
1. Introduction
Titan is immersed in Saturn's magnetosphere (Bertucci et  al.,  2008; Garnier et  al.,  2010) and does not have 
its own magnetic field. Instead, an induced magnetic field is formed around Titan from the interactions with 
Saturn's magnetosphere (Wahlund et al., 2005), similarly to interactions of Venus and Mars with the solar wind 
and interplanetary magnetic field (e.g., Bertucci et al., 2011 and references therein). The interaction between 
Titan and the ambient magnetic field depends to a large degree on Titan's conductive ionosphere. Previously, 
the electrical properties of Titan's ionosphere were derived using only the ion and electron content (Rosenqvist 
et al., 2009). In the later years, the data sets have been significantly updated. Most notably, large amounts of 
charged dust were detected in Titan's ionosphere (Ågren et al., 2012; Coates et al., 2007; Shebanits et al., 2013) 
and a globally present dusty ion-ion plasma is expected (Shebanits et al., 2016). The charged dust grains in the 
ionosphere-like plasma of Enceladus plume (Morooka et al., 2011) and in the near-equatorial dusty ionosphere 
of Saturn (Morooka et al., 2019) were shown to have a profound effect on its electric conductivities by Simon 
et al. (2011) and Yaroshenko and Lühr (2016), and Shebanits et al. (2020), respectively. In this work we derive 
the electrical properties of Titan's ionosphere using the full plasma content: electrons, positive ions and nega-
tive ions/dust grains and investigate the impact of dusty plasma on an unmagnetized planetary body. The rele-
vant in-situ measurements used here are from the Radio and Plasma Wave Science Langmuir Probe (RPWS/LP, 
Gurnett et al., 2004), the Ion and Neutral Mass Spectrometer (INMS, Teolis et al., 2015; Waite et al., 2004) and 
the Cassini Fluxgate Magnetometer (MAG, Dougherty et al., 2004). The data set spans the entire Cassini mission 
and is representative of a full solar cycle and nearly half Titan year.

Abstract Titan's ionosphere hosts a globally distributed non-trivial dusty ion-ion plasma, providing 
an environment for studies of dusty ionospheres that is in many aspects unique in our solar system. Thanks 
to the Cassini mission, Titan's ionosphere also features one of the largest dusty plasma data sets from 126 
flybys of the moon over 13 years, from 2004 to 2017. Recent studies have shown that negatively charged dust 
dramatically alters the electric properties of plasmas, in particular planetary ionospheres. Utilizing the full 
plasma content of the moon's ionosphere (electrons, positive ions, and negative ions/dust grains), we derive the 
electric conductivities and define the conductive dynamo region. Our results show that using the full plasma 
content increases the Pedersen conductivities at ∼1,100–1,200 km altitude by up to 35% compared to the 
estimates using only electron densities. The Hall conductivities are in general not affected but several cases 
indicate a reverse Hall effect at ∼900 km altitude (closest approach) and below. The dayside conductivities are 
shown to be factor ∼7–9 larger than on the nightside, owing to higher dayside plasma densities.

Plain Language Summary Titan (largest moon of Saturn) is famous for its signature orange haze, 
formed in the top layer of its atmosphere–ionosphere. The complex organic chemistry initiated mainly by 
sunlight forms grains of dust that at ∼1,000 km altitude reach a few nanometers in size (comparable to finely 
ground flour). In the ionosphere, these grains of dust absorb the free electrons (depleting them) and become 
charged. Below ∼1,000 km altitude there is very little electrons and the plasma consists primarily of ions–
called “ion-ion” or “dusty” plasma. In the absence of light electrons (negative charge), the positively charged 
ions instead become the dominant mobile charge carrier, as the negatively charged dust is much heavier. Such a 
reversal of charge mobility has a large impact on the electric properties of an ionosphere, increasing its electric 
conductivity and changing the direction of its electric currents. We use a Cassini mission data set spanning an 
entire solar cycle, nearly half a Titan year (≈15 Earth years), to calculate the electric conductivities of Titan's 
ionosphere and show that dusty plasma typically contributes up to 35%. We also find indications of the charge 
mobility reversal below 1,000 km although it is not a persistent feature.
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2. Observations and Method
2.1. Datasets and Flyby Coverage

We use data from 58 flybys where measurements of the Cassini INMS, RPWS/LP and the Cassini MAG are 
simultaneously available at the altitudes below 1,600 km down to the closest approach (CA) of 950 km (T#: A, 
B, 5, 16–21, 23, 25–30, 32, 34, 36, 38–40, 42–44, 46, 48–51, 55–59, 61, 65, 71, 77, 83, 84, 86, 87, 91, 92, 95, 
98, 100, 104, 107, 108, 113, and 116–121). The primary data from the INMS are the 𝐴𝐴 𝐴𝐴2 and 𝐴𝐴 𝐴𝐴𝐴𝐴4 densities. The 
Cassini RPWS/LP data set provides electron temperatures (Ågren et al., 2009) and electron densities, positive 
ion densities, negative ion densities, derived as described in Shebanits et al. (2016) with photoelectron current 
correction updated to account for the Cassini shadow over RPWS/LP (affects 15 flybys, T#: A, 21, 27, 44, 49, 
91, 92, 95, 98, 100, 105, 108, 119, 120, and 121). The INMS ion data are used as supplementary for the ion mass 
information in the RPWS/LP analysis (Shebanits et al., 2016). The Cassini MAG provides the in-situ magnetic 
field strength measurements. Regarding the RPWS/LP derived electron density and temperature, Chatain 
et al. (2021a, 2021b) provides a very detailed analysis of the electron current, showing that in Titan's ionosphere 
it consists of up to three electron populations as well as secondary electrons emitted from the s/c. However, the 
main populations have similar properties and their net densities and temperatures are consistent with the earlier 
estimates of the bulk temperatures and densities by Ågren et al. (2009) and Edberg et al. (2010, 2013a, 2018). Due 
to the complexity of the analysis, dividing the electrons into three polulations also introduces significant error 
margins (Chatain et al., 2021a). Another way to estimate the bulk electron density is by means of quasineutrality 
using the ram ion current as detailed in Shebanits et al., 2016. The ram ion current is by definition independent of 
the ion and dust masses. Because of the high velocity of the Cassini s/c in Titan's ionosphere (∼6 km/s), the ram 
ion current is also virtually undisturbed by the thermal component, offering a very robust estimate of the bulk 
electron density with a standard deviation of <90 cm −3, accounting for neutral winds up to ∼300 m/s (Lellouch 
et al., 2019), measurement noise, and a conservative 0.1 V uncertainty in the measured spacecraft potential. For 
the calculation of conductivities we therefore estimate the ionospheric electron density from the net ion current 
and use the bulk electron temperature from the electron current.

2.2. Method

2.2.1. Conductivities

The ionospheric conductivity tensor is traditionally separated into an orthogonal set with respect to the back-
ground magnetic field, stemming from the mathematical derivation of the ionospheric current from the momen-
tum equation dominated by the Lorentz force (e.g., Schunk & Nagy, 2009). As such, the direction of the Pedersen 
conductivity (𝐴𝐴 𝐴𝐴𝑃𝑃 ) is defined as orthogonal to the magnetic field B and parallel to the electric field 𝐴𝐴 𝑬𝑬⟂ (driving 
the Pedersen current), the direction of the Hall conductivity (𝐴𝐴 𝐴𝐴𝐻𝐻 ) is defined as orthogonal to the magnetic and 
electric fields (anti-parallel to the E × B drift) and the parallel conductivity (𝐴𝐴 𝐴𝐴‖, ‖𝑩𝑩 ) completes the set. Using the 
conductivity tensor representation (Schunk & Nagy, 2009) with dust term added (Shebanits et al., 2020; Simon 
et al., 2011; Yaroshenko & Lühr, 2016), the Pedersen (𝐴𝐴 𝐴𝐴𝑃𝑃 ), Hall 𝐴𝐴 (𝜎𝜎𝐻𝐻 ) and magnetic field parallel (𝐴𝐴 𝐴𝐴‖ ) conductiv-
ities are defined as:
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Here, the subscripts (s) denotes electrons (e), positive ions (i) and negative ions/dust grains (d) and the input 
plasma parameters are number density (n), mass (m), charge (q), momentum transfer collision frequency (ν), 
gyrofrequency (Ω), and magnetic field strength (𝐴𝐴 𝐴𝐴 ). Note that the gyrofrequency 𝐴𝐴 Ω = 𝑞𝑞𝑠𝑠𝐵𝐵∕𝑚𝑚𝑠𝑠 has the same sign 
as 𝐴𝐴 𝐴𝐴𝑠𝑠 .

Strictly speaking, the equations for conductivities must be summed over all the plasma species. However, mass 
spectra information is of very limited availability for Titan's ionosphere. We therefore adopt the average masses 
for the positive ions and for the negative ions/dust grains as described in Shebanits et al. (2016). Additionally, 
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singly charged negative ions/dust grains are assumed. This approach is validated using several flybys where the 
mass spectra for the positive ions and the negative ions and dust grains are available simultaneously (Coates 
et al., 2009; Shebanits et al., 2016), see Appendix A.

2.2.2. Momentum Transfer Collision Frequencies

In the following equations, the number density is always in cm −3, the rest of the units are SI. It should be noted 
that since the RPWS/LP measures the total charged particle flux at a given bias voltage and the availability 
of the mass spectra is limited, we use the total charge densities for the positive ions and negative ions/dust 
grains together with their respective mean mass as derived and validated in Shebanits et al. (2016). The collision 
frequencies (and in turn, conductivities) therefore represent mass-averages as well.

The momentum transfer collision frequencies (MTCFs) are largely dominated by collisions with neutrals. 
However, in a dusty plasma a significant contribution from collisions with the negative ions/dust grains is present 
and cannot be discarded (Shebanits et al., 2020; Yaroshenko & Lühr, 2016). We therefore use the total momentum 
transfer collision frequencies (MTCF) for each species as a sum of collision frequencies with the other species:

𝜈𝜈𝑠𝑠𝑠tot =

∑

𝑡𝑡≠𝑠𝑠

𝜈𝜈st 

The main neutral species in Titan's atmosphere are 𝐴𝐴 𝐴𝐴2 and 𝐴𝐴 𝐴𝐴𝐴𝐴4 (Niemann et  al.,  2005; Waite et  al.,  2005). 
Collisions of electrons with 𝐴𝐴 𝐴𝐴2 and 𝐴𝐴 𝐴𝐴𝐴𝐴4 are implemented as hard-sphere collisions (e.g., Schunk & Nagy, 2009) 
with the appropriate electron temperature dependent cross-sections 𝐴𝐴 𝐴𝐴 (𝑇𝑇𝑒𝑒) for 𝐴𝐴 𝐴𝐴2 (Itikawa, 2006) and 𝐴𝐴 𝐴𝐴𝐴𝐴4 (Song 
et al., 2015):

𝜈𝜈𝑒𝑒−neutral = 𝑛𝑛neutral

8

3

√
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For the negative ion/dust collisions with neutrals, both elastic (Coulomb) and hard-sphere collisions are used 
(see also Shebanits et al., 2020). For the hard-sphere collisions, the cross-sections are replaced by the average 
dust grain cross-section 𝐴𝐴 𝐴𝐴𝐴𝐴

2

𝑑𝑑
 , where the average dust grain radius 𝐴𝐴 𝐴𝐴𝑑𝑑 is estimated from the average grain mass by 

assuming a spherical grain and a mass density of kerogen (𝐴𝐴 1280 ± 300 kgm −3, Stankiewicz et al., 2015):
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8
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2
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The kerogen mass density is consistent with a range of tholin mass densities derived in lab settings (Imanaka 
et al., 2012) as well as comet 67P tholin analogs (Brouet et al., 2016). It should be noted that the actual dust 
grain geometry in Titan's ionosphere is likely to be of fractal nature (Chatain et al., 2020; Michael et al., 2011; 
Shebanits et al., 2016; Sittler et al., 2009; Waite et al., 2009). However, extensive lab experiments and sophisti-
cated modeling are required to produce a database of dust grain geometries (and their cross-sections) at Titan. We 
therefore adapt spherical grains as a first order approximation.

Elastic collisions of electrons and neutrals with the heavy charged species are calculated according to Schunk and 
Nagy (2009), their equation 4.144 and 4.88, respectively:

𝜈𝜈𝑒𝑒−𝑖𝑖𝑖𝑖𝑖 = 54.5
𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑍𝑍

2
𝑖𝑖𝑖𝑖𝑖
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1.5
𝑒𝑒

𝑖 (4)

𝜈𝜈𝑖𝑖𝑖𝑖𝑖−neutral = 2.5879 × 10−9𝑛𝑛𝑛𝑛
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𝑖 (5)

where, the charge number is defined as 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖 = 𝑞𝑞𝑖𝑖𝑖𝑖𝑖∕|𝑞𝑞𝑒𝑒| and 𝐴𝐴 𝐴𝐴𝑛𝑛 is the polarizability of the neutral molecule 
(𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶4

= 2.59 , 𝐴𝐴 𝐴𝐴𝑁𝑁2
= 1.76 ).

MTCF equation for elastic collisions between the positive ions and negative ions/dust grains (ion-dust drag) is the 
same as ion-ion collision (equation 4.142 in Schunk & Nagy, 2009):
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3 (6)

3. Results and Discussion
3.1. Dynamo Region

The conductive region of an ionosphere is called a dynamo region. It is a layer where the heavy charge carriers 
are coupled to the neutral atmosphere (i.e., gyrofrequency < MTCF, upper boundary) while the electrons can 
still move along the magnetic field lines (i.e., gyrofrequency > MTCF, lower boundary). The MTCFs and gyrof-
requencies defining the dynamo region of Titan's ionosphere are shown in Figure 1, plotted in altitude with the 
solar zenith angle (SZA) colorcoded. The error bars are symmetric and represent the combined measurement 
uncertainty (2σ level), propagated from the individual measurement uncertainties using the Monte-Carlo method 
(10 5 iterations). The statistical means of the dynamo region boundaries from all included flybys are given in solid 
white lines, with standard deviations as shaded areas.

The top boundary of the positive ions is at 𝐴𝐴 1390 ± 90 km, in agreement with previous estimates (Rosenqvist 
et al., 2009). The negative ions and dust grains begin to conduct at ∼100 km higher altitudes due to their higher 
mass and subsequently lower gyrofrequency (see also Shebanits et al., 2020). However, since the negative ions 
and dust grains are nearly absent above 1,200 km altitude in Titan's ionosphere, their impact on the top boundary 
of the dynamo region is negligible.

Figure 1. Momentum transfer collision frequencies (color-coded by solar zenith angle) and gyrofrequencies (orange) for electrons (panel a), positive ions (panel 
b) and negative ions/dust grains (panel c). The dynamo region boundary statistics from all included flybys: the mean values are shown as solid black lines and the 
corresponding standard deviations as dashed lines. For the lower boundary, the electron frequencies are extrapolated as defined in the text.
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It should be noted that the lower boundary defined by electrons (panel a) is a rough estimate derived empirically 
from an exponential extrapolation of the electron MTCFs (dominant trend from the neutral densities) and a linear 
extrapolation of their gyrofrequencies (i.e., magnetic field). The magnetic field is only available from the in-situ 
measurements which are limited by the closest approach, so a more sophisticated extrapolation is not deemed 
necessary for this work. In light of this, the lower boundary is constrained to be between 700 and 1,000 km alti-
tude, with lower altitudes more likely in the nightside ionosphere as indicated by the SZA trend (blue end of the 
colorbar = nightside). Incidentally, the dusty plasma in Titan's ionosphere is expected to peak below 1,000 km 
(Shebanits et al., 2016).

The rather large variability in the top dynamo region boundary (Figure 1) is a combination of the variabilities 
in the background neutral densities, magnetic field, SZA and the local time. The scatter in the ion/dust gyrofre-
quency is mostly due to variations in the magnetic field, as evident when comparing to the spread in the electron 
gyrofrequency. The top dynamo boundary variability is illustrated in Figure 2, where the top boundaries for posi-
tive ions are plotted in the leftside panels a1, a2 and for negative ions and dust grains in the rightside panels b1, 
b2 (throughout the text, the panels in figures are labeled with letters for columns and numbers for rows, for easier 
referencing). The altitudes of top boundaries are determined by a 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖 = Ω𝑖𝑖𝑖𝑖𝑖 condition estimated at 1s resolution 
(linearly interpolated), resulting in ∼6 km error margin. The magnetic field strength 𝐴𝐴 |𝐵𝐵| is proportional to marker 
size and the local time is colorcoded. Solid black lines are moving medians (50-points sliding window, producing 
essentially a piece-wise linear fit).

The most obvious factor is 𝐴𝐴 |𝐵𝐵| , with stronger field (larger markers) corresponding to lower altitudes (panels a1, 
b1) and higher neutral densities (panels a2, b2). The SZA dependency is noticeable for the negative ions and 
dust grains but is much weaker for the positive ions, propagated from their respective masses. Although for the 
negative ions the median is roughly linearly decreasing in altitude from dayside to nightside (panel b1), when 
plotted in the background neutral densities instead (panel b2) the decrease is only clear on the nightside, possibly 
due to cooling and contraction of the neutral atmosphere. There is a slight difference between dawn (blue) and 
dusk (orange) regions for the negative ions and dust grains (right side, panels b1–2). As a side note, this differ-
ence may be examined using appropriate statistical methods – the unpaired t-test (difference of means, assuming 
normal pdf and different variances) and the Wilcoxon rank sum test (difference of medians, no pdf assumed). In 
altitudes (panel b1) the t-test gives a p-value of 0.0923 and the rank sum test gives 0.0663 (weak evidence). In 
neutral densities however (panel b2), the p-values are 0.0152 and 0.0286 respectively, both of which are statisti-
cally sufficient evidence at 95% significance level for the dawn-dusk difference. The underlying reason for this 
difference is likely a difference in the masses of the negative ions and dust grains, with generally heavier particles 
present at dusk due to their continuous formation (e.g., Waite et al., 2007). While certainly interesting, this result 
has no consequences for the conductive dynamo region, since its top boundary is governed by the more numerous 
positive ions as mentioned above.

3.2. Conductivities

Titan's ionospheric conductivities are shown in Figure 3 versus altitude (left side, panels a1–a3) and measured 
𝐴𝐴 𝐴𝐴2 densities (right side, panels b1–b3), color-coded with SZA. The error bars are symmetric and represent the 

combined uncertainties of measurements, collision cross-sections and masses of heavy plasma species (2σ level). 
The error bars are one-sided for points where the uncertainties reach zero (omitted on log scale to reduce clutter). 
The square markers in panels a2 and b2 mark negative values of 𝐴𝐴 𝐴𝐴𝐻𝐻 . The empty markers in all panels show the 
data points with low signal-to-noise ratio (positive ion densities 𝐴𝐴 𝐴 10 cm

−3 ). The field parallel conductivities 𝐴𝐴 𝐴𝐴‖ 
separating into two profiles above ∼1,400 km altitude clearly demonstrate this, with the left profile (lower values) 
essentially showing the measurement limit of 𝐴𝐴 𝐴𝐴‖ for that region.

The SZA trends for the ionospheric conductivities are inherited from the ionospheric plasma number densities, 
with 𝐴𝐴 𝐴𝐴𝑃𝑃 and 𝐴𝐴 𝐴𝐴𝐻𝐻 being approximately linearly proportional to the positive ion densities and 𝐴𝐴 𝐴𝐴‖ to the electron 
densities.

Pedersen conductivities 𝐴𝐴 𝐴𝐴𝑃𝑃 have a peak between 1,200 and 1,400  km altitude and increase sharply below 
1,100 km. At altitudes of ∼1,400 km, 𝐴𝐴 𝐴𝐴𝐻𝐻 > 𝐴𝐴𝑃𝑃 and the Hall currents are the dominant horizontal currents (Ågren 
et al., 2011). However, at the CA the 𝐴𝐴 𝐴𝐴𝐻𝐻 drops in the increasing presence of the dusty plasma. In a dusty plasma, 

𝐴𝐴 𝐴𝐴𝐻𝐻 is expected to reverse (reverse Hall effect) due to the electron depletion onto the dusty grains. Such cases have 
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been measured in Earth's E-region (Muralikrishna & Kulkarni, 2006) and near-equatorial ionosphere of Saturn 
(Shebanits et  al.,  2020). A reverse Hall effect also explains the anomalies in the Alfvén wing structure near 
the Enceladus plume (Simon et al., 2011; Yaroshenko & Lühr, 2016). The small cluster of data points marked 
with red arrows in Figure 3 panels a2, b2 is indicative of the 𝐴𝐴 𝐴𝐴𝐻𝐻 reversal (square markers are 𝐴𝐴 𝐴𝐴𝐻𝐻 < 0 ). With 𝐴𝐴 𝐴𝐴𝐻𝐻 
quenched or reversed and 𝐴𝐴 𝐴𝐴𝑃𝑃 increasing below the CA, it is therefore possible that a secondary layer of Pedersen 
current exists when the bottom boundary of the dynamo region extends enough to include the dusty plasma 
region below 900 km altitude.

Such a configuration of ionospheric currents has not been observed before. While the second Pedersen layer has 
been proposed already in Rosenqvist et al., 2009, the effect of dusty plasma on this region has not been considered 
to date. The works cited above show that the dusty plasma in ionospheres of Earth, Saturn and plume of Encela-
dus significantly increases 𝐴𝐴 𝐴𝐴𝑃𝑃 . In addition, the presence of dust is expected to enhance the bulk plasma densities 

Figure 2. Dynamo region top boundaries statistics for positive ions (left side panels a1, a2) and for negative ions and dust grains (right side panels b1, b2), plotted 
in altitude (top panels a1, b1) and in the measured 𝐴𝐴 𝐴𝐴2 densites (bottom panels a2, b2) versus solar zenith angle . Size of markers is proportional to the magnetic field 
strength 𝐴𝐴 |𝐵𝐵| . Titan Local Time is color-coded.
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due to a reduced recombination rate since electrons are depleted (Vigren et al., 2014), scaling the conductivi-
ties accordingly. A higher 𝐴𝐴 𝐴𝐴𝑃𝑃 would mean that proportionally weaker electric field is required to drive a given 
Pedersen current. Unfortunately, there was no DC electric field instrument on Cassini, so another possibility is 
that for a given electric field, higher conductivity would mean proportionally larger current. A more conductive 
ionosphere will also more effectively shield out the ambient magnetic field, it is therefore possible that the sharp  

Figure 3. Titan's ionospheric conductivities: Pedersen (panels a1, b1), Hall (a2, b2) and Parallel (a3, b3), plotted in altitude (left-side panels a1–a3) and the measured 
𝐴𝐴 𝐴𝐴2 densities (right-side panels b1–b3). The solar zenith angle is color-coded. Red arrows mark negative Hall conudctivities (reverse Hall effect).
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drop of the magnetic field near the CA is a consequence of the 𝐴𝐴 𝐴𝐴𝑃𝑃 enhancement in dusty plasma. In such a case, 
the highly conductive dusty plasma on Titan is a double-edged sword: on one hand, it is easier for currents to 
flow, on the other hand, the ambient magnetic field is shielded out and cannot induce the electric field to drive 
the currents. More on this below.

Comparing the altitude profiles (Figure 3 panels a1–a3) to the profiles versus measured neutral densities (panels 
b1–b3), the latter are more structured. Evidently, some of the variability below 1,100 km altitudes can be attrib-
uted to the variabilities of the neutral atmosphere. In particular, the increase of the Pedersen conductivity below 
1,100 km altitude is less smeared vertically: the nightside values at ∼1,000 km altitude correspond to 𝐴𝐴 𝐴𝐴2 densities 
of 𝐴𝐴 ∼ 5 × 109  cm −3 while the dayside values at same altitude correspond to 𝐴𝐴 𝐴𝐴2 densities of 𝐴𝐴 ∼ 1010  cm −3.

Of note is a group of data points that stands out from the data set for all three conductivities in Figure 3, these 
correspond to flybys during solar maximum and have enhanced plasma densities (Edberg et al., 2013b; Shebanits 
et al., 2017), among which one (T85) also coincided with Titan excursion to Saturn's magnetosheath (Edberg 
et al., 2013a).

3.3. Dusty Plasma Influence

The sharp increase in 𝐴𝐴 𝐴𝐴𝑃𝑃 near CA has been attributed to the decrease of the magnetic field strength (Rosenqvist 
et al., 2009), pre-dating the discovery of the negative ions/dust grains in the RPWS data (Ågren et al., 2012; 
Shebanits et al., 2013). Interestingly, although the increase of 𝐴𝐴 𝐴𝐴𝑃𝑃 does coincide with an increase in positive ion 
and negative ion/dust densities, the main influence is indeed the decrease in the magnetic field. This is evident in 
Figure 4 which shows 𝐴𝐴 𝐴𝐴𝑃𝑃 (left panels a1, a2) and 𝐴𝐴 𝐴𝐴𝐻𝐻 (right panels b1, b2) below 1,200 km altitude plotted versus 
magnetic field strength 𝐴𝐴 |𝐵𝐵| , dayside points in top panels (a1, b1) and nightside points in bottom panels (a2, b2). 
On the nightside, an impact of 𝐴𝐴 |𝐵𝐵| is much more difficult to discern for both 𝐴𝐴 𝐴𝐴𝑃𝑃 and 𝐴𝐴 𝐴𝐴𝐻𝐻 , owing to larger iono-
spheric variability compared to the dayside. However, one should keep in mind that the decrease in 𝐴𝐴 |𝐵𝐵| may be 
caused by the dusty plasma as mentioned above. It is also worth mentioning that the trend in 𝐴𝐴 |𝐵𝐵| persists regard-
less of the nominal corotational plasma ram direction.

As mentioned above, the presence of dusty plasma strongly diminishes or even reverses 𝐴𝐴 𝐴𝐴𝐻𝐻 . In Titan's ionosphere, 
a low electron depletion ratio 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 has been demonstrated to be a sufficient indicator for a dusty plasma (Sheban-
its et al., 2016). In Figure 4, the electron depletion ratio is colorcoded (dark = dusty) and the 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 trend in 𝐴𝐴 𝐴𝐴𝐻𝐻 
is clearly visible for the nightside ionosphere (panel b2). On the dayside the plasma is less dusty (lower 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 ) at 
the CA compared to the nightside, consequently the trend is weaker (panel b1) but expected to manifest at lower 
altitudes as the dusty plasma is a global phenomenon in Titan's ionosphere (Shebanits et al., 2016). This intro-
duces a layer of complexity to the ionospheric current system that is unique to Titan so far. The trend in 𝐴𝐴 𝐴𝐴𝑃𝑃 is less 
obvious (panels a1, a2) but the “dustier” plasma generally corresponds to larger values. In particular, 𝐴𝐴 𝐴𝐴𝑃𝑃 ≈ 𝐴𝐴‖ in 
the most dusty cases near CA (nightside where 𝐴𝐴 𝐴𝐴𝐻𝐻 < 0 ), and since the peak of the dusty plasma is below the CA 
(Shebanits et al., 2017) 𝐴𝐴 𝐴𝐴‖ may not represent the total ionospheric conductivity at lower altitudes as was suggested 
by (Rosenqvist et al., 2009).

3.4. General Picture

Median profiles of the conductivities from Figure 3 are shown in Figure 5 versus the measured 𝐴𝐴 𝐴𝐴2 densities 
(panels a1–a3) and versus altitude (panels b1–b3), colorcoded into dayside (SZA  <  70, orange), terminator 
(𝐴𝐴 70 ≤ SZA < 100 , green) and nightside (𝐴𝐴 SZA ≥ 100 , blue) regions. Notably, 𝐴𝐴 𝐴𝐴𝑃𝑃 peaks plotted in altitude (panel 
b1) appear slightly broader on the dayside and terminator than on the nightside. From comparison of the altitude 
profile altitude in panel b1 to those plotted versus the measured neutral densities in panel a1, this seems to be 
either an effect of the neutral atmosphere shifting in altitude between day and night, or ionosphere exhibiting 
larger variability on the dayside. As mentioned above, the differences in the dayside, terminator and nightside 
profiles follow the respective positive ion density profiles (electrons for field-parallel conductivity). This is also 
reflected in the top 𝐴𝐴 𝐴𝐴𝑃𝑃 peaks, which are wider on the dayside and become narrower towards the nightside as well 
as tending towards higher altitudes, to be compared with the peaks of ion densities increasing in altitude towards 
the nightside (Shebanits et al., 2017) and a similar trend in the peaks of electron densities (Ågren et al., 2009). 
The total median profiles are shown in black and follow the terminator profiles quite closely because Titan's 
extensive atmosphere creates a smooth day to night transition.
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Solar cycle has been shown to modulate Titan's ionosphere (Edberg et al., 2013b; Shebanits et al., 2017) and 
atmosphere (Westlake et  al.,  2014). Since the conductivities scale approximately linearly with the plasma 
densities, the same effect on the conductivities is anticipated. We plot in Figure 6 medians of solar minimum 
(faint lines, EUV flux 𝐴𝐴 𝐴 26.5 𝜇𝜇Wm−2 ) and solar maximum (solid lines, EUV flux 𝐴𝐴 𝐴 26.5 𝜇𝜇Wm−2 ) for dayside 
(yellow) and nightside (blue) ionosphere. Comparing the altitude profiles in panels b1–b3 to the profiles plotted 
versus neutral atmosphere in panels a1–a3 it is evident that the differences above 1,100 km are due to the vertical 
shift in the background neutral densities. Below ∼1,100 km (𝐴𝐴 ∼ 109  cm −3 𝐴𝐴 𝐴𝐴2 ) the profiles diverge (especially on 
the nightside) following the change in the charge densities of the heavy charge carriers presented in Shebanits 

Figure 4. Pedersen (left panels a1, a2) and Hall (right panels b1, b2) conductivities below 1,200 km plotted versus magnetic field strength 𝐴𝐴 |𝐵𝐵| . The electron depletion 
ratio 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 (color-coded) indicates the regions of dusty plasma. Top panels a1, b1 show dayside ionosphere (SZA < 90°), bottom panels a2, b2 show nightside 
(SZA > 90°).
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et al., 2017–an increase on the dayside and a decrease on the nightside between solar minimum and maximum. 
The effect is most pronounced for the Pedersen conductivities (mostly governed by the positive ions and negative 
ions/dust grains) and least pronounced for the field-parallel conductivities (mostly governed by electrons). This 
figure further accentuates the importance of using the neutral atmosphere as a vertical coordinate.

The impact of charged dust is shown in Figure 7: panels a1–a3 show median ratios of the conductivities derived 
with only electron densities, 𝐴𝐴 𝐴𝐴 (𝑛𝑛𝑒𝑒) , to the conductivities derived with full plasma content, 𝐴𝐴 𝐴𝐴 (𝑛𝑛𝑒𝑒, 𝑛𝑛𝑖𝑖, 𝑛𝑛𝑑𝑑) , with the 
same color-coding as in Figure 5. Faded lines show electron depletion ratio 𝐴𝐴 (𝑛𝑛𝑒𝑒∕𝑛𝑛𝑖𝑖) for reference, plotted in panel 
a2. First thing to note is that the ratios of 𝐴𝐴 𝐴𝐴𝑃𝑃 and 𝐴𝐴 𝐴𝐴𝐻𝐻 deviate from 1 above ∼1,400 km altitude (outside the dynamo 
region) due to minor peaks in the positive ion densities (Shebanits et al., 2017), possibly caused by plasma trans-
port (Ågren et al., 2009; Cravens et al., 2009; Cui et al., 2010).

It is evident that already for 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 < 0.9 the Pedersen conductivity 𝐴𝐴 𝐴𝐴𝑃𝑃 (𝑛𝑛𝑒𝑒) is typically underestimated (median 
of 𝐴𝐴 𝐴𝐴 (𝑛𝑛𝑒𝑒) ∕𝐴𝐴 (𝑛𝑛𝑒𝑒, 𝑛𝑛𝑖𝑖, 𝑛𝑛𝑑𝑑) < 1 ), especially on the nightside (by up to 35%), while for 𝐴𝐴 𝐴𝐴𝐻𝐻 and 𝐴𝐴 𝐴𝐴‖ there is virtually 
no impact. Because the already weak external magnetic field diminishes near CA, the 𝐴𝐴 𝐴𝐴𝑃𝑃 ratio increases below 
∼1,100 km altitude to 0.99 for dayside and terminator and to 0.92 on the nightside. This means that the electron 
contributions become dominant again, although somewhat less so on the night side where, 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 < 0.4 . This does 

Figure 5. General conductivity profiles for all included flybys: Pedersen (panels a1, b1), Hall (panels a2, b2) and Parallel (panels a3, b3). The total medians are in solid 
black. The colored lines are medians for the dayside (orange, SZA < 70), terminator (green, 𝐴𝐴 𝟕𝟕𝟕𝟕 ≤ SZA > 𝟏𝟏𝟕𝟕𝟕𝟕) and nightside (blue, 𝐴𝐴 SZA ≥ 𝟏𝟏𝟏𝟏𝟏𝟏). All profiles are 
sliding medians over binned N2 densities (panels a1–a3) and altitudes (panels b1–b3).
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not mean that the second 𝐴𝐴 𝐴𝐴𝑃𝑃 peak below CA will not be affected by the dusty plasma but rather that the expression 
of this effect is entirely dependent on whether the magnetic field is strong enough.

An important caveat. The ratio in Figure 7 panels a1–a3 compares conductivities derived with the full plasma 
content to those derived with the electron densities alone, but these electron densities are still measured in a dusty 
plasma. It therefore demonstrates that relying on electron densities alone in a dusty plasma leads to underesti-
mates of the plasma conductivities, even in Titan's case of absent internal magnetic field, but it does not indicate 
what the conductivities would be if Titan's ionosphere was dust-free.

Comparison with the previous conductivity study (Rosenqvist et al., 2009 below "R2009" for short) is shown in 
Figure 7 panels b1–b3, where their median profiles are plotted in red (17 flybys, marked 17 R2009). The other 
profiles are derived using the data set from the current work, matching the same 17 flybys: medians using only 
electron densities (same method as R2009) are shown in dashed blue lines marked 17 w/o dust and medians with 
full plasma content (including dust) as gray lines marked 17 w dust. The original R2009 data set is unfortunately 
not available and some of the key parameters have since been updated. Specifically, R2009 used neutral densities 
from a model by Müller-Wodarg et al. (2008), a constant electron temperature of 0.1 eV (1160 K) and a single 
positive ion population (28 amu). The neutral densities have been shown to vary in altitude with solar activity 
(Westlake et al., 2014) and the INMS data set has also been re-calibrated (Teolis et al., 2015). Typical electron 

Figure 6. Medians of conductivities during solar minimum (faint lines, EUV flux 𝐴𝐴 𝐴 26.5 𝜇𝜇Wm−2 ) and solar maximum (solid lines, EUV flux 𝐴𝐴 𝐴 26.5 𝜇𝜇Wm−2 ) for 
dayside (yellow) and nightside (blue) ionosphere. The same sliding median is applied as in Figure 5.
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temperatures below 1,100 km altitude are 0.026–0.052 eV (300–600 K; Edberg et al., 2010). The mean positive 
ion mass increases exponentially towards lower altitudes and reaches ∼120 amu near CA (Shebanits et al., 2016). 
The latter seems to be responsible for the divergence of the red and dashed blue profiles near CA. Despite this, 
we can conclude that the R2009 profiles and the current work are generally consistent. For the impact of the dusty 
plasma, the difference between the dashed blue and gray profiles in Figure 7 (panels b1–b3) follows the median 
of the total ratio in panels a1–a3 (black line).

Comparing Titan's dusty ionosphere with that of Saturn, the impact of charged dust on the conductivities is very 
different. On Saturn, the Pedersen conductivities were increased by up to two orders of magnitude and the Hall 
conductivities reduced or reversed already above the upper peak of ionospheric plasma densities (Shebanits 
et  al.,  2020). On Titan, the impact of the dusty plasma becomes prominent only below the first ionospheric 

Figure 7. Left side panels a1–a3 show day (orange)/terminator (green)/night (blue) and total ratios of the Pedersen (a1), Hall (a2) and Parallel (a3) conductivities 
derived without dust 𝐴𝐴 𝐴𝐴 (𝑛𝑛𝑒𝑒) and with dust 𝐴𝐴 𝐴𝐴 (𝑛𝑛𝑒𝑒, 𝑛𝑛𝑖𝑖, 𝑛𝑛𝑑𝑑 ) . Note the different scale of the panel a3 x-axis. The electron depletion ratios 𝐴𝐴 𝐴𝐴𝑒𝑒∕𝐴𝐴𝑖𝑖 (same color scheme) are plotted 
for reference as fainter lines in panel a2. All profiles in panels a1–a3 are sliding medians binned in altitudes in the same way as in Figure 5. Right side panels b1–3 show 
comparison with the Rosenqvist et al. (2009) medians (red lines marked 17 R2009). Gray lines marked 17 w dust shows the same 17 flybys as 17 R2009 but with dust 
included. Blue lines marked 17 w/o dust are same as gray profiles but derived using electron densities only.
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peak (∼1,100–1,200 km), with signs of the reverse Hall effect mostly near the CA. This is because the sources 
of the dust grains are different. On Saturn, the dust grains fall in from the D-ring (Hamil et al., 2018; e.g., Hsu 
et al., 2018; Mitchell et al., 2018) in addition to possibly forming in the top ionosphere (Waite et al., 2018), and 
are already present in significant quantities in the top ionosphere (Morooka et al., 2019), well above the main 
photoionization peak (Hadid et al., 2018). On Titan, the dust grains are chemically formed in the ionosphere itself 
(Desai et al., 2017; Lavvas et al., 2013; Vuitton et al., 2009; Waite et al., 2007) and reach densities comparable 
to electrons and positive ions well below the photoionization peak. The impact of dusty plasma also generally 
diminishes with decreasing magnetic field strength near CA, because Titan does not have an internal magnetic 
field and the external magnetic field is four magnitudes smaller than in Saturn's ionosphere.

4. Summary and Conclusions
We calculate the electric conductivities of Titan's ionosphere using the in-situ data set from the entire Cassini 
mission (58 flybys). Full ionospheric plasma content (electrons, positive ions and negative ions/dust grains) is 
utilized. Our observations show the following:

1.  The Pedersen conductivities in Titan's nightside ionosphere between ∼1,100 and 1,400 km altitudes have up to 
35% contributions from the heavy charge carriers (3%–7% on dayside/terminator). This means that using elec-
tron densities alone will underestimate the Pedersen conductivity accordingly. In particular, the conductivities 
derived here are expected to increase the previous estimates of the ionospheric currents (Ågren et al., 2011).

2.  The Hall and field-parallel conductivities are virtually unaffected by the dusty plasma due to a weak external 
magnetic field that further decreases near CA–in contrast to ionospheres of bodies with internal magnetic 
field.

3.  The bulk of Titan's ionosphere in the 1,000–1,400 km altitude range is dominated by the Hall conductivity. 
Subsequently, Hall currents are expected to be the dominant horizontal currents in this region, a typical 
scenario in planetary ionospheres as the Pedersen currents interface between the ionospheric Hall currents and 
the magnetospheric field-parallel currents.

4.  The difference between the dayside and nightside conductivities is about an order of magnitude with termina-
tor conductivities roughly in-between.

5.  Previously reported solar cycle effects on the ionospheric densities propagate to conductivities, with most 
prominent differences below ∼1,100 km altitude: Pedersen and Hall conductivities during solar maximum are 
higher on the dayside but lower on the nightside (compared to solar minimum).

6.  The sharp increase of the Pedersen conductivity below 1,100 km altitude coincides with the dusty region 
of Titan's ionosphere, suggesting a dusty plasma layer dominated by the Pedersen conductivity (and subse-
quently, Pedersen currents). The main cause of this increase is a decreasing magnetic field. On one hand, a 
necessary condition for such second Pedersen layer to form is a magnetic field strong enough to magnetize the 
electrons. On the other hand, the dusty plasma densities are much higher than the first ionospheric peak and 
will act to shield out the external magnetic field. This is speculative however, as there are no magnetic field 
measurements below CA and modeling efforts will be required to draw definitive conclusions.

7.  The Hall conductivity shows indications of a reverse Hall effect at ∼950 km altitude. Although the reversed 
Hall conductivities are much smaller than the Pedersen conductivities in the same region, they will change the 
direction of Hall currents which affects the overall configuration of the ionospheric current system.

A similar double-peak behavior of Pedersen conductivities was found in Martian ionosphere (Opgenoorth 
et  al.,  2010), where dust may be introduced into the plasma by meteorites and dust storms (e.g., Crismani 
et  al.,  2018; Felici et  al.,  2020). These results are therefore relevant for unmagnetized planetary bodies with 
draped magnetic field and possible ionospheric dust/aerosol presence, like Venus and Mars as well as moons of 
giant planets.

Appendix A: Average Mass and Dust Charge Effects
A validation of using the total densities and average masses of the heavy plasma species is performed for the 
dayside case T40, terminator case of T16 and nightside cases of T29 and T56 (Figure A1 panels a1–a4), where 
the mass spectra are available simultaneously for the positive ions (Shebanits et al., 2016) and negative ions/dust 
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grains (Coates et al., 2009, 2010; Shebanits et al., 2016). The solid lines represent the average Pedersen (blue), 
Hall (red) and magnetic field parallel (yellow) conductivity profiles, all in a very good agreement with the 
respective conductivities derived using the full mass spectra (square markers). The corresponding plasma charge 
densities are shown for reference (panels b1–b4). During T16 and T56 the electrons were sufficiently depleted for 
the Hall conductivity to become slightly negative (as indicated in panels a1 and a4).

One of the parameters associated with the size and shape of the grains is the charge. Empirical estimate of the 
average dust grain charge suggests values between −1.5 and −2.5 for these flybys (Shebanits et al., 2016), while 
theoretical predictions (for spherical grains) suggest most likely charge to be 𝐴𝐴 𝐴𝐴𝑑𝑑 = −1 (Draine & Sutin, 1987; 
Meyer-Vernet, 2013). The impact of the grain charge can be seen in Figure A1 panels a1–a4, where the singly 
charged grains are used for the solid lines and the empirically estimated 𝐴𝐴 𝐴𝐴𝑑𝑑 is used for the dashed lines. The 
difference between these cases is <5% for T40 and <10% for T29 and T56, approximately a third of the combined 
measurement uncertainties. For this reason, the conductivities for all flybys are derived assuming 𝐴𝐴 𝐴𝐴𝑑𝑑 = −1 .  

Figure A1. Panels a1–4: Comparison of the T16, T29, T40 and T56 conductivities derived using the average plasma species masses (solid lines with dot markers) 
and using the full mass spectra (squares and crosses) of the positive ions and negative ions/dust. Squares and solid lines are derived assuming singly charged particles, 
fainter crosses and dashed lines are derived using the empirical average negative ion and dust grain charge estimate. Panels b1–b4: the corresponding plasma densities, 
for reference. The CAPS IBS mass spectra, dust charge estimate and densities datasets are from Shebanits et al., 2016. The CAPS ELS mass spectra are from Coates 
et al., 2009, 2010, and Shebanits et al., 2016.
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It should be noted that the corresponding difference between the full mass spectra data points (squares and 
crosses) for T29 and T56 is larger (∼15% and ∼25% respectively). This is because the average dust charge esti-
mate is applied to the entire mass spectrum–in reality, only the heavier (larger) grains are likely to hold more than 
a single charge and these datapoints should be considered as extreme examples in absence of a detailed grain 
charging model. See also discussion in Shebanits et al., 2016 (their Section 4.3).

Data Availability Statement
The data set used in the current study are available in a Mendeley Data repository, https://data.mendeley.com/
datasets/hwc5wfbvj9/1.
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