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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 datasets 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 ˜1300 km altitude by 20% compared to the earlier estimates without charged dust, while the

Hall conductivities 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.
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Key Points: 7 

• Second peak of Pedersen conductivity in dusty plasma region of Titan’s ionosphere 8 

• Indications of reverse Hall effect near ~900 km altitude 9 

• Up to x10 difference between dayside and nightside conductivities 10 

Abstract 11 
Titan’s ionosphere hosts a globally distributed non-trivial dusty ion-ion plasma, providing an 12 
environment for studies of dusty ionospheres that is in many aspects unique in our solar system. 13 
Thanks to the Cassini mission, Titan’s ionosphere also features one of the largest dusty plasma 14 
datasets from 126 flybys of the moon over 13 years, from 2004 to 2017. 15 
Recent studies have shown that negatively charged dust dramatically alters the electric properties 16 
of plasmas, in particular planetary ionospheres. Utilizing the full plasma content of the moon’s 17 
ionosphere (electrons, positive ions and negative ions/dust grains), we derive the electric 18 
conductivities and define the conductive dynamo region. 19 
Our results show that using the full plasma content increases the Pedersen conductivities at 20 
~1300 km altitude by 20% compared to the earlier estimates without charged dust, while the Hall 21 
conductivities indicate a reverse Hall effect at ~900 km altitude (closest approach) and below. 22 
The dayside conductivities are shown to be factor ~7-9 larger than on the nightside, owing to 23 
higher dayside plasma densities. 24 
Plain Language Summary 25 
The largest moon of Saturn, Titan, is famous for its signature orange haze that is formed in the 26 
top layer of its atmosphere – ionosphere. The complex organic chemistry initiated mainly by 27 
sunlight forms grains of dust that at ~1000 km altitude reach a few nanometers in size 28 
(comparable to finely ground flour). These grains of dust become charged in the ionosphere by 29 
absorbing the free electrons (depleting them). Below ~1000 km altitude there are almost no 30 
electrons left. In the absence of light electrons (negative charge), the positively charged ions 31 
instead become the dominant mobile charge carrier, as the negatively charged dust is much 32 
heavier. Such a reversal of charge mobility has a large impact on the electric properties of an 33 
ionosphere, increasing its electric conductivity and changing the direction of its electric currents. 34 
We use a dataset from the Cassini mission spanning an entire solar cycle and nearly half a Titan 35 
year (≈15 Earth years) to calculate the electric conductivities of Titan’s ionosphere and show that 36 
the dusty plasma increases them by 20% on average. Below 1000 km altitudes, we find 37 
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indications of a secondary conductive layer, a direct consequence of the dust grains absorbing 38 
the electrons. 39 

1 Introduction 40 
Titan is immersed in Saturn’s magnetosphere (Bertucci et al., 2008; Garnier et al., 2010) and 41 
does not have its own magnetic field. Instead, an induced magnetic field is formed around Titan 42 
from the interactions with Saturn’s magnetosphere, similarly to interactions of Venus and Mars 43 
with the solar wind and interplanetary magnetic field (e.g., Bertucci et al., 2011 and references 44 
therein). The interaction between Titan and the ambient magnetic field depends to a large degree 45 
on Titan’s conductive ionosphere. Previously, the electrical properties of Titan’s ionosphere 46 
were derived using only the ion and electron content (Rosenqvist et al., 2009). However, in the 47 
later years, significant amounts of charged dust were detected in Titan’s ionosphere (Ågren et al., 48 
2012; Coates et al., 2007; Shebanits et al., 2013) and a globally present dusty ion-ion plasma is 49 
expected (Shebanits et al., 2016). The charged dust grains in the ionosphere-like plasma of 50 
Enceladus plume (Morooka et al., 2011) and in the near-equatorial dusty ionosphere of Saturn 51 
(Morooka et al., 2019) were shown to have a profound effect on its electric conductivities by 52 
Simon et al. (2011) and Yaroshenko & Lühr (2016), and Shebanits et al. (2020), respectively. 53 
In this work we derive the electrical properties of Titan’s ionosphere using the full plasma 54 
content: electrons, positive ions and negative ions/dust grains. The relevant in-situ measurements 55 
used here are from the Radio and Plasma Wave Science Langmuir Probe (RPWS/LP, Gurnett et 56 
al., 2004), the Ion and Neutral Mass Spectrometer (INMS, Teolis et al., 2015; Waite et al., 2004) 57 
and the Cassini Fluxgate Magnetometer (MAG, Dougherty et al., 2004). The dataset spans the 58 
entire Cassini mission and is representative of a full solar cycle and nearly half Titan year. 59 

2 Observations and Method 60 

2.1 Datasets and flyby coverage 61 
We use data from 58 flybys where measurements of the Cassini INMS, RPWS/LP and the 62 
Cassini MAG are simultaneously available (T#: A, B, 5, 16-21, 23, 25-30, 32, 34, 36, 38-40, 42-63 
44, 46, 48-51, 55-59, 61, 65, 71, 77, 83, 84, 86, 87, 91, 92, 95, 98, 100, 104, 107, 108, 113, 116-64 
121). The Cassini RPWS/LP dataset provides electron temperatures (Ågren et al., 2009) and 65 
electron densities, positive ion densities, negative ion densities, derived as described in Shebanits 66 
et al. (2016). The primary data from the INMS are the neutral densities (𝐶𝐶𝐶𝐶4 and 𝑁𝑁2). The INMS 67 
ion data is used as supplementary for the ion mass information in the RPWS/LP analysis 68 
(Shebanits et al., 2016).  69 
 70 
Magnetic field data from Cassini MAG: magnetic field strength. 71 
 72 

2.2 Method 73 
Conductivities 74 
Using the conductivity tensor representation (Schunk & Nagy, 2009) with dust term added 75 
(Shebanits et al., 2020; Simon et al., 2011; Yaroshenko & Lühr, 2016), the Pedersen (𝜎𝜎𝑃𝑃), Hall 76 
(𝜎𝜎𝐻𝐻) and magneticl field parallel (𝜎𝜎∥) conductivities are defined as: 77 



manuscript submitted to Journal of Geophysical Research: Space Physics 

 

σ𝑃𝑃 = � 𝑛𝑛𝑠𝑠
𝑞𝑞𝑠𝑠
𝐵𝐵

𝜈𝜈𝑠𝑠Ω𝑠𝑠
𝜈𝜈𝑠𝑠2 + Ω𝑠𝑠2

 
𝑠𝑠=𝑒𝑒,𝑖𝑖,𝑑𝑑

σ𝐻𝐻 = − � 𝑛𝑛𝑠𝑠
𝑞𝑞𝑠𝑠
𝐵𝐵

Ω𝑠𝑠2

𝜈𝜈𝑠𝑠2 + Ω𝑠𝑠2
 

𝑠𝑠=𝑒𝑒,𝑖𝑖,𝑑𝑑

σ∥ = �
𝑛𝑛𝑠𝑠𝑞𝑞𝑠𝑠2

𝑚𝑚𝑠𝑠𝜈𝜈𝑠𝑠𝑠𝑠=𝑒𝑒,𝑖𝑖,𝑑𝑑

 (1) 78 

Here the subscripts (𝑠𝑠) denotes electrons (𝑒𝑒), positive ions (𝑖𝑖) and negative ions/dust grains (𝑑𝑑) 79 
and the input plasma parameters are number density (𝑛𝑛), mass (𝑚𝑚), charge (𝑞𝑞), momentum 80 
transfer collision frequency (𝜈𝜈), gyrofrequency (Ω) and magnetic field strength (𝐵𝐵).  81 
Strictly speaking, the equations for conductivities must be summed over all the plasma species. 82 
However, mass spectra information is of very limited availability for Titan’s ionosphere. We 83 
therefore adopt the average masses for the positive ions and for the negative ions/dust grains as 84 
described in Shebanits et al. (2016). Additionally, singly-charged negative ions/dust grains are 85 
assumed. This approach is validated using a test case of T40 flyby where the mass spectra for the 86 
positive ions and the negative ions and dust grains are available simultaneously (Coates et al., 87 
2009; Shebanits et al., 2016), see Appendix A. 88 
 89 
Momentum Transfer Collision frequencies 90 
In the following equations, the number density is always in cm-3, the rest of the units are SI. It 91 
should be noted that since the RPWS/LP measures the total charged particle flux at a given bias 92 
voltage and the availability of the mass spectra is limited, we use the total charge densities for 93 
the positive ions and negative ions/dust grains together with their respective mean mass as 94 
derived and validated in Shebanits et al. (2016). The collision frequencies (and in turn, 95 
conductivities) therefore represent mass-averages as well. 96 
The momentum transfer collision frequencies (MTCFs) are largely dominated by collisions with 97 
neutrals. However, in a dusty plasma a significant contribution from collisions with the negative 98 
ions/dust grains is present and cannot be discarded (Shebanits et al., 2020; Yaroshenko & Lühr, 99 
2016). We therefore use the total MTCF for each species as a sum of collision frequencies with 100 
the other species: 101 

𝜈𝜈𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡 = �𝜈𝜈𝑠𝑠𝑡𝑡
𝑡𝑡≠𝑠𝑠

 102 

 103 
The main neutral species in Titan’s atmosphere are 𝑁𝑁2 and 𝐶𝐶𝐶𝐶4 (Niemann et al., 2005; Waite et 104 
al., 2005). Collisions of electrons with 𝑁𝑁2 and 𝐶𝐶𝐶𝐶4 are implemented as hard-sphere collisions 105 
(e.g., Schunk & Nagy, 2009) with the appropriate electron-dependent cross-sections χ(𝑇𝑇𝑒𝑒) for 𝑁𝑁2 106 
(Itikawa, 2006) and 𝐶𝐶𝐶𝐶4 (Song et al., 2015): 107 

𝜈𝜈𝑒𝑒−𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛
8
3
�

2𝑘𝑘𝑏𝑏𝑇𝑇𝑒𝑒
𝜋𝜋𝑚𝑚𝑒𝑒

χ𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛(𝑇𝑇𝑒𝑒) (2) 108 

 109 
For the negative ion/dust collisions with neutrals, both elastic (Coulomb) and hard-sphere 110 
collisions are used (see also Shebanits et al., 2020). For the hard-sphere collisions, the cross-111 
sections are replaced by the average dust grain cross-section 𝜋𝜋𝑅𝑅𝑑𝑑2, where the average dust grain 112 
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radius 𝑅𝑅𝑑𝑑 is estimated from the average grain mass by assuming a spherical grain and a mass 113 
density of kerogen (1280 ± 300 kgm-3, Stankiewicz et al., 2015): 114 

𝜈𝜈𝑑𝑑−𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 =
8

3√𝜋𝜋
𝑛𝑛𝑛𝑛𝑚𝑚𝑛𝑛

𝑚𝑚𝑑𝑑 + 𝑚𝑚𝑛𝑛
�2𝑘𝑘𝑏𝑏

𝑚𝑚𝑛𝑛𝑇𝑇𝑑𝑑 + 𝑚𝑚𝑑𝑑𝑇𝑇𝑛𝑛
𝑚𝑚𝑛𝑛𝑚𝑚𝑑𝑑

𝜋𝜋𝑅𝑅𝑑𝑑2 (3) 115 

It should be noted that the actual dust grain geometry in Titan’s ionosphere is likely to be of 116 
fractal nature (e.g. Chatain et al., 2020; Michael et al., 2011; Shebanits et al., 2016; Sittler et al., 117 
2009; Waite et al., 2009). However, extensive lab experiments and sophisticated modelling are 118 
required to produce a database of dust grain geometries (and their cross-sections) at Titan. We 119 
therefore adapt spherical grains as a first order approximation. 120 
 121 
Elastic collisions of electrons and neutrals with the heavy charged species are calculated 122 
according to Schunk & Nagy (2009), their eq. 4.144 & eq. 4.88, respectively: 123 

𝜈𝜈𝑒𝑒−𝑖𝑖,𝑑𝑑 = 54.5
𝑛𝑛𝑖𝑖,𝑑𝑑𝑍𝑍𝑖𝑖,𝑑𝑑2

𝑇𝑇𝑒𝑒1.5  , (4) 124 

𝜈𝜈𝑖𝑖,𝑑𝑑−𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 = 2.5879 × 10−9𝑛𝑛𝑛𝑛�
𝑌𝑌𝑛𝑛
𝑚𝑚𝑖𝑖,𝑑𝑑

 
𝑚𝑚𝑛𝑛

𝑚𝑚𝑛𝑛 + 𝑚𝑚𝑖𝑖,𝑑𝑑
 , (5) 125 

where the charge number is defined as 𝑍𝑍𝑖𝑖,𝑑𝑑 = 𝑞𝑞𝑖𝑖,𝑑𝑑/|𝑞𝑞𝑒𝑒|. 126 
MTCF equation for elastic collisions between the positive ions and negative ions/dust grains 127 
(ion-dust drag) is the same as ion-ion collision (eq. 4.142 in Schunk & Nagy, 2009): 128 
 129 

𝜈𝜈𝑖𝑖𝑑𝑑 = 1.27 𝑍𝑍𝑑𝑑2𝑍𝑍𝑖𝑖2
𝑛𝑛𝑑𝑑
𝑚𝑚𝑖𝑖

(𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑑𝑑)�
𝑚𝑚𝑑𝑑𝑚𝑚𝑖𝑖

(𝑚𝑚𝑖𝑖𝑇𝑇𝑑𝑑 + 𝑚𝑚𝑑𝑑𝑇𝑇𝑖𝑖)3
(6) 130 

3 Results and Discussion 131 

3.1 Dynamo region 132 
The MTCFs and gyrofrequencies defining the conductive dynamo region of Titan’s ionosphere 133 
are shown in Figure 1, plotted in altitude with the solar zenith angle (SZA) colorcoded. The error 134 
bars are symmetric and represent the combined measurement uncertainty (2𝜎𝜎 level). The 135 
statistical means of the dynamo region boundaries from all included flybys are given in solid 136 
black lines, with standard deviations as dashed lines. 137 
The top boundary of the positive ions is at 1390 ± 90 km, in agreement with previous estimates 138 
(Rosenqvist et al., 2009). The negative ions and dust grains begin to conduct at ~100 km higher 139 
altitudes due to their higher mass and subsequently lower gyrofrequency (see also Shebanits et 140 
al., 2020). However, since the negative ions and dust grains are nearly absent above 1200 km 141 
altitude in Titan’s ionosphere, their impact on the top boundary of the dynamo region is 142 
negligible. 143 



manuscript submitted to Journal of Geophysical Research: Space Physics 

 

 144 
Figure 1. Momentum transfer collision frequencies (color-coded by SZA) and gyrofrequencies (orange) for electrons (panel a), 145 
positive ions (panel b) and negative ions/dust grains (panel c). The dynamo region boundary statistics from all included flybys: 146 
the mean values are shown as solid black lines and the corresponding standard deviations as dashed lines. For the lower 147 
boundary, the electron frequencies are extrapolated as defined in the text. 148 

It should be noted that the lower boundary defined by electrons (panel a) is a rough estimate 149 
derived from an exponential extrapolation of the electron MTCFs and a linear extrapolation of 150 
their gyrofrequencies. Given the absence of magnetic field measurements below the closest 151 
approach, a more sophisticated extrapolation is not deemed necessary for this work. In light of 152 
this, the lower boundary is constrained to be between 700 and 1000 km altitude, with lower 153 
altitudes more likely in the nightside ionosphere as indicated by the SZA trend (blue end of the 154 
colorbar = nightside). Incidentally, the dusty plasma in Titan’s ionosphere is expected to peak 155 
below 1000 km (Shebanits et al., 2016). More on this below. 156 
 157 
The rather large variability in the top dynamo region boundary (Figure 1) is a combination of the 158 
variabilities in the background neutral densities, magnetic field, SZA and arguably also the local 159 
time. This is illustrated in Figure 2, where the top boundaries for positive ions are plotted in the 160 
leftside panels a1 & a2 and for negative ions and dust grains in the rightside panels b1 & b2 161 
(throughout the text, the panels in figures are labeled with letters for columns and numbers for 162 
rows, for easier referencing). The magnetic field strength |𝐵𝐵| is proportional to marker size and 163 
the local time is colorcoded. Solid black lines are moving medians (50-points window). 164 
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 165 
Figure 2. Dynamo region top boundaries statistics for positive ions (left side panels a1 & a2) and for negative ions and dust 166 
grains (right side panels b1 & b2), plotted in altitude (top panels a1 & b1) and in the measured 𝑁𝑁2 densites (bottom panels a2 & 167 
b2) versus SZA. Size of markers is proportional to the magnetic field strength |𝐵𝐵|. Titan Local Time is color-coded. 168 

The most obvious factor is |𝐵𝐵|, with stronger field (larger markers) corresponding to lower 169 
altitudes (panels a1, b1) and higher neutral densities (panels a2, b2). The SZA dependency is 170 
noticeable for the negative ions and dust grains but is much weaker for the positive ions, 171 
propagated from their respective masses. Although for the negative ions the median is roughly 172 
linearly decreasing in altitude from dayside to nightside (panel b1), when plotted in the 173 
background neutral densities instead (panel b2) the decrease is only clear on the nightside, likely 174 
due to cooling and contraction of the neutral atmosphere. There seems to be a slight difference 175 
between dawn (blue) and dusk (orange) regions for the negative ions and dust grains (right side, 176 
panels b1 & b2), but with the current dataset it is statistically not conclusive. 177 
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3.2 Conductivities 178 
Titan’s ionospheric conductivities are shown in Figure 3 versus altitude (left side, panels a1-3) 179 
and measured 𝑁𝑁2 densities (right side, panels b1-3), color-coded with SZA. The error bars are 180 
symmetric and represent the combined uncertainties of measurements, collision cross-sections  181 
and masses of heavy plasma species (2𝜎𝜎 level). The error bars are one-sided for points where the 182 
uncertainties reach zero (omitted on log scale to reduce clutter). The square markers in panels a2 183 
and b2 mark negative values of 𝜎𝜎𝐻𝐻. The empty markers in all panels show the data points with 184 
low signal to noise ratio (positive ion densities <  10 𝑐𝑐𝑚𝑚−3). The field parallel conductivities σ∥ 185 
separating into two profiles above ~1400 km altitude clearly demonstrate this, with the left 186 
profile (lower values) essentially showing the measurement limit of σ∥ for that region. 187 
The SZA trends for the ionospheric conductivities are inherited from the ionospheric plasma 188 
number densities, with 𝜎𝜎𝑃𝑃 and 𝜎𝜎𝐻𝐻 being roughly linearly proportional to the positive ion densities 189 
and σ∥ to the electron densities. 190 
Pedersen conductivities 𝜎𝜎𝑃𝑃 have a peak between 1200 and 1400 km altitude and increase 191 
sharply below 1100 km. At altitudes of ~1400 km, 𝜎𝜎𝐻𝐻 > 𝜎𝜎𝑃𝑃 and the Hall currents are the 192 
dominant horizontal currents (Ågren et al., 2011). However, at the CA the 𝜎𝜎𝐻𝐻  drops due to the 193 
increasing presence of the dusty plasma. In a dusty plasma, 𝜎𝜎𝐻𝐻 is expected to reverse (reverse 194 
Hall effect) due to the electron depletion onto the dusty grains (Muralikrishna & Kulkarni, 2006; 195 
Shebanits et al., 2020; Simon et al., 2011; Yaroshenko & Lühr, 2016). The small cluster of data 196 
points marked with a circle in panels a2 & b2 is indicative of this reversal (square markers are 197 
𝜎𝜎𝐻𝐻 < 0). With 𝜎𝜎𝐻𝐻 quenched or reversed and 𝜎𝜎𝑃𝑃  increasing below the CA, it is therefore possible 198 
that a secondary layer of Pedersen current exists when the bottom boundary of the dynamo 199 
region extends enough to include the dusty plasma region below 900 km altitude. 200 
Comparing the altitude profiles (panels a1-3) to the profiles versus measured neutral densities 201 
(panels b1-3), the latter are more structured. Evidently, some of the variability below 1100 km 202 
altitudes can be attributed to the variability of the neutral atmosphere. In particular, the increase 203 
of the Pedersen conductivity below 1100 km altitude is clearer, with the nightside values at 1000 204 
km altitude corresponding to 5 × 109 cm-3, again consistent with Titan’s atmosphere contracting 205 
on the nightside. 206 
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 207 
Figure 3. Titan's ionospheric conductivities: Pedersen (panels a1, b1), Hall (a2, b2) and Parallel (a3, b3), plotted in altitude 208 
(left-side panels a1-3) and the measured 𝑁𝑁2 densities (right-side panels b1-3). The SZA is color-coded. Red circle marks negative 209 
Hall conudctivities (reverse Hall effect). 210 

3.3 Dusty plasma influence 211 

The sharp increase in 𝜎𝜎𝑃𝑃 near closest approach (CA) was also evident in the earlier study and 212 
attributed to the decrease of the magnetic field strength (Rosenqvist et al., 2009), pre-dating the 213 
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discovery of the negative ions/dust grains in the RPWS data (Ågren et al., 2012; Shebanits et al., 214 
2013). 215 
Interestingly, although the increase of 𝜎𝜎𝑃𝑃 does coincide with an increase in positive ion and 216 
negative ion/dust densities, the main influence is indeed the decrease in the magnetic field. This 217 
is evident in Figure 4 which shows 𝜎𝜎𝑃𝑃 (left panels a1 & a2) and 𝜎𝜎𝐻𝐻 (right panels b1 & b2) below 218 
1200 km altitude plotted versus magnetic field strength |𝐵𝐵|. On the nightside the impact of |𝐵𝐵| is 219 
much weaker for both 𝜎𝜎𝑃𝑃 and 𝜎𝜎𝐻𝐻. It is worth mentioning that the trend in |𝐵𝐵| persists regardless 220 
of the nominal corotational plasma ram direction.  221 
As mentioned above, the presence of dusty plasma strongly diminishes or even reverses 𝜎𝜎𝐻𝐻. In 222 
Titan’s ionosphere, a low electron depletion ratio 𝑛𝑛𝑒𝑒/𝑛𝑛𝑖𝑖 (colorcoded) has been demonstrated to 223 
be a sufficient indicator for a dusty plasma (Shebanits et al., 2016). In Figure 4, the electron 224 
depletion ratio is colorcoded (dark = dusty) and the 𝑛𝑛𝑒𝑒/𝑛𝑛𝑖𝑖 trend in 𝜎𝜎𝐻𝐻 is clearly visible for the 225 
nightside ionosphere (panel b2) and to some extent also on the dayside (panel b1). This is in 226 
agreement with a globally present dusty plasma in Titan’s ionosphere (Shebanits et al., 2016) and 227 
introduces a layer of complexity to the ionospheric current system that is unique to Titan so far. 228 
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 229 
Figure 4. Pedersen (left panels a1 & a2) and Hall (right panels b1 & b2) conductivities below 1200 km plotted versus magnetic 230 
field strength |𝐵𝐵|. The electron depletion ratio 𝑛𝑛𝑒𝑒/𝑛𝑛𝑖𝑖 (color-coded) indicates the regions of dusty plasma. Top panels a1 & b1 231 
show dayside ionosphere (SZA < 90°), bottom panels a2 & b2 show nightside (SZA > 90°). 232 

3.4 General picture 233 
Median profiles of the conductivities from Figure 3 are shown in Figure 5 versus the measured 234 
𝑁𝑁2 densities (panels a1-3) and versus altitude (panels b1-3), colorcoded into dayside (𝑆𝑆𝑍𝑍𝑆𝑆 < 70, 235 
orange), terminator (70 ≤ 𝑆𝑆𝑍𝑍𝑆𝑆 < 100, green) and nightside (𝑆𝑆𝑍𝑍𝑆𝑆 ≥ 100, blue) regions. 236 
Notably, 𝜎𝜎𝑃𝑃 peaks plotted in altitude (panel b1) appear broader on the dayside and terminator 237 
than on the nightside. This is an effect of the neutral atmosphere shifting in altitude between day 238 
and night, as evident when plotting versus the measured neutral densities instead (panel a1). As 239 
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mentioned above, the differences in the dayside, terminator and nightside profiles follow the 240 
respective positive ion density profiles (electrons for field-parallel conductivity), with the upper 241 
peak altitude increasing towards the terminator and roughly stabilizing towards the nightside 242 
(Ågren et al., 2009; Shebanits et al., 2017). 243 
The total median profiles are shown in black. Panels c1-3 show the total median profiles without 244 
charged dust (Rosenqvist et al., 2009) in red (marked R2009), to be compared with the medians 245 
from current work: solid black line for all flybys and dashed red line for the 17 flybys included in 246 
R2009. Comparing the total median profile to the R2009, it is evident that including the dusty 247 
plasma shifts the first 𝜎𝜎𝑃𝑃 peak down in altitude by ~100 km. Expanding the dataset with the later 248 
flybys increases this peak by ~20%. This increase is consistent with the enhancement of plasma 249 
densities during the solar maximum between 2011 and 2015 (Edberg et al., 2013; Shebanits et 250 
al., 2017). The profiles in panels a1-3 & b1-3 are therefore medians over a full solar cycle and 251 
nearly half a Titan year. 252 
The deviations between the R2009 profile and this work are attributed to two major differences. 253 
Firstly, in the current work we treat the full plasma content – including the charged dust grains – 254 
whereas Rosenqvist et al. (2009) predated the dust detection in the RPWS/LP data. Secondly, we 255 
use the neutral densities measured in-situ by the INMS, while Rosenqvist et al. (2009) relied on 256 
an atmospheric model by Müller-Wodarg et al. (2008) – this is why the σ∥ medians differ so 257 
much above 1200 km in panel c3. However, despite this, the total median profiles for the 17 258 
flybys from R2009 are in a remarkable agreement down to ~1000 km with deviations only 259 
appearing near the CA. This again demonstrates that in Titan’s ionosphere at altitudes above 260 
~1000 the 𝜎𝜎𝐻𝐻 and 𝜎𝜎𝑃𝑃 are mainly governed by the positive ions. 261 
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 262 
Figure 5. General conductivity profiles for all included flybys: Pedersen (panels a1, b1 & c1), Hall (panels a2, b2 & c2) and 263 
Parallel (panels a3, b3 & c3). Panels a1-3 show sliding quadratic regressions with 400 point window (over 𝑁𝑁2 densities). The 264 
rest of the panels show sliding medians with a 200-point window (over altitudes). The total medians are in solid black. The 265 
panels c1-3 also show the medians of the 17 flybys included in the Rosenqvist et al. (2009), with the R2009 profile as a solid red 266 
line and the same flybys from current work as a dashed red line. The colored lines are medians for the dayside (𝑆𝑆𝑍𝑍𝑆𝑆 < 70, 267 
yellow), terminator (70 ≤ 𝑆𝑆𝑍𝑍𝑆𝑆 < 100, green) and nightside (𝑆𝑆𝑍𝑍𝑆𝑆 ≥ 100, blue).  268 

Comparing Titan’s dusty ionosphere with that of Saturn, the impact of charged dust on the 269 
conductivities is very different. On Saturn, the Pedersen conductivities were increased by up to 270 
two orders of magnitude and the Hall conductivities reduced or reversed already above the upper 271 
peak of ionospheric plasma densities (Shebanits et al., 2020). On Titan, although a 20% increase 272 
in corresponding upper peak of Pedersen conductivities is evident, the real impact becomes 273 
prominent near the CA. This is because the sources of the dust grains are different. On Saturn, 274 
the dust grains fall in from the D-ring (Hamil et al., 2018; e.g., Hsu et al., 2018; Mitchell et al., 275 
2018) in addition to possibly forming in the top ionosphere (Waite et al., 2018), and are already 276 
present in significant quantities in the top ionosphere (Morooka et al., 2019), well above the 277 
main photoionization peak (Hadid et al., 2018). On Titan, the dust grains are chemically formed 278 
in the ionosphere itself (Desai et al., 2017; Lavvas et al., 2013; Vuitton et al., 2009; Waite et al., 279 
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2007) and reach densities comparable to electrons and positive ions well below the 280 
photoionization peak. 281 
 282 

4 Conclusions 283 

• The Pedersen and Hall conductivities in Titan’s ionosphere down to ~1000 km altitudes 284 
are governed mainly by the positive ions. 285 

• Dusty plasma influence on the Pedersen conductivity is measurable at ~1300 km 286 
altitude but most impact is below ~1000 km altitude (also for the Hall conductivity). 287 

• The magnetic field strength remains the main factor for the increase in Pedersen 288 
conductivity at ~900-1100 km altitudes. 289 

• The bulk of Titan’s ionosphere in the 1000-1400 km altitude range is dominated by the 290 
Hall conductivity. Subsequently, Hall currents are expected to be the dominant 291 
horizontal currents. 292 

• The sharp increase of the Pedersen conductivity below 1100 km altitude coincides with 293 
the dusty region of Titan’s ionosphere, suggesting a dusty plasma layer dominated by 294 
the Pedersen conductivity (and subsequently, Pedersen currents). 295 

• The Hall conductivity shows indications of a reverse Hall effect at ~950 km altitude. 296 
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Appendix A 304 
A validation of using the total densities and average masses of the heavy plasma species is 305 
performed for the case of T40 (Figure 6a), where the mass spectra are available simultaneously 306 
for the positive ions (Shebanits et al., 2016) and negative ions/dust grains (Coates et al., 2009). 307 
The solid lines represent the average Pedersen (blue), Hall (red) and magnetic field parallel 308 
(yellow) conductivity profiles, all in a very good agreement with the respective conductivities 309 
derived using the full mass spectra (square markers). The corresponding plasma charge densities 310 
are shown for reference (panel b).  311 
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 312 
Figure 6. Panel a: Comparison of the T40 conductivities derived using the average plasma species masses (solid lines with circle 313 
markers) and using the full mass spectra (squares and crosses) of the positive ions and negative ions/dust. Squares and solid 314 
lines are derived assuming singly charged particles, fainter crosses and dashed lines are derived using the empirical negative ion 315 
and dust grain charge estimate (Shebanits et al., 2016). Panel b: the plasma densities are shown for reference. 316 

One of the parameters associated with the size and shape of the grains is the charge. Empirical 317 
estimate of the average dust grain charge suggests values between -1.5 and -2.5 for flybys T16, 318 
T29, T40 and T56 (Shebanits et al., 2016), while theoretical predictions (for spherical grains) 319 
suggest most likely charge to be 𝑍𝑍𝑑𝑑 = −1 (Draine & Sutin, 1987; Meyer-Vernet, 2013). The 320 
impact of the grain charge can be seen in Figure 6a, where the singly charged grains are used for 321 
the solid lines and the empirically estimated 𝑍𝑍𝑑𝑑 is used for the dashed lines and. The difference 322 
between these cases is <5% and is approximately a third of the combined measurement 323 
uncertainties. For this reason, the conductivities for all flybys are derived assuming 𝑍𝑍𝑑𝑑 = −1. 324 
 325 
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