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Abstract Effects of solar EUV on positive ions and heavy negative charge carriers (molecular ions, aerosol,
and/or dust) in Titan’s ionosphere are studied over the course of almost 12 years, including 78 flybys below
1400 km altitude between TA (October 2004) and T120 (June 2016). The Radio and Plasma Wave
Science/Langmuir Probe-measured ion charge densities (normalized by the solar zenith angle) show
statistically significant variations with respect to the solar EUV flux. Dayside charge densities increase by a
factor of ≈2 from solar minimum to maximum, while nightside charge densities are found to anticorrelate
with the EUV flux and decrease by a factor of ≈3–4. The overall EUV dependence of the ion charge densities
suggest inapplicability of the idealized Chapman theory below 1200 km in Titan’s ionosphere. Nightside
charge densities are also found to vary along Titan’s orbit, with higher values in the sunward magnetosphere
of Saturn compared to the magnetotail.

Plain Language Summary Satun’s moon Titan hosts a fully developed atmosphere of nitrogen and
methane extending up to almost an entire Titan radius above the surface. The top atmosphere is ionized
primarily by the solar radiation on the dayside and energetic particles on the nightside, initiating a complex
organic chemistry. Effects of solar radiation on Titan’s ionosphere are studied over the course of almost
12 years, (October 2004 to June 2016). The dayside ionospheric plasma densities (ions and charged dust
grains) cannot be described by the Chapman theory. On the nightside, the plasma densities anticorrelate
with the solar radiation flux, possibly due to photochemistry of the upper atmosphere being altered by the
higher flux. Nightside plasma densities are also found to vary along Titan’s orbit, with higher values in the
sunward magnetosphere of Saturn compared to the magnetotail.

1. Introduction

Titan, the largest moon of Saturn (2575 km radius), hosts a fully developed, N2- and CH4-dominated atmo-
sphere extending to almost a whole radius above its surface [Niemann et al., 2005; Wahlund, 2005; Edberg
et al., 2010; Galand et al., 2014, and references therein]. On the dayside, the atmosphere is ionized primarily
by the solar extreme ultraviolet (EUV) radiation with peak ionization at ≈1100 km altitude [Cravens et al., 2006;
Ågren et al., 2009; Shebanits et al., 2013; Vigren et al., 2014]. On the nightside, at altitudes below 1200 km (also
on the dayside but deeper down), the main ionization source is the flux of energetic particles from the
Kronianmagnetosphere [Ågren et al., 2007; Cravens et al., 2008, 2009] (a cartoon of Titan’s ionospheric plasma
profiles is shown in Figure 1). The ionization balance is regulated by different mechanisms, in particular, by
transport [Müller-Wodarg et al., 2008; Crary et al., 2009; Cui et al., 2010], ion-electron dissociative recombina-
tion, and ion-ion mutual neutralization [e.g., Vigren et al., 2015]; their respective relative contributions vary
with altitude.

In the deepest ionosphere (880–1000 km altitude), the in situ observations by the Cassini spacecraft (S/C)
have revealed negatively charged ions/dust particles (~5 nm) [Coates et al., 2007], with abundances com-
parable to or higher than the free electrons [Ågren et al., 2012; Shebanits et al., 2013, 2016]. In this region,
the number density of the positive ions [singly charged, Thissen et al., 2011] is enhanced due to the
(comparatively low) ion production rate being compensated by a slow chemical loss rate [Lavvas et al.,
2013; Vigren et al., 2014; Shebanits et al., 2016]. The ionization sources initiate a complex ion chemistry
(see, e.g., Vuitton et al. [2014], and references therein, modeled following the observations of heavy positive
and negative ions at the lower altitudes reported in Coates et al. [2007, 2009], Crary et al. [2009],
Wahlund et al. [2009], Shebanits et al. [2013], and Wellbrock et al. [2013]), ultimately producing a dusty
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plasma that is characterized by a significant electron depletion [Shebanits et al., 2016] and aerosols further
down [Lavvas et al., 2013].

The ionizing solar EUV flux evidently plays a key role in the complex organic chemistry of Titan’s dayside iono-
sphere as the main source of energy. Recent research revealed the influence of the solar cycle on Titan’s iono-
sphere, showing that electron [Edberg et al., 2013] and positive ion number densities for lighter species
(<100 amu) [Madanian et al., 2016] are enhanced during the solar maximum, including the ions not directly
produced by the ionizing EUV flux. Moreover, Sagnières et al. [2015] showed that the ion number densities
correlate with the local ionization rate, although the correlation is significantly stronger for the short-lived
ions than for the long-lived ones. The nightside may be affected by the solar EUV indirectly due to possible
(but not verified) day-to-night transport mechanisms [Cui et al., 2010] and EUV-dependent variations in
Saturn’s magnetospheric corotational plasma flow.

In this study we use in situ measurements by the Radio and Plasma Wave Science (RPWS) Langmuir probe
(LP) on board the Cassini S/C to investigate the effects of the varying solar EUV flux on the ion population,
adding the heavier positive ions and the negative ions/dust grains to the picture. Section 2 gives a descrip-
tion of the instruments and data processing. The results are presented and discussed in section 3. The con-
clusions are summarized in section 4.

2. Instruments and Analysis Method
2.1. Instruments

The Langmuir Probe (LP) is part of the Radio and PlasmaWave Science (RPWS) instrument package. It collects
plasma current as a function of bias voltage, from which plasma densities, temperatures, and speeds may be
derived as well as the S/C potential [Wahlund, 2005; Ågren et al., 2009]. In Titan’s ionosphere the probe per-
forms double voltage sweeps between ±4 V (except for TA and TB) in 1024 steps (+4 V to �4 V and back to
+4 V), collecting electron current for positive bias voltages and ion current for negative bias voltages. For the
purpose of this study we use the charge densities for positive ions and negative charge carriers (ions and dust
grains) derived from the ion part of the sweep, a derivation that relies on the S/C potential extracted from the
electron part of the sweep and the mean ion mass measurements by the Ion and Neutral Mass Spectrometer
(INMS) instrument as described in Shebanits et al. [2016].

The solar EUV data are translated to Saturn in distance and time (phase) from the solar irradiance measure-
ments (daily average at 1 AU) by the Solar EUV Experiment (SEE) instrument from the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED) mission and the Solar Stellar Irradiance
Comparison Experiment (SOLSTICE) from the Solar Radiation and Climate Experiment (SORCE) mission
(http://lasp.colorado.edu/lisird/). The TIMED/SEE measurements are used to obtain the total ionizing flux
for Titan’s ionosphere, and combined TIMED/SEE and SORCE/SOLSTICE measurements are used for cross-
referencing the translation to Saturn. All the EUV measurements in this study therefore refer to the

Figure 1. Schematic representation of plasma density profiles in Titan’s ionosphere on the dayside (orange), terminator
(blue), and nightside (black). The dusty plasma peaks are below the lowest altitude reached by the Cassini S/C. Based on
average ion density profiles from the RPWS/LP measurements.
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unattenuated solar EUV flux just outside Titan’s ionosphere (i.e., atmospheric extinction not applied). The
translation in time (phase) achieves ≈600″ accuracy for the orbital position of Saturn due to the ephemeris
prediction algorithm utilizing a rwo-body model. This precision is sufficient for the purposes of this study,
as explained below.

2.2. Solar EUV and the Photoelectron Current

The ionization limit for the dominant species (N2), is 79.6 nm [Schunk and Nagy, 2009]. To obtain the total
ionizing flux FEUV, we therefore integrate the TIMED/SEE solar EUV irradiance spectrum between 0.5 and
79.5 nm. The translation to Saturn can be checked by comparing the photoelectron current (Ipe) measured

by the RPWS/LP and a theoretical I
0
pe derived with the solar EUV irradiance. For this purpose, the

SORCE/SOLSTICE spectrum replaces the TIMED/SEE for wavelengths >115 nm due to the recent
TIMED/SEE detector degradation for wavelengths >120 nm (http://lasp.colorado.edu/lisird/). To the best of
our knowledge, no photoelectric yield measurements have been carried out for a TiN surface at the time
of this study. The “next best” yield function from Brace et al. [1988] is used instead; the authors used it for
a molybdenum- and rhenium-coated LP, although it is based on an average of the laboratory measurements
of several metals, e.g., tungsten, gold, aluminum, and stainless steel. This metal average yield function has
artificial cut-offs at wavelengths ≲20 nm and ≳160 nm due to their relatively small contributions (<3%) to
the total Ipe. Nevertheless, it gives a sufficient approximation for the TiN-coated RPWS/LP together with
the measured solar EUV irradiance up to 160.5 nm, as explained below.

The measured photoelectron current Ipe is usually removed in the analysis, it is also negligible compared to
the ion current (∝ density) below 1200 km in Titan’s ionosphere due to the atmospheric EUV extinction.
However, the current collected in the thinnest plasma of Saturn’s magnetosphere is dominated by the Ipe.
To extract it, the RPWS/LP data set is filtered by removing data from Saturn’s shadow, the equatorial plane
crossings (±2 days), all the targeted flybys of Saturn’s moons (±1 h), and all the data within 9 RS of Saturn
(RS is the Saturn radius, ≈60,000 km). Additionally, a S/C attitude correction is applied to eliminate the contri-
butions of the TiN-coated stub that the RPWS/LP is mounted on [Jacobsen et al., 2009], by the method
described in Holmberg et al. [2012].

The resulting photoelectron current is plotted in Figure 2a as a function of time. The first part (marked FIT 1)
shows the unperturbed “original” current, from the arrival at Saturn in mid-2004, which is used for the correc-
tion of the subsequent current shifts. The second part (FIT 2) is a shift due to a possible influence of the mag-
netospheric sheet flapping during 2006; removing equatorial crossings does not work as a filter for this
period but the net effect is trivially corrected for by assuming a constant sheet ion density (and therefore
the ion current to the probe), on average. The third part (FIT 3) is the current before the major shift during
at least nine consecutive passages through Saturn’s radiation belts in 2008 (exact number is difficult to iden-
tify due to the dynamics of Saturn’s magnetosphere), which caused a degradation of the RPWS/LP electro-
nics. The net effect is a shift of all the measured current by a constant value (<0.2 nA), which is corrected
for in the analysis. The last part (FIT 4) is the current after the radiation belt passages. The correction of the

photoelectron current is performed by fitting it to the theoretical current I
0
pe, derived with the photoelectron

yield function Y from Brace et al. [1988] and the solar EUV flux up to 160.5 nm (Figure 2b) as I
0
pe ¼ ∫λYFEUVdλ.

The slope of the “original” current (red) is used to fit the subsequent current shifts because the photoelectric
properties of the coating are assumed to be constant—the probe is regularly cleaned by setting it to a large
negative bias voltage and sputtering the surface with high-energy ions for longer time periods in Saturn’s
magnetosphere. It is not recommended to use the solar EUV flux for such a correction directly because the
photoelectric yield function depends on the wavelength and each wavelength varies differently during the

solar cycle; this effect is prominent in the deviation of the I
0
pe (Figure 2a, blue line) from the solar EUV flux

(Figure 2a, gray line) of 2014–2015, compared to the similar EUV levels of 2004–2005. Comparing the cor-

rected Ipe (Figure 2c, black line) and the theoretical I
0
pe (blue line) shows that the difference (dashed line) is

below the RPWS/LP noise level of 0.1 nA [Gurnett et al., 2004], validating both the yield function approxima-
tion and the negligibility of the magnetospheric ion current. This control also demonstrates that the Ipe mea-
sured by the RPWS/LP (and generally, an S/C-mounted Langmuir probe in similar plasma conditions as shown
by Brace et al. [1988]) can be used as a local empirical approximation of the solar EUV flux (gray line), including
the small-scale variations.
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2.3. Data Reduction

The RPWS/LP derived charge densities of the positive ions and negative ions and dust grains are sorted into two
sets each: peak densities below 1200 km (solar EUV and magnetospheric particle ionization peaks [see, e.g.,
Cravens et al., 2008; Ågren et al., 2009; Galand et al., 2010; Shebanits et al., 2013]) and closest approach (CA) max-
ima at altitudes 950–1050 km (see section 3). The latter imply that there is at least one peak below the CA altitude
and are used as representative densities for the deepest ionosphere reachable by the Cassini S/C, populated by
heavier ions and dust grains [Wahlund et al., 2009;Wellbrock et al., 2013; Shebanits et al., 2016]. The upper limit of
1200 km altitude is imposed to remove the possible influences of the ion outflows [Cui et al., 2010] and the ion
drift effects in the upper ionosphere (collisionless, ≳1400 km) [Rosenqvist et al., 2009]. Examples of altitude pro-
files and the high- and low-altitude peaks of the measured charge densities are shown in Figure 3.

After sorting, the data sets are processed following the method described in Edberg et al. [2013]. The first step
is to detrend by the solar zenith angle (SZA) using a cosine function:

n± ¼ a· cos b·SZAð Þ; (1)

where n± is the charge density at dayside/terminator (SZA < 110°) and a and b are fit parameters. To avoid
the trend contamination by the EUV-enhanced charge densities, only the solar minimum n± is used here (a
subset of flybys with the solar EUV flux below 35 μW m�2). It should be noted that fitting the same function
to the solar maximum values does not change the b parameter beyond its error margin, and the largest effect

Figure 2. (a) Comparison of the measured (red) and theoretical (blue) photoelectron current, Ipe. The integrated solar EUV
flux<160 nm is plotted in gray for reference. (b) Measured Ipe plotted versus the theoretical I

0
pe derived with the integrated

solar EUV flux (<160 nm) and the yield function from Brace et al. [1988] (Flux × Yield, integrated over wavelength). Best
linear fits are plotted as solid black lines. Orange part of themeasured current is separated due to a possible influence of the
magnetospheric sheet flapping (across the orbit of the Cassini S/C) during 2006. (c) The corrected Ipe (black) versus the
theoretical I

0
pe (blue); the difference between these currents is plotted as a dashed black line. The RPWS/LP noise level is

shown as a gray line at 0.1 nA for reference.
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of this on the n± values is for small SZA (<20°), where we have nearly no data points (see section 3 below).
Regarding the fitting function, the idealized theoretical description of the SZA variation requires a

ffiffiffiffiffiffiffiffiffi
cos

p
dependency [Chapman, 1931], but the exact expression assumes an isothermal plane-stratified
atmosphere of single-ion species absorbing a monochromatic radiation flux and no chemistry, all of which
are not applicable to the altitudes of interest. Using a simple cosine function instead, we receive an
empirical fit to the data which is more than sufficient for the purpose of the trend removal. For the
nightside ionosphere, the charge densities are normalized by a median value instead. There is a
statistically significant variation with respect to the Saturn Local Time (SLT), in agreement with the
enhancements caused by the flux of energetic particles from the tail magnetosphere [Mitchell et al., 2009;
Westlake et al., 2011], the trend is weak, however, and has very little impact on the consequent analysis. It
should also be noted that removing the SLT trend does not account for the fluctuations of the high-
energy particle precipitation (e.g., by an equivalent of auroral processes on Titan). The SZA and SLT trends
are shown in section 3. After this step the charge densities in the dayside, terminator, and nightside
ionosphere are fitted to the solar EUV flux (if there is a statistically significant correlation) using a power law:

n
0
±∝ FkEUV; (2)

where FEUV is the solar EUV flux<80 nm, n
0
± is the charge density detrended by the SZA (plus for the positive

ions and minus for the negative ions/dust grains), and k is a fit parameter with the theoretical expectation
value of 0.5 [Chapman, 1931]. Dayside (SZA < 70°), terminator (SZA 70°–110°), and nightside (SZA > 110°)
regions of the ionosphere are investigated separately due to different conditions in these regions, while both
the dayside and terminator regions are ionized mainly by the solar EUV (the terminator ionospheric peaks are
~100 km higher in altitude due to the extent of Titan’s ionosphere). The nightside region is ionized mainly by
Saturn’s magnetospheric electrons, protons, and oxygen ions [Cravens et al., 2008; Galand et al., 2014, Figure
11.25, and references therein].

It should be noted that detrending by the EUV fit propagates very large errors (power law coefficients), and
an investigation of further underlying variations is not possible with the current data set. This includes poten-
tial seasonal, latitudinal, and longitudinal variations, for instance.

3. Results and Discussion

The RPWS/LP-derived data set is shown in Figure 4 and includes flybys from TA to T120. A first thing to note is
that there are typically two peaks during low solar activity. A minor peak (lighter ions) at altitudes ≳ 1200 km
(n+ = 300� 1800 cm�3, n�= 200� 500 cm�3) is due to transport and inflow of magnetospheric particles
[Ågren et al., 2007; Cravens et al., 2009]. A major peak (heavier ions and dust grains) below ≲ 1200 km
(n+ ≤ 7500 cm�3, n�= 500� 4000 cm�3, “main peak” in Figure 1, see also examples in Figure 3) is due to
the solar EUV ionization on the dayside and the inflow of magnetospheric particles on the nightside. The
minor peaks are typically below 1000 cm�3 and ≈100 km wide, whereas the major peaks span ≈400 km

Figure 3. Examples of high- and low-altitude charge densities of (a) positive ions and (b) negative ions/dust grains from flybys T18, T34, T41, T49, T56, and T119.
Dayside flybys are colored in orange, terminator in blue, and nightside in black; the triangles mark the peaks and the squaresmark the closest-approach (CA) maxima.
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and reach ≈4000 cm�3. During high solar activity the higher altitude peaks seemingly vanish, possibly
because they become indistinguishable in the overall EUV-enhanced density profiles. Plotting the positive
ion charge densities (Figure 4a) versus the solar EUV flux (FEUV) and the SZA (color coded) reveals the
strongest trends: the SZA dependence, with higher n+ (larger markers) in the dayside ionosphere [see also
Ågren et al., 2009; Shebanits et al., 2013; Madanian et al., 2016] and the EUV dependence in the dayside
(orange) and terminator (blue) ionosphere, with higher n+ at higher FEUV, while the peak (triangles)
altitudes decrease. This effect was also reported for the calculated production rates of N2

+ and the
observed densities of the primary ion species by Madanian et al. [2016]. The negative ion/dust grain
charge densities (n�) also increase with increasing FEUV (Figure 4b) although with increasing dayside peak
altitudes: for the lower values of FEUV the peaks are below the CA altitudes of ≈1000 km (as indicated by
the empty squares marking the CA maximum n�), but for the higher FEUV values the peaks (triangles)
begin to appear above the CA altitudes. The apparent increase in the negative ion/dust grain peak altitude
may be an effect of the solar EUV interrupting the formation of the heavier negative ions/dust grains
(more details below)—the lighter species, which peak at higher altitudes [Wellbrock et al., 2013], would
then become dominant and effectively shift the total peaks to higher altitudes.

Strictly speaking, the y coordinate of the triangles in Figure 4 correspond to altitudes along individual Cassini
trajectories. The SZA varies during each flyby and it is not guaranteed that these values reflect the location of
density maxima along the vertical direction. The location of the maxima may be close to the maxima of the
ion-electron pair production rate (Pe) but can also be shifted downward by an increased fraction of negative
ions with decreasing altitude [Vigren et al., 2014; Shebanits et al., 2016]. In any case, we consider that estimates
of Pe along the dayside Titan flybys are needed for an interpretation of the presented trend of decreasing
(increasing) altitude of the positive (negative) ion number density peaks with increasing EUV flux. We are
therefore planning another study to evaluate Pe along the Cassini trajectory using a similar approach as
Vigren et al. [2013] but on an extended set of flybys. This requires the number density profiles of N2 (and pos-
sibly CH4), which are assessable from the INMS measurements.

3.1. Charge Density Normalization

To isolate the impact of the solar cycle, the dayside and terminator (SZA < 110°) charge densities are first
detrended by the SZA (divided by their respective fits in Figures 5a and 5b). The nightside (SZA > 110°)

Figure 4. The RPWS/LP data set of (a) positive ion and (b) negative ion/dust grain charge densities from TA to T120 flybys
plotted in altitude versus the solar EUV flux (integrated up to 80 nm). The triangles represent the peak charge densities
for the inbound (down triangles) and the outbound (up triangles) part of the Cassini trajectory, the squares represent the
CA maximum charge density for the cases where the peak altitude was not reached. The colors represent the SZA
variation, orange gradient for the dayside, blue for the terminator, and gray for the nightside ionosphere. Marker size is
proportional to the charge density.
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charge densities are normalized by the median instead. The positive ion peak and CA maximum densities
exhibit very similar SZA trends (Figure 5a), despite covering different mass and altitude ranges. One should
also keep in mind that the RPWS/LP does not discriminate between the ion masses in the collected
current [see, e.g., Shebanits et al., 2016]. We therefore simply conclude that the current data set does not
show any significant SZA-dependent differences for the positive ions between the mass groups populating
the altitudes of <1200 km (peaks) and 950–1050 km (CA maxima). There is a (weak) dependency on the SLT
(Figure 5c), with low F statistic and large uncertainties, despite the fit passing the significance threshold of
p value <0.05 (note that the SLT has been converted into degrees with 0° corresponding to 0 h SLT). The
SLT trends for the CA maxima of the heavier positive ions and negative ions/dust grains are also similar.
These similarities of the SZA and SLT trends across positive/negative ions and different altitude ranges
may reflect characteristics of a dusty plasma, wherein negative ions account for a significant part of the
negatively charged population, and where electron attachment to complex neutrals not only yields
enhanced negative ion densities but also enhances the lifetime of the positive ions [Vigren et al., 2014;
Shebanits et al., 2016]. The main ionization source in Titan’s nightside ionosphere is the flux of Kronian
magnetospheric particles, which was found to vary with Titan’s position in Saturn’s magnetosphere
[Mitchell et al., 2009], in particular, an enhancement of the ring current intensity in the tail and further
increase toward sunward magnetosphere. The SLT-trends in Figure 5c show a matching asymmetry: a
statistically significant difference in the charge density maxima, with higher values when Titan is in the
sunward magnetosphere compared to the magnetotail. This variation is also consistent with enhanced N2

densities during higher magnetospheric particle flux as discussed in Westlake et al. [2011]. The peak
densities show no statistically significant SLT variation, and we interpret this as an effect of the altitude
difference between the peaks (≈1000–1200 km) and the maxima (950–1050 km, see Figure 4) since the
magnetospheric particles are deposited primarily in the lower ionosphere [Cravens et al., 2008; Galand
et al., 2014, Figure 11.25, and references therein].

3.2. Solar Cycle Dependencies

The EUV dependencies are clearly seen when plotting the detrended charge densities versus the solar EUV
flux (Figure 6). For the n� peaks on the dayside/terminator there are not enough data points and the fit could
not be performed; on the nightside (Figure 6f) the fit does not pass the significance criteria (F test with p value
< 0.05), but it is consistent with the corresponding fit of the positive ions (Figure 6e). The CA maxima of the
positive ion and negative ion/dust grain charge densities at the terminator (Figures 6c and 6d) also fall a bit
short on the F test. Remarkably, the data points with the largest fit residuals are all from the T51 flyby, which
has enhanced charge densities (compared to the overall profile) as illustrated in Figure 5. Removing T51 from
the data set improves the EUV fits enough to pass the significance test (Figure 7, the positive ion peaks are
also refitted for consistency). For the dayside and nightside, the peak charge densities and the CA maxima

Figure 5. SZA plots of the charge densities of (a) positive ion peaks (bright red) and CA maxima (faint red) and (b) negative ion/dust grain CA maxima (faint blue)
during solar minimum. SZA limit for the fit is 100°. (c) Nightside charge densities plotted versus SLT. Peak values are at altitudes <1200 km, CA maxima are at
altitudes 950–1050 km. Error bars show 95% confidence intervals for each measurement (2σ). Best (statistically significant) fits used for detrending are plotted as
solid lines and dashed lines show their respective 95% confidence intervals (2σ).
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of the positive ions have very similar EUV trends, i.e., no significant differences are detected with the
presented data set. It should also be noted that the nightside EUV trends are clear both with the median
normalization and SLT detrending, although the error margins are much greater in the latter case.
Interestingly, both peak and max n+ and n� correlate with FEUV on the dayside, a factor ≈2 (≈4000 cm�3)
increases between minimum and maximum solar activity (similar enhancements have also been observed
by the Cassini INMS for positive ions <100 amu [Madanian et al., 2016]). At the same time, the charge
densities strongly anticorrelate with FEUV on the nightside of Titan, a factor ≈3–4 (≈3000–4000 cm�3)

Figure 6. SZA-detrended peaks (black triangles) and maxima (black circles) of (a, c, and e) positive ion charge density and (b, d, and f) negative ion/dust grain charge
density, SZA-detrended on the dayside (Figures 6a and 6b) and terminator (Figures 6c and 6d) and normalized by the median on the nightside (Figures 6e and 6f)
ionosphere. Best fits are plotted as solid lines and the corresponding confidence intervals as dashed. Note the log scale on all axis. The coefficient k in the legend
is from equation (2) and offset is a proportionality factor, i.e., log10n±

0
= k log10FEUV + offset. All error bars and confidence intervals are 95% confidence (2σ). The

data points marked by black circles are from T51.
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decrease (Figures 6d and 6e; fit coefficients are summarized in Table 1), and despite the fact that there are no
measurements of nightside for high FEUV (≳ 40 μW m�2, see Figures 6d and 6e) that cover the altitudes
<1200 km, the trends of both n+ and n� are consistent (as expected due to the coupled ion-ion reactions
[Shebanits et al., 2016]).

As mentioned above, the Chapman theory [Chapman, 1931] assumes an isothermal, plane-stratified atmo-
sphere consisting of a single ion species that absorb a flux of a single wavelength, none of which are

Table 1. Summary of the Fit Statistics and Coefficients With 95% Confidence Intervals for the Variations in the Charge Densitiesa

Positive Ions Negative Ions

Peaks,
a1

a2

� � # Obs
F Stat
P Value

CA,
a1

a2

� � # Obs
F Stat
P Value

Peaks,
a1

a2

� � # Obs
F Stat
P Value

CA,
a1

a2

� � # Obs
F Stat
P Value

Ionization at solar min (EUV < 35 μW m�2), a1 · cos(a2 · SZA) or a1 + a2 · cos(SLT°)

SZA trend 4231.75 ± 351.27
0.7432 ± 0.0296

22
n/a
n/a

4578.03 ± 511.91
0.819 ± 0.0389

17
n/a
n/a

X 4
n/a
n/a

1780.61 ± 324.07
0.7475 ± 0.0765

17
n/a
n/a

SLT trend X 14
n/a
n/a

958 ± 288
�381 ± 335

15
6.02

2.9e�2

X 9
n/a
n/a

757 ± 294
�349 ± 342

15
4.85

4.62e�2

Detrending by EUV, log10n±
0
= a1log10FEUV + a2,

SZA < 70° 1.12 ± 0.36
5.13 ± 1.63

13
46.65
2.8e�5

0.89 ± 0.30
4.09 ± 1.37

20
37.42
8.9e�6

X 6
n/a
n/a

1.28 ± 0.60
5.93 ± 2.68

21
20.06
2.6e�4

70° ≤ SZA < 100° 0.44 ± 0.25
2.03 ± 1.15

19
13.59
1.8e�3

0.67 ± 0.77
3.12 ± 3.50

9
4.24

7.9e�2

X 2
n/a
n/a

0.90 ± 0.92
4.20 ± 4.19

9
5.33

5.4e�2

70° ≤ SZA < 100°
without T51

0.54 ± 0.18
2.51 ± 0.84

17
40.38
1.3e�5

0.93 ± 0.48
4.30 ± 2.17

8
22.96
3.0e�3

X 2
n/a
n/a

1.06 ± 0.93
4.90 ± 4.22

8
7.80

3.1e�2

SZA ≥ 100° �2.29 ± 1.40�
10.55 ± 6.43

24
11.68
2.9e�3

�3.07 ± 2.14
�14.21 ± 9.83

20
9.12

7.7e�3

�2.75 ± 3.05�
12.60 ± 14.05

13
3.95

7.2e�2

�3.57 ± 3.41
�16.55 ± 15.71

19
4.93

4.1e�2

aMissing coefficients: insufficient number of points and absence of a significant variation are marked with “X.” SZA and SLT are in degrees in all of the equations.

Figure 7. Same as (Figures 6c and 6d) but without the T51 points (crossed-out).
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applicable in Titan’s ionosphere (subjected to a variable EUV flux) below 1200 km altitude. Despite this, the
electron density peaks have been found to be proportional to the square root of the ionizing flux [Edberg
et al., 2013]. The positive ion and negative ion/dust grain charge densities, however, exhibit a statistically sig-
nificant trend with the power law coefficients (Figures 6a and 6b; Table 1) that deviate from the theoretical
value of 0.5 by 1 σ at altitudes <1200 km and by 2 σ at altitudes <1050 km on the dayside. The closest value
is k=0.44 ± 0.25 for the positive ion peaks at the terminator (Figure 6c, for n� there are not enough data
points for a statistically significant trend), but this is interpreted as a transition from the dayside to the night-
side. Therefore, the presented analysis strongly implies that the Chapman theory is not applicable to ions and
dust grains in Titan’s ionosphere below 1200 km altitude.

3.3. Nightside Conundrum

As evident from Figure 6, not only are the nightside charge densities not oblivious to FEUV but decrease with
the increasing flux, strongly indicating that any horizontal transport below 1200 km altitude must be much
slower than the chemistry—if the transport was faster one would expect to see similar EUV dependencies
across the entire ionosphere. Indeed, using empirical and model estimates of the horizontal ion winds,
~230 m/s [Müller-Wodarg et al., 2008; Crary et al., 2009] at ~1000 km altitude, puts the time needed to trans-
port ions from the noon ionosphere to midnight to ~13.5 h, while the average lifetime of the heavy ions is
estimated to ~2 h using the presented SZA-detrended charge densities and an ion-ion neutralization rate
coefficient of ~10�7 cm3 s�1 [Vigren et al., 2014]. Plotting the SZA-detrended densities (normalized by the
median on the nightside) in Titan Local Time (LT) for solar minimum andmaximum (Figure 8) shows the same
EUV trends as in Figure 6 and suggests a local production of (a large part of) the nightside ions as the charge
densities change abruptly across the dusk region of the ionosphere, ≈8 h (the positive ion peak densities
seem to carry over; however, these are the densities used for the normalization).

A case of chemistry dominating over the day-to-night transport is an equivalent of an ionosphere consisting
primarily of short-lived ions. Such a scenario would not have any correlation with the EUV flux on the night-
side (sketched in Figure 9a). On the other hand, a composition of primarily long-lived ions would homogenize
the EUV-dependencies in the same way as dominating transport (or superrotation, Figure 9b). A mix of both
short- and long-lived ions would result in a positive correlation both on the dayside and on the nightside,
Figure 9c. A possible explanation is that the solar EUV changes the photochemistry of the dayside upper
atmosphere which results in the observation of less ions on the nightside (sketched in Figure 9d). For

Figure 8. Titan Local Time (LT) plots of the detrended charge densities (by SZA on the dayside and bymedian on the night-
side) from Figure 6. The radial axis is altitude in kilometers. Data points close to the polar regions (within 30° from the ecliptic
normal) have been removed due to approximately constant illumination at the altitudes of interest. The EUV boundary
between the minimum and maximum in this plot is shifted to 26.5 μW m�2 to equalize the amount of data points.
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example, a higher EUV may enhance the dayside electron densities and the frequency of the
photodissociation, the former would speed up the dissociative recombination, terminating the production
chains of heavy complex organic molecules (charged or neutral), while the latter eradicates those already
formed. In such a case, with a reduced number of heavy molecules, there would be more free electrons
(less attachment sites, i.e., less negative ions) to recombine with the positive ions, pulling the positive ion
densities down. However, this is a speculation and detailed modeling is needed for verification since the
presented data set incorporates all but the last two flybys of Titan by the Cassini S/C and will not be much
extended until the next mission to Titan. This makes it impossible to check the local time variation over
the nightside ionosphere alone, for instance, as evident from Figure 8, the nightside has very poor flyby
coverage during the solar maximum, although it does look like the nightside charge densities increase
from ≈20 h to ≈3 h LT (Figures 8e–8h), there are simply not enough points to draw a definite conclusion.

Figure 9. Different scenarios for the dayside and nightside plasma density (orange) variations due to solar EUV: ionosphere populated primarily by (a) short-lived
ions, (b) by long-lived ions, and (c) by a mix of both, contrasted (d) by the observed case. Note that transport (e.g., superrotation) has the same effect as the
long-lived ions (Figure 9b). Thicker lines correspond to higher plasma densities.

Figure 10. Ion column density, derived from the interpolated (nearest neighbor) RPWS/LP charge densities binned by 5° SZA. (a, d) Solar minimum values, (b, e) solar
maximum, and (c, f) the difference between the two. Positive ions are in Figures 10a–10c; negative ions are in Figures 10d–10f. To somewhat equalize the amount of
data points between the solar minimum and maximum plots (for interpolation purposes), the EUV limit for sorting has been shifted from 35 to 26.5 μW m�2.
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The increased nightside plasma densities with decreased EUV input on the dayside can also be suspected to
be a consequence of a contracted thermosphere, which for a given particle influx would tend to yield a more
altitude-concentrated ionospheric peak. Reaction of the thermosphere to the changing EUV flux can be
inferred from a corresponding variation of the ion column density profile. The latter may be derived from
the RPWS/LP measurements by interpolating the SZA-binned charge densities (Figure 10). The positive ion
column density below 1200 km altitude shows an increase of the overall profile (similar across the altitude
range) on the dayside, indicating an expansion of the thermosphere. The negative ion column density on
the dayside (same altitudes) also increases between the solar minimum and maximum but to a lesser extent.
For the nightside, however, both column densities are higher during solar minimum, suggesting that the
identified anticorrelation (Figures 6e and 6f) is not an indirect result of an EUV-induced variation in the ther-
mosphere. We plan to investigate this further by invoking neutral number density measurements from the
INMS/CSN. It is also noted that the magnetospheric particle influx can vary substantially between individual
flybys due to its sensitivity to the magnetic field topology (in addition to variable thermosphere and
upstream conditions), which for Titan can be very complicated [e.g., Gronoff et al., 2009; Snowden et al.,
2013]. This variability can be investigated with the CAPS/ELS measurements, though these are available only
until June 2012, at which time the CAPS instrument was turned off.

4. Conclusions

The solar EUV flux below 80 nm has a strong impact on the ion and dust grain charge densities: a factor ≈2
enhancement of the charge densities and a factor ≈3–4 decrease of the nightside charge densities are
observed during the solar maximum (as compared to the solar minimum). A plausible scenario for the antic-
orrelation between the EUV level and the nightside ion densities is an EUV-driven disruption of the chemical
production chains and a photodissociation of the heavier long-lived species. During higher solar EUV flux
(maximum activity), the altitudes of the peak charge densities decreases for the positive ions and increases
for the negative ions/dust grains, the latter reflects the changes of the chemical production of the negative
ions/dust grains. Interpretation of this phenomenon requires knowledge of the ion-electron pair production
rate which is the aim of our next study. For now we simply conclude that a higher solar EUV flux changes the
photochemistry of the upper atmosphere (leading to the observation of less ions on the nightside than at a
lower EUV flux) and may then have implications for the aerosol production below the altitudes reachable by
the Cassini S/C.

The position of Titan in the Kronian magnetosphere has an unexpected impact on the plasma densities at
~1000 km altitude, observed in absence of the ionizing solar radiation (i.e., in the nightside ionosphere),
with plasma densities being higher on the sunward side compared to the magnetotail. The specific alti-
tude of these variations is in agreement with the peak ionization by the magnetospheric particle precipi-
tation [Cravens et al., 2008; Galand et al., 2014, Figure 11.25, and references therein]. The magnetotail is
typically populated by a larger amount of energetic particles than the sunward magnetosphere and
one would expect the trend to be reversed. However, the observations are consistent with the enhance-
ment of the particle flux intensity from the tail toward sunward magnetosphere, detected by the ENA
instrument [Mitchell et al., 2009].

Due to the nature of the EUV dependency (power law), no further detrending is sensible with the current data
set. This includes investigation of seasons, differences between the A.M. and P.M. regions of the ionosphere,
as well as the influence of Saturn’s corotational magnetospheric plasma.

The presented observations also strongly imply that the Chapman theory is not applicable for Titan’s iono-
sphere below 1200 km altitude.
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