2 s−1. It is clear, however, that no reasonable
combination of model parameters is consistent with the present non-detection of H+

3 at Neptune
when the atmosphere is warm. Modelled H+

3 total emission for both the Texo 650 K and 750 K
cases far exceeds the observational upper limit of 15+42

−3.3 nW m−2 sr−1, regardless of CO input.

(c) Discussion of external influx
Based on figure 4b, there is at least one scenario where the maximum-allowed CO influx of 2 ×
108 cm−2 s−1 could help explain the lack of H+

3 detection: when Texo is also 550 K. None of the
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other reduced CO influxes considered can sufficiently remove H+
3 in the thermosphere. If this

large CO influx is real, where does it come from?
Triton, as an active moon, is one possible source, though current estimates for atmospheric

escape from Triton are much smaller than the CO fluxes considered here. For example, based
largely on Voyager data, a range of studies find N, N2, N+ and hydrogen escape rates roughly
of order 1025 s−1 [60–65]. Deposited globally at Neptune, this would translate to influxes of
approximately 105 cm−2 s−1. However, the CO/N2 mixing ratio at Triton is approximately
6 × 10−4, meaning CO escape rates and resulting influxes are likely even lower. Of course,
these external influxes may be concentrated locally at Neptune, such as at low latitudes, like
Encealadus’ plumes at Saturn [66], but likely not as drastically as would be required, and in any
case such local concentration would only mean H+

3 at other latitudes remained undiminished.
That said, CO in Triton’s atmosphere appears to be controlled by seasonal transport and/or
atmospheric escape [67], and it may not be in steady-state [68]. Therefore, Triton remains an
unlikely but intriguing possibility as the source of CO considered here.

Neptune’s dusty rings present another appealing possible source of ionospheric contaminant.
During the Cassini spacecraft’s end-of-mission proximal orbits, mass fluxes into Saturn’s
atmosphere of up to 20 × 104 kg s−1 were derived from in situ measurements of infalling ring
material [52,53,69,70], leading to significant modification of its equatorial ionosphere [11,71,
72]. Cassini Ion and Neutral Mass Spectrometer spectra in Saturn’s upper atmosphere were
unexpectedly rich [52], showing stable signal out to 100 mass per charge (u), with a strong 28u
peak containing significant CO contribution [73]. Neptune’s rings are of course less massive than
Saturn’s, but the implicated source at Saturn was the tenuous D68 ringlet [52]. The bulk of the
ring mass flux measured by Cassini was concentrated at Saturn’s equator, yet there were still
substantial charged particle ‘ring rain’ effects on mid-latitude H+

3 concentrations [8,53]. Therefore,
Neptune’s rings as a source of ionospheric modification remain as a possibility.

4. Conclusion
H+

3 has regularly been monitored at all of the giant planets except Neptune. Current observational
upper limits on H+

3 column density are at least a factor of 5 lower than straightforward
ionospheric models predict; however, these upper limits are also based on Voyager 2 temperature
measurements from approximately 30 years ago. In order to address these model-data
discrepancies, we performed model explorations of two primary factors that could affect H+

3
emission: variations in upper atmospheric temperature, and variations in thermospheric CO
concentration due to enhanced topside influxes.

As H+
3 emission is driven exponentially by temperature, the simplest way to generate an

ionosphere consistent with the H+
3 upper limits is to reduce the upper atmospheric temperature.

We find that if the topside temperature, Texo, is ≤ 450 K, then modelled H+
3 emission is within

current constraints. For warmer atmospheres, up to Texo of 550 K, H+
3 density must be reduced

significantly to avoid exceeding the H+
3 emission upper limit. A topside CO influx of 2 ×

108 cm−2 s−1 could fill this role by converting H+
3 to HCO+. (Larger topside CO influxes would

lead to stratospheric abundances in excess of current observations [24].) In this scenario, the
HCO+ column density is modelled to be 4.3 × 1014 m−2. Therefore, if H+

3 continues to evade
detection, and if there is indeed a significant CO influx present, then it might be possible to
observe HCO+ instead. Such a measurement could place a soft constraint on the topside CO
influx, and thus be used to infer thermospheric temperatures when combined with H+

3 upper
limits.

The potential for Neptune’s atmosphere to be significantly cooler than what Voyager 2 found
is intriguing, and would also have important implications for any future spacecraft considering
aerobraking as a means of orbital insertion. Furthermore, with the James Webb Space Telescope
and other advanced facilities coming online in the next decade, the possibility of using H+

3 as a
probe of Neptune’s upper atmosphere, as at the other giant planets, is significantly increased.
The explanation behind the high observed exospheric temperatures at the giant planets is a
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longstanding problem, and measurements of H+
3 at Neptune could help by expanding the

available comparative planetary studies.
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