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A. Popular Summary 
 

Saturn’s largest moon, Titan, is the only other solar system body with a complex atmosphere other than 
Earth. As such, it is a natural choice for study by astronomers and scientists attempting to understand 
the evolution and composition of atmospheres that may exist at planets in other solar systems. One part 
of an atmosphere, known as the ionosphere, is where solar radiation and planetary atmosphere 
interact. As a result, ions (which are particles such as electrons that carry either a positive or negative 
charge), are formed and interact with each other. On Earth, the ionosphere plays an important role 
affecting the transmission of radio waves across the planet.  

The study that was completed uses data generated from the Cassini mission. The Cassini mission was 
launched in 1997 and arrived at the Saturn system in 2004. Since then, it has been gathering data using 
several instruments. The instrument of import for this study is a Langmuir probe, which is contained 
within the Radio and Plasma Wave Science (RPWS) experiment. A Langmuir probe is a metal sphere, 
usually made of titanium with a nitrogen coating. This coating is usually referred to as a nitride coating 
as it involves heating the sphere and mixing nitrogen with the surface of the titanium sphere.  This 
probe is then given a current, or flow of electricity, which varies as the sphere interacts with electrons 
and other ions. By measuring this variation, properties of the particles within the ionosphere such as 
velocity, temperature, and density can be measured. 

For my thesis, I was tasked to bring some understanding to what factors played a role in causing 
variability of electron temperatures within Titan’s ionosphere. In the case of Titan, this variability is 
important because it determines production rates for carbon containing molecules within Titan’s 
atmosphere. A main result from this understanding could be a better understanding of what early Earth 
may have been like.  

The factors that were investigated are solar zenith angle (SZA), altitude, latitude, and ram angle. Altitude 
and latitude are familiar concepts while SZA and ram are not so. SZA is just a measure of the location of 
the sun with respect to the Cassini satellite. One can think of it as what time of the day it is for Cassini. 
Ram angle on the other hand, is a slightly more complex factor. Like Earth, Saturn has a magnetic field. 
Like our moon, this magnetic field rotates around Saturn and does so in the same direction of Titan. Yet 
it moves at a speed that is faster than Titan. As a result, it drapes over Titan. Draping of a magnetic field 
can be thought of as laying a piece of cloth over a tennis ball. From the point where the cloth touches 
the ball (in the study this is referred to as the ideal ram point), it lays over the surface of the ball 
following its outline. The ram angle then is simply a measure of where Cassini is located in this draped 
surface.  

The results of this study yielded several interesting conclusions. As was expected, altitude played the 
largest role in the variability of the electron temperatures. SZA and latitude did not have an effect that 
was found in this study. In terms of SZA, this was a surprising result as the same study was conducted for 
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density, the measure of how many particles exist within a certain volume, and it was found that SZA 
played a very large role, showing a clear difference between night and day. Ram angle also showed to 
have an effect on the variability of electron temperatures. This means that Saturn’s magnetic field 
influences electrons in the ionosphere and has some bearing on the production of carbon containing 
molecules in Titan’s ionosphere.  
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1. Introduction 
Being the second largest moon in our solar system, and the only natural satellite that has a complex and 
thick atmosphere referred to as a haze layer, Titan has held a peculiar interest for scientists and 
astronomers since its discovery in 1655 by Dutch astronomer Christiaan Huygens. The first close look at 
Titan was when Voyager I passed the moon in 1980.  During this fly-by, scientists were able to determine 
the moon’s radius and take some pictures. However, it was not until 2004 with the arrival of the Cassini-
Huygens mission that researchers were able to get our first look through the haze layer which envelopes 
the moon.  

Thanks to the Huygens probe and the constant data gathering efforts of the Cassini orbiter, an 
understanding of Titan’s haze layer has been achieved. However, this understanding is nowhere near 
complete. On a more optimistic note, our current understanding lends itself to the presumption that the 
Titanian atmosphere resembles that of early Earth. This raises the desire for understanding the 
processes happening at the moon to a significantly higher level.  

For my thesis work, a preliminary statistical analysis of electron temperatures in Titan’s lower 
ionosphere (950 – 1400km) was carried out. This portion of the ionosphere is important for several 
reasons. The first is that this location in the ionosphere is an area where internal processes and external 
influences mix. Also, the electron temperatures present at these altitudes are a determining factor for 
ion-molecular interactions. In terms of electron temperatures, there are several factors that are thought 
to be a source for the variability. Among these are altitude, solar zenith angle (SZA), latitude, and 
magnetospheric ram angle1. 

The source for the data used throughout this paper comes from the Radio and Plasma Wave Science 
(RPWS) instrument on Cassini. Part of this instrument, known as a Langmuir probe, a device which 
measures plasma properties, was the exclusive source of the data used in this analysis. The Langmuir 
probe was developed by the Swedish Institute of Space Physics in Uppsala and was named after Irving 
Langmuir, an American physicist and chemist who was one of the pioneers of what is now known as 
orbital motion limited (OML) theory. While the main focus of the RPWS is to measure radio waves from 
Saturn, the Langmuir probe focuses more on plasma properties within its immediate vicinity. A picture 
of a Langmuir probe is shown below in figure 1.1. By placing a varying voltage across the sphere (bias 
voltage, Ubias) and then monitoring its current, different species of plasma can be attracted/repulsed to 
the probe. From this, one can calculate density, temperature, and velocities of different plasma species.   

 

Figure 1.1: Langmuir Probe used in Rosetta mission. 

                                                           
1 These are explained in more detail in Section 2.1 
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One of the main benefits of this analysis is to help determine recombination coefficients. 
Recombination, in this sense, is dissociative recombination, in which molecules recombine with free ions 
in the atmosphere. By calculating the rates of this recombination, principle constituents and their 
corresponding production rates can be estimated. In terms of Titan, the densities and temperatures 
calculated can help determine recombination rates. This in turn is valuable information that can be used 
to model what early Earth may have been like. Other than the early Earth scenario, the knowledge of 
production rates can help determine the processes occurring within Titan and on its surface to produce 
these molecules. One can take this even further by speculating that it could very well establish the 
presence or absence of microbial life at Titan by the constituent levels of methane and other by-
products of organic processes.  

 

1.1 Langmuir Probe 

As mentioned above, the data used in this analysis is sourced from the Langmuir probe aboard Cassini. 
For data collection, the probe took sweeps of data in the range ±4V (Ubias) in a time interval of 20 or 24 
seconds. Since only electron data was used, the data of interest was collected when Ubias was greater 
than 0V. This is due to the fact that electrons are attracted to the probe when the voltage is positive. 
Once the resulting current is measured for each voltage step in the sweep, electron properties can be 
calculated using the following equation. 

𝐼𝑒 =  𝐼𝑒0(1− 𝜒𝑒)                                                                    (eqn. 1) 

where 

𝐼𝑒0 =  −𝑎𝑝𝑟𝑜𝑏𝑒𝑛𝑒𝑞𝑒�
𝑘𝐵𝑇𝑒
2𝜋𝑚𝑒

                                                         (eqn. 2) 

and 

𝜒𝑒 =  𝑞𝑒(𝑈𝑏𝑖𝑎𝑠+ 𝑈𝑠𝑐)
𝑘𝐵𝑇𝑒

                                                                  (eqn. 3) 

In the above equations, Ie represents electron current, aprobe is the Langmuir probe surface area, ne is 
electron number density, qe is electron charge, kB is Boltzmann’s constant in units of J/K, Te is electron 
temperature, me is electron mass, and Usc is the space craft potential.  

 

1.2 Previous Studies 

While no previous study focused on electron temperatures in the lower part of Titan’s Ionosphere, there 
have been a few that touched on electron temperature properties. This was usually lightly dispersed 
within studies that focused on ion distributions and properties. Some studies of note that were used as 
both research and confirmation of the findings for this study were those of Karin Ågren and Niklas 
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Edberg. While both these researchers focused on ion distributions and properties, there was presented 
some limited information on electron temperature distributions. Another resource of valuable 
information was two chapters in the upcoming volume on Titan. These were chapter 11 entitled “Titan’s 
Ionosphere” and chapter 12 entitled “Titan’s Magnetospheric and Plasma Environment”, written by 
Maria Galand and Jan-Erik Wahlund, respectively. While these latter sources were not used for the 
analysis in this paper, their collective information on Titan’s ionospheric properties were invaluable for 
understanding the nature of Titan. 

 

1.3 Thesis Introduction 

The purpose of this analysis was to determine the main contributors that affect electron temperatures 
in Titan’s lower ionosphere. The main candidates are, as mentioned above, altitude, latitude, SZA, and 
ram angle. In addition to these, chemical processes that release electrons into the atmosphere or are 
exothermic are not considered. By performing statistical analyses on these factors, the aim is to identify 
which of these give the largest contributions. For example, in the case of SZA, the more direct solar 
radiation is expected to have a larger effect as seen in previous works with density (Ågren et al 2009). 
The end goals are to provide a frame work for the causes of variation in electron temperatures in this 
altitude range, highlight the causes of these determining factors, and help direct future studies so as to 
be the most beneficial. 
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2. Analysis Procedure 
2.1 Data Compilation 

To begin analysis of electron temperatures, data had to be accumulated and organized with the goal of 
increasing the efficiency of the analysis. The data to be analyzed consisted of data files containing the 
following information: 

1. year 
2. month 
3. day 
4. hour 
5. minute 
6. second 
7. west longitude 
8. latitude 
9. local time 
10. altitude 
11. time of sweep (epoch) 
12. distance from titan center (titan radii) 
13. density – electron 
14. temperature – electron 
15. s/c potential 
16. velocity – ion 
17. density – ion 
18. mass – ion 
19. sub-solar latitude 
20. sub-solar longitude 
21. solar zenith angle 
22. ram angle 

The columns highlighted were not used for any of the analyses. After all the data files had been updated 
with the necessary information, all data points above an altitude of 1,400km were removed. These are 
outside the range of the analysis and therefore of minor2 importance to this report. This resulted in 8873 
data points to be analyzed. 

Once all the data needed had been collected, a few calculations had to be made. These were the solar 
zenith angle and ram angle. Solar zenith angle is a measure of the angular height of the sun with respect 

                                                           
2 Minor in this case does not mean “zero”. 
3 This number is from flybys up to number 65 before the addition of data from three other flybys and before the 
subtraction of data points that had no electron temperature value (NaN) or the value was blatantly extraneous (> 
0.6). 

1. from University of Iowa Ephemeris 
Generator 
“CASSINI ephemeris tool” 

2. Langmuir probe data 
3. from SETI Ephemeris Generator 

“Saturn Ephemeris Generator 2.4” 
4. calculated 
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to the Cassini spacecraft. Ram angle, not to be confused with solar incidence ram angle (SRA)4, is simply 
an angular measure between a circle of a sphere with respect to a point at the trailing end of Titan (0N, 
270W). This is considered the ideal ram point, where the co-rotating magnetic field of Saturn initially 
interacts with Titan. The actual position varies so this ideal point is a good assumption and 
approximation to begin with. This longitudinal type measure locates the Cassini spacecraft with respect 
to the aforementioned ideal ram point. This measurement can give a sense of how the temperature 
varies as a result from the interaction between Saturn’s magnetic field and the induced field at Titan 
(magnetic field draping). With the ephemeris data collected the process became rather simple. Using 
the central angle formula for two points on a sphere, 1 and 2,  

𝜎 = arccos (sin𝜃1 sin𝜃2 + cos𝜃1 cos𝜃2 cos∆𝜑)   (eqn. 4) 

where σ is the central angle, θ is latitude, and Δϕ is the difference between longitudes, one can easily 
calculate both SZA and ram angle for Cassini.  

After all the data had been collected, a few preliminary plots were created to get an idea of the electron 
temperature and how it varies across Titan and with respect to which other factors 
(altitude/latitude/longitude). A sample plot can be seen below. 

 

Figure 2.1: Shows a basic map of electron temperatures after altitude de-trending. 

                                                           
4 SRA is the angle between the direction of the Sun and the direction of Saturn’s magnetospheric flow. 
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The figure on the previous page really can’t be analyzed because it is an inaccurate picture. Though it is 
a map, of sorts, of electron temperatures, it does not begin to show how these points differ based on 
altitude. So plots were remade dividing the data points into altitude bins of 50km then 100km (50km 
bins did not provide enough data points for trends to be visible). Within these subsequent bins, the 
results were also inconclusive. The data points on occasion showed possible trends but these plots were 
distributed inside others that showed what appeared to be complete randomness (a sample plot of the 
obtained results is shown in figure 2.2). In a few plots, however, it was noticed that there appeared to 
be a trend with respect to the ram angle. To begin correctly investigating the possible effect of ram 
angle and others, a method had to be devised to increase the number of data points being analyzed by 
removing the obvious effect with altitude (see figure 2.3). 

 

Figure 2.2: Altitude binned data showing possible ram angle trend.  
Colorbar represents electron temperature. 

Before de-trending the data, some preliminary plots were also created to see if there existed any 
noticeable trends with respect to the other factors (latitude, SZA, and ram angle). By looking at these 
plots, a preliminary conclusion was made that other than altitude, both SZA and ram angle had an effect 
on the electron temperature.  



9 
 

 

Figure 2.3: Altitudinal effect of electron temperatures on Titan. 

 

Figure 2.4: Plots showing possible trends other than altitude. 

 

2.2 Altitude De-trending 

To successfully de-trend the altitude, some factor had to be found which could be applied to the 
electron temperature and modify the value. This would then allow plots of all the values together as 
though they existed in the same altitudinal plane. The process for de-trending the altitude is as follows: 
 

1. Prior to calculation, certain values had to be removed from the data set. These were NaNs and 
all electron temperatures above 0.6 (the total of these 2 sets comprised a total of 5.8% of the 
number of data points). The reasoning behind this exclusion is that the majority of data points 
(>90%) peaked at around 0.15eV and the removed values were greater than four times these 
values. NaN were points with no values for electron temperature (this group only had 48 
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members), ‘200’ was a value given for extraneous data as determined from hand-fitting 
analysis5 (2 members), and temperature values above 0.6 (there existed only 5 data points not 
equal to ‘200’ and above 0.6). This left the total number of usable data points to 832. 

2. For each data point, an average and median value was calculated based on all points in a ten 
kilometer bin centered on the data point. 

3. This value was then subtracted from the original value of electron temperature to give a de-
trended value. These de-trended values were then able to be grouped as a whole so other 
factors could be investigated (see figure 2.5).  

 

Figure 2.5: De-trending results. Original temperature values are green, the new values are red, and the blue line shows the 
factor used for the transition. The result based on average values is on the left, while those based on median values is on the 

right. 

For the subsequent analyses, the de-trended values based on median are used. These showed a slightly 
smaller variation and a smoother linear relationship than the result based on averages. A best fit was 
made for the median values above an altitude of 1050km6 to give a relationship between Te and 
altitude. This equation is shown below. 

𝑇𝑒 = (ℎ−918.5)
4,534.5

                                                          (eqn. 5) 

where Te is in units of eV and h is given in km. 

                                                           
5 Hand fitting analysis method is in section 2.4 of this chapter. 
6 This altitude was chosen because it is the approximate location of the density peak. 
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Due to the large variability depending on the chosen values of altitude and Te included in this fit, more 
analysis is required to ensure the accuracy of this result. Figure 2.6 shows the fit used for equation 5. 

 

Figure 2.6: Best fit for altitude de-trending based on median values for each altitude. 

After the data had been de-trended with respect to altitude, the next step was to search for other 
factors which may have an effect on the temperature distribution of electrons.  

 

 

2.3 Binning Paths 

To effectively find trends that exist within the data, the altitude de-trended data had to now be analyzed 
in terms of the remaining factors of interest: SZA, latitude, and ram angle. Prior to beginning the 
analysis, another set of preliminary plots were created looking for some clues as to what factors cause a 
variation in electron temperature.  

To investigate the other possible factors contributing to electron temperature, the data was divided into 
bins based on which effect was being investigated. For example, in the case of SZA, ten degree bins were 
used. The procedure used for this binning is the same as that used to de-trend the altitude. The 
difference being that a new value of electron temperature is not calculated for each data point. The 
average is the final result. So the end results become a matter of the investigated factor i.e. latitude.  A 
sample plot is shown in figure 2.7. 
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Figure 2.7: Altitude De-trended data (black) superimposed upon binned (averaged with respect to ram angle) results (blue). 

 

2.4 Hand Fitting and Data Addition 

To this point, data being analyzed had already been processed to extract the relevant information 
(columns 11 through 18). Prior to this, what existed was raw data from the Langmuir probe. Upon 
completing my analysis, the next task was adding data to see if it conformed to previous results 
obtained during this study. To complete this, a Matlab script written by Jan-Erik Wahlund was utilized to 
extract the necessary information and then proceed to add it to the previous results. What follows is the 
procedure of hand fitting and data addition. 

Hand Fitting 

The first step in this procedure was to find which flybys fit the criteria to be hand-fitted. The criterion 
was all flybys from 66 to the present that had a closest approach of less than 1,400km. This addition was 
an extra 59 data points from flybys 687, 70, 71, and 77. With Jan-Erik’s Matlab script, these data points 
were fitted so the electron temperature and density can be extracted. An example fitting is shown in 
figure 2.8. 

                                                           
7 Though this flyby was analyzed, it only resulted in two data points that when altitude de-trended, were off by a 
factor of -1eV. The lowest altitude of these two sample times was ≈1,397km. In the end, they were excluded from 
the final analysis and confidence procedure. 
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Figure 2.8: Sample hand fit profile using Matlab script  
written by Jan-Erik Wahlund. 

This fitting shows two electron populations and the matching fits (solid green representing electron 
population 1 and solid red which represents electron population 28). By varying the voltage offset, 
electron density, and electron temperature, fits could be made so the necessary information (in this 
case, electron temperature and densities) can be gleaned. This process required a “tinkering” with the 
variables first for electron population 1, and then with electron population 2, if a second population 
existed. 

Data Addition 

After hand fitting, the next step was to incorporate the data into existing data to see if it maintained 
agreement with the original data. It was a straight forward process to add the extra information; 
ephemeris, sub-solar coordinates, SZA, and RAM ANGLE. To accomplish the addition of this new data, it 
first had to be merged with existing data for altitude de-trending. This new data did not contain enough 
points to produce an adequate de-trend on its own. After the data had been de-trended, it was then 
separated from the original data and then plotted. Figure 2.9 on the next page shows the original data in 
blue and the new data in red. This new data can also be divided into three sections. The first of these 
areas contains the majority of data points and lies along the linear rise discussed in section 3.1. The 
second area was two data points at approximately 125° ram. Again, it should be noted that these points 
were ultimately left out of the final analysis and confidence procedure. The third and final area 
corresponds to a new data set altogether. There were no original data points that existed within this 
third range. As such, any trend that exists in this area is difficult to observe and no conclusion can 
confidently be made.  

                                                           
8 While there did exist flybys which only had one electron population, the majority had two. 
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Figure 2.9: All data with new data in red. The vertical axis represents Te and the horizontal axis is ram angle. 

 

Figure 2.10: All data (old and new) combined and plotted. X-axis is RAM ANGLE  
and y-axis is <Te>. 
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3. Results 
3.1 Ram Angle 

After completing the analysis, several interesting results were found. The one of most interest to this 
report is the trend observed with respect to ram angle. When the analysis procedure had been 
performed with ram angle being the investigated factor, a linear trend emerged. To understand this 
trend, see figure 3.1 below. Figure 3.2 shows the corresponding sections as they would be at Titan. The 
plot can be divided into three sections. 

 

Figure 3.1: Analysis results of ram angle binning shown divided into three sections for  
identification. The initial, central rise, and wake zones. 

The first of these sections (0° - 45°) is termed the initial zone and represents the area of Titan where 
initial interaction occurs between Saturn’s magnetic field and the induced magnetic field of Titan. The 
trend that appears here is a sharp decrease from the ideal ram point to about 40° - 45°. Since this area is 
where the co-rotating magnetic field lines of Saturn are highly compressed, the elevated electron 
temperatures resulting may be a consequence of higher levels of energy transfer. It is possible, with 
knowledge of the variation in ram point, that this effect can be mitigated. At this point, with only 8.5% 
of the data in this zone, no definite conclusions can be drawn from this analysis. A preliminary fit was 
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made with this data using a second order linear regression and is shown in figure 3.3. The corresponding 
equation is also shown below. 

𝑇𝑒 = 1.6612 ∙  10−4 ∙ 𝜃2 − 0.014 ∙ 𝜃 + 0.285                                        (eqn.6) 

θ in the above equation represents ram angle and Te is in units of eV. This equation is only valid for data 
points within section 1, corresponding to ram angle values between 0° - 45°. 

 

Figure 3.2: Cartoon representation of Saturn's draped field lines around Titan. The black arrow at top indicates both the 
direction of Titan's revolution and flow of Saturn's magnetic field, while the colored arrows show electron (“precipitated 

electrons”) direction along Saturn’s magnetic field lines. It should be noted that section 1 corresponds to the area of highest 
collisions and energy deposition. 

The second section shows the area of most interest, a linear rise in electron temperature as function of 
ram angle in the range of ram angle from 45° - 130°. In figure 3.3, the central rise region has been 
isolated and the data fitted. The resulting slope is 3.76 ∙ 10-4. This value represents the change in altitude 
de-trended temperature as a function of ram angle. As of this time, there is no method for de-trending 
this slope. What it does say, however, is that there is a clear and definable relationship between 
electron temperatures in Titan’s lower ionosphere and Saturn’s co-rotating magnetic field.  

 

Figure 3.3: Panel (a) shows a best fit applied to initial zone data points while  
panel (b) does the same for the central rise region. 
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The third and final section represents the tail of the draped field lines. This is the leading side of Titan. It 
is unclear if there is any type of trend in this section or it is a result of irregular interactions in the wake 
of Saturn’s draped field lines. 

 

3.2 Solar Zenith Angle 

It was proposed early in this work that latitude and SZA were expected to show some type of variation in 
terms of electron temperatures across Titan. By following the aforementioned procedure and using 
gathered information from previous analyses of electron densities, this expectation was not 
unreasonable. While electron density was shown to vary directly as a result of SZA, clearly 
differentiating between night and day, the temperature as a function of SZA was not nearly as dramatic. 
The analysis resulted in a slight decrease of temperature as SZA increases, yet the slope of which is 
nearly planate and it could very possibly be within a margin of error9. This result also confirms previous 
findings by Ågren et al (2009)10 shown on the next page. 

                                                           
9 A thorough error analysis of these findings was not done at the time of writing. 
10 The results presented by Ågren et al used Te at ionospheric peak. 
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Figure 3.4: The variability of electron temperatures does not appear to be dependent in some way on SZA. The panel on top 
shows results from this analysis and the bottom panel shows previous results by Ågren et al (2009). 

 

 



19 
 

3.3 Latitude 

In terms of latitude, the plots revealed what appeared to be three areas of increased temperature. 
These areas are marked in the following figure. 

 

Figure 3.5: Marked above are warmer areas of latitude. 

There are two things to consider when looking at this figure. These plateaus appear to be an inverse 
when compared to the same plot created for density. This is discussed in more detail in section 4.3. The 
other thing of note is that this feature is prevalent throughout all of the analysis11 and it remains to be 
seen if this is some artifact or statistical anomaly, or a legitimate effect waiting for further 
interpretation.  

 

 

 

 

 

 

                                                           
11 During the confidence procedure, the raw data was not only de-trended by altitude, it was also de-trended by 
SZA, ram angle, and latitude. When these results were then binned by latitude, these bands were present. 
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4. Confidence Procedure and Error Analysis 
The results that arose from analysis seem to have been going in one direction. While that effect by ram 
angle is interesting, it was necessary to build confidence in those results. Therefore a confidence 
analysis was carried out to ensure that the results found were true and not some artifact. The full results 
are not presented here, just the methodology and some interesting cases. 

 

4.1 Confidence Procedure 

The procedure that was used to perform all analyses was based on an automated script written in 
Matlab. As such, it was a simple task to select which factor from the data set to perform an analysis on. 
This leads to the thought of what would be the outcomes with different choices of factor for de-trending 
and binning. By using the same de-trending and binning procedure as outlined in the previous section, 
an analysis was performed upon every possible combination of factors (i.e. de-trending by SZA, then 
binning by latitude, or de-trending by latitude and binning by altitude). All these compiled results would 
show if there was some other reasoning for the linear increase in temperatures as a function of ram 
angle. In particular, it was a search to see if that trend could be either reproduced, significantly reduced, 
or eliminated altogether using some other combination of de-trending and binning. A sample plot is 
shown in figure 4.1. The results of this confidence analysis yielded several interesting outcomes, the 
most important being a verification of the linear trend due to ram angle. There were other results that 
have some merit and are mentioned throughout this section. 

 

4.2 Error Analysis 

As a check for the chosen method of binning, an analysis using set bins (of sizes five and ten12) was also 
performed that were not centered on any certain data point. This is the standard method for sorting 
data so if the methodology used to this point conformed to the results from this standard method, the 
results can be considered acceptable. Results of this analysis are superimposed upon the results and are 
shown in figure 4.2. 

 

                                                           
12 The numbers 5 and 10 only represent size. Since both degrees and km was used, the units are intentionally not 
listed. 
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Figure 4.1: Sample of plots created looking for other factors that vary electron temperature. This specific plot also shows the 
elevated regions of temperature for latitudinal bands. 

 

 

Figure 4.2: Results from two different analysis methods that differ by bin selection superimposed on one another. Red 
represents the standard method while blue shows the method employed throughout this paper. 
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To this point, the analysis has led to the conclusion that electron temperatures are mainly controlled by 
the magnetic field configuration of Titan’s induced magnetosphere. The next step was to perform an 
error analysis to develop confidence in these results. This could be done one of two ways. The first 
method was to calculate a standard deviation across all ram angles using the results from the data point 
centered binning method. This has the advantage of standardizing the standard deviation across all ram 
angles but as a result reduces the level of confidence as approximately 47% of the data points fall 
outside of one standard deviation13. Figure 4.3 shows the results of this error analysis method. The 
second method of binning uses set bins of five and ten degrees14. The standard deviations that resulted 
from this method produced a higher level of confidence yet showed a larger deviation as a function of 
increasing ram angle in the area of interest15. This is shown in figure 4.4. 

 

Figure 4.3: <Te> vs ram angle shown with one standard deviation (sdev) and  
de-trended temperature values superimposed (turq). 

. 

                                                           
13 The standard percentage of values inside one standard deviation should be 67% for most experimentally 
gathered data. 
14 While both bin sizes conformed to the results of the previous sections, the figures shown use 5 degree bins. 
15 The area of interest is the central rise section seen in the results of electron temperature vs. ram angle. 
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Figure 4.4: Green represents original data, purple shows the new data. These are shown along  
with the bin averages (red) as well as ±1 standard deviation (blue). 

 

 

4.3 A Word on Density 

Again, since the script used to analyze the data was easy to alter to vary what is being investigated, the 
entire confidence procedure (producing data from all possible de-trending and binning combinations) 
was repeated for electron density. From these results, two previous findings are confirmed as well as an 
observation relating ram angle to density. These are presented below. 

The first confirmation of previous results was not related to density but rather electron temperature. 
The variation of density with respect to SZA has been shown before by Ågren et al (2009). This present 
analysis produced complimentary results which are presented below in a side by side with previous 
findings (see figure 4.5). The differences in these figures are due to the analysis methods employed. 
While the work by Ågren shows a more clear difference between night and day as a result of analyzing 
individual flybys at peak ionospheric density, this analysis produced a smoother curve (still 
differentiating between night and day) which contains all data points from all flybys used averaged out. 
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Figure 4.5: Panel (a) shows electron temperatures as a function of SZA  
and is taken from Planetary and Space Science 57 (Ågren et al 2009) and panel (b) shows  

complimentary results originating from the analysis method of Section 2. 

The other result from this analysis is not as clear as that of SZA. During the analysis with density, it 
became clear that the electron densities were depressed in certain areas when plotted with respect to 
latitude. One such example is shown on the next page in Figure 4.6. Due to the relationship between 
SZA and density, SZA de-trended data binned by latitude is shown. These areas were very similar in 
shape and distribution16 to the results from electron temperatures: The difference being that for 
temperature these bands were elevated while being depressed with respect to density. This was shown 
in previous work by Edberg et al (2010).  Since Edberg’s analysis used all altitudes for which data was 
available, and this paper is limited in scope with a ceiling of 1,400km, this conclusion is based mostly on 
weak evidence. 

In terms of ram angle, the density showed a consistent variation across most combinations of de-
trending/binning. As can be seen in plots in figure 4.7, a mostly constant value17 until about 100°, and 
then a spike occurring at approximately 145° followed by a sharp decline. However, when this plot was 
remade to factor in SZA, the spike was a result of SZA variation and not ram angle18. 

 

                                                           
16 Distribution in this case is in terms of latitude 
17 The first panel of figure 4.6 contradicts this statement in the ram angle range of 0° - 45° aka the initial zone. 
18 This is shown in Appendix A. 
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Figure 4.6: Latitude binned data showing density peaks that are inverse those shown in similar Te plots. 

 

 

Figure 4.7: Plots of number (electron) density vs ram angle. 

 

 

 

 

 

 

 



26 
 

5. Conclusion 
The main purpose of this study was to determine the distribution of electron temperatures in Titan’s 
lower ionosphere and the main contributors for the temperature variation observed. While it was clear 
from previous works, and subsequently confirmed by this study, that altitude was the main factor that 
affected temperature variation, other sources were investigated. This lead to the surprising result that 
ram angle, caused by magnetic field draping of Saturn’s co-rotating magnetic field, was also a source for 
electron temperature variations. This was an unexpected result since previous studies into density 
showed that SZA played a large role into determining density variations, clearly differentiating between 
the day side and night side of Titan and it was expected that it should also be a cause for temperature 
variations. Latitude was also investigated and showed no clear trend in determining the distribution of 
electron temperatures. 

 

5.1 Ram Angle 

The magnetic field draping of plasma sheets leads to an induced magnetic field at Titan and the resulting 
interaction is the main cause, other than altitude, for the temperature variation seen in this study. As 
stated by Jan-Erik Wahlund on the upcoming volume on Titan, 

An induced magnetosphere is a result of the transfer (in several stages) of the energy and linear 
momentum from the external plasma wind into the atmosphere of the unmagnetized object. In 
the absence of collisions19, this transfer is achieved via electromagnetic fields and electric 
currents arising from the encounter of two counter streaming plasma populations; the 
aforementioned external plasma, and the plasma originating in the atmosphere and exosphere 
of the planetary body.20 

Given the results of this study, work can now begin to determine a mathematical relationship between 
electron temperatures and ram angle. Preliminary work has already been started to use the results of 
this analysis to attempt predictions of electron temperatures for future flybys. This includes using both 
altitudinal effects in conjunction with ram angle effects to use the position of Cassini and determine the 
corresponding expected electron temperature. This is discussed below in more detail. Since this study 
was the first to focus solely on temperature variations and its causes, there is much room for 
improvement which is discussed in the following section on future studies. 

 

 

                                                           
19 Verified by showing that ram angle had no major effect on density variations. The variations found in density in 
ram angle binned results were shown to be caused by SZA. This figure can be found in Appendix A. 
20 Chapter 13, section 3.2 of the upcoming volume on Titan 
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5.2 Future Studies 

As with all statistical analyses, there are always ways to improve the results. A few examples of how this 
can be achieved are now discussed. The most obvious way to improve the results is the collection and 
addition of more data. This will significantly reduce error margins and increase confidence in the results 
and conclusions set forth by this study. Another route that will lead to higher confidence levels is to use 
the results of this study to go back and remove extraneous data (outliers) that caused standard 
deviations to be larger than expected. This is mostly true for ram angles between 90° and 130°.  

Revisiting this analysis for the purpose of attempting to predict expected values can be accomplished by 
improving the methodology of this analysis. For example, the altitude de-trending procedure used was 
based on realigning temperature values based on a median value calculated for a specific altitude. This 
leads to a rather messy de-trending value. Though these de-trending values were not perfectly linear, a 
good linear approximation (with appropriate standard deviations) could be used for the de-trending. 
Also, instead of using subtraction, one can normalize the de-trending leading to results based around 1 
rather than 021. After this, some combination of altitude de-trended values and ram angle averaged 
results can be combined with the intent of determining expected values for a given position in Titan’s 
lower ionosphere. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
21 This would not make a large difference in relative de-trended values; only serve to make formulating an 
equation simpler and more reliable. 
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Appendix 
This appendix contains 8 figures showing a summary of results. The first four are electron temperature 
results while the last four are the results for electron density. These figures are only the results from 
altitude de-trending though all other combinations were produced. Since altitude de-trending was the 
path chosen for the analysis, these were chosen for inclusion. 
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