
Planetary and Space Science 54 (2006) 1197–1210

Cassini observations of Saturn’s inner plasmasphere:
Saturn orbit insertion results

E.C. Sittler Jr.a,�, M. Thomsenb, R.E. Johnsonc, R.E. Hartlea, M. Burgera, D. Chornaya,
M.D. Shappirioa, D. Simpsona, H.T. Smithc, A.J. Coatesd, A.M. Rymere, D.J. McComasf,

D.T. Youngf, D. Reisenfeldg, M. Doughertyh, N. Andred,i

aNASA Goddard Space Flight Center, Code 612.2, 8800 Greenbelt Road, Greenbelt, MD 20771, USA
bLos Alamos National Laboratory, NM, USA

cUniversity of Virginia, Charlottesville, VA, USA
dMullard Space Science Laboratory, UK

eJohns Hopkins Applied Physics Laboratory, MD, USA
fSouthwest Research Institute, San Antonio, TX, USA

gUniversity of Montana, MT, USA
hImperial College, London, UK

iResearch and Scientific Support Department, European Space Agency, The Netherlands

Received 10 November 2005; received in revised form 14 March 2006; accepted 4 May 2006

Available online 14 September 2006

Abstract

We present new and definitive results of Cassini plasma spectrometer (CAPS) data acquired during passage through Saturn’s inner

plasmasphere by the Cassini spacecraft during the approach phase of the Saturn orbit insertion period. This analysis extends the original

analysis of Sittler et al. [2005. Preliminary results on Saturn’s inner plasmasphere as observed by Cassini: comparison with Voyager.

Geophys. Res. Lett. 32, L14S07, doi:10.1029/2005GL022653] to L�10 along with also providing a more comprehensive study of the

interrelationship of the various fluid parameters. Coincidence data are sub-divided into protons and water group ions. Our revised

analysis uses an improved convergence algorithm which provides a more definitive and independent estimate of the spacecraft potential

FSC for which we enforce the protons and water group ions to co-move with each other. This has allowed us to include spacecraft

charging corrections to our fluid parameter estimations and allow accurate estimations of fluctuations in the fluid parameters for future

correlative studies. In the appendix we describe the ion moments algorithm, and minor corrections introduced by not weighting the

moments with siny term in Sittler et al. [2005] (Correction offset by revisions to instruments geometric factor). Estimates of the spacecraft

potential and revised proton densities are presented. Our total ion densities are in close agreement with the electron densities reported by

Moncuquet et al. [2005. Quasi-thermal noise spectroscopy in the inner magnetosphere of Saturn with Cassini/RPWS: electron

temperatures and density. Geophys. Res. Lett. 32, L20S02, doi:10.1029/2005GL022508] who used upper hybrid resonance (UHR)

emission lines observed by the radio and plasma wave science (RPWS) instrument. We show a positive correlation between proton

temperature and water group ion temperature. The proton and thermal electron temperatures track each with both having a positive

radial gradient. These results are consistent with pickup ion energization via Saturn’s rotational electric field. We see evidence for an anti-

correlation between radial flow velocity VR and azimuthal velocity Vf, which is consistent with the magnetosphere tending to conserve

angular momentum. Evidence for MHD waves is also present. We show clear evidence for outward transport of the plasma via flux tube

interchange motions with the radial velocity of the flow showing positive radial gradient with VR�0:12ðL=4Þ
5:5 km=s functional

dependence for 4oLo10 (i.e., if we assume to be diffusive transport then DLL�D0L11 for fixed stochastic time step dt). Previous models

with centrifugal transport have used DLL�D0L3 dependence. The radial transport seems to begin at Enceladus’ L shell, L�4, where we

also see a minimum in the W+ ion temperature TW�35 eV. For the first time, we are measuring the actual flux tube interchange motions

in the magnetosphere and how it varies with radial distance. These observations can be used as a constraint with regard to future
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transport models for Saturn’s magnetosphere. Finally, we evaluate the thermodynamic properties of the plasma, which are all consistent

with the pickup process being the dominant energy source for the plasma.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The relationship between Voyager plasma measurements
and Cassini results were presented in Sittler et al. (2005)
using coincidence ion data by the Cassini plasma spectro-
meter (CAPS) instrument during the approach phase of the
SOI period. This comparison was based on preliminary
results. Evidently, Cassini entered the magnetosphere
during a quiescent period similar to that for the Voyager
encounters (see Bridge et al., 1981, 1982; Lazarus and
McNutt, 1983; Sittler et al., 1983; Richardson, 1986;
Richardson and Sittler, 1990). Pioneer 11 spacecraft
probed Saturn’s magnetosphere in 1979 when the magneto-
sphere was highly compressed during passage of a
compression region in the solar wind (Wolfe et al., 1980;
Frank et al., 1980).

Our results are more definitive than that be Sittler et al.
(2005), since we are using an improved convergence
algorithm for our ion moment determinations while also
enforcing the protons and water group ions to co-move.
This latter feature allows for an independent determination
of the spacecraft potential. Our analysis is confined to
distances beyond L�3, since the instruments high voltage
was lowered for the SOI insertion burn for instrument
health and safety reasons. In Fig. 1, we show the trajectory
for SOI. During SOI the spacecraft approached and exited
Saturn’s magnetosphere at mid-latitudes (l�� 151), simi-
lar to that of Voyager 2 with ring plane crossings between
the F and G rings (L�2.7). As discussed in Sittler et al.
(2005), the viewing was only optimal during the inbound
pass and is reason outbound pass has not yet been
analyzed.

2. Instrument description and ion composition

The CAPS instrument (Young et al., 2004) is composed
of three separate particle instruments: ion mass spectro-
meter (IMS), electron spectrometer (ELS) and an ion beam
spectrometer (IBS). The IMS, using time-of-flight (TOF)
technology, has a composition capability. It makes 62
contiguous ion measurements in E/Q between 1 v and
50 kV with energy resolution of 17%. The IMS has an
intermediate mass resolution capability, called straight
through (ST) and a high mass resolution capability that
produces linear electric field (LEF) data (McComas et al.,
1990, 1998; McComas and Nordholt, 1990). The LEF
technique, which is isochronous in TOF for atomic species,
has the ability to separate molecular species of the same
M/Q by detuning the upper section of the LEF section
(Nordholt et al., 1998). To better understand instrument

word usage we refer to the Space Science Review article by
Young et al. (2004). During data acquisition the IMS
electronics accumulates the coincidence ion counts within
predetermined TOF buckets for protons, for each of the
water group ions, and for other minor species. There were
miss-alignment of TOF buckets and their resolution is
discussed in Sittler et al. (2005). Coincidence ion counts are
measured over the full energy range and 8 angular sectors
of the IMS. The 8 angular sectors, confined to what we call
the collimator plane, cover a field-of-view (FOV) of 1601
with a resolution of 81� 201 (Young et al., 2004). The
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Fig. 1. Plot (a) shows the radial distance of the Cassini spacecraft with

respect to Saturn’s center as a function of spacecraft event time (SCET)

for the SOI trajectory. In plot (b), we correspondingly show the spacecraft

latitude relative to Saturn’s equatorial plane.
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FOV is aligned parallel to the spacecraft Z-axis and can be
actuated over a range of �1801 perpendicular to the
spacecraft Z-axis (i.e., collimator plane is tilted in wind-
shield wiper mode around spacecraft Z-axis). However,
during this particular period, the actuator was in a fixed
position, so that our measurements are essentially 2D in
velocity space. The data were analyzed at a time resolution
�32 s for ions (a time resolution of 16 s can be achieved
with this data set) and �2 s for electrons.

As reported in Young et al. (2005) and Sittler et al.
(2005), the ion population within Saturn’s inner magneto-
sphere, is dominated by protons and water group ions (O+,
OH+, H2O

+, H3O
+) with minor constituents of N+

(�5%) and O2
+ (�1–2%). This composition of Saturn’s

inner magnetosphere has been also reported, for high-
energy ions, by Krimigis et al. (2005). As in Sittler et al.
(2005), we will only be presenting fluid parameters for H+

and W+, but eventually we expect to do the same for each
sub-species of the water group ions (i.e., O+, OH+, H2O

+,
H3O

+).
The ion composition spectrograms (Fig. 1 in Sittler et al.,

2005) show the presence of self-induced background tails
and background due to Saturn’s radiation belts inside of
Enceladus’ orbit. Our fluid calculations for protons have
approximately corrected for the leakage of the water group
ion tails into the proton TOF channels at energies �250 eV
by comparing the amplitude of the proton signal relative to
that for the main W+ peaks in the TOF spectra and then
subtracting this fraction from the measured proton counts.
This can be seen in Fig. 2 which shows the leakage of water
group ions into the proton TOF channels. For this

particular example, the tails are �5% of the main water
group ion peak in their resident ion TOF channels. The
leakage of protons into the W+ TOF channels for energies
o100 eV is not important.

3. Fluid parameter results

3.1. Analysis

A quasi-moment technique was used to compute the
fluid parameter by enforcing the ion flux for each species to
be zero in the plasma frame of reference. The Appendix A
discusses the algorithm in greater detail than in Sittler et al.
(2005). We used a mean ion mass derived from the TOF
data for the W+ ions with 17oMo18 with a time
resolution �15min. Similarly, using the relative abundance
of the water group ion species, we derived a mean
geometric factor to estimate the phase space densities of
the water group ions. Sittler et al. (2005) did not take into
account the siny dependence of velocity space volume
element, v2 dvsin ydydf, sampled by the IMS (i.e., velocity
space was over sampled). As shown in Appendix A, this
results in an over-estimate of the density by �p/2. When
we compare our siny corrected total ion densities (i.e.,
used geometric factors from Sittler et al., 2005), NION ¼

NH þNW, with our ELS electron densities, NE, for the
period 1600–1900 h, the ratio NE/NION �1.5, which is very
close to the p/2 correction. This is a period of time when
the presence of photo-electrons in the ELS measurements
indicates that the spacecraft is positively charged. Under
these conditions the ELS electron densities are considered
reliable, and they can be corrected for spacecraft charging
effects. We know that the time scale for isotropization of
electrons via Coulomb collisions is te;iso�324 min (Sittler
et al., 2006a) in the vicinity of Dione. Since, resident time
scales of the plasma is tR�5 days at Dione (Richardson
et al., 1998), we expect the thermal electrons to be isotropic
or

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T?=T ll

p
�1. The geometric factor for electrons is

considered very reliable. Recent analysis of the ion
geometric factors have uncovered an over estimate �50%
from that used by Sittler et al. (2005), which essentially
offsets the siny error (i.e., the instrument uses a deconvolu-
tion algorithm developed by Sittler (1993), which did not
take into account events associated with ‘‘ghost peaks’’
which are caused by ion scattering within the instrument).
The end result is ion densities that are essentially equivalent
to that by Sittler et al. (2005).

4. Results

4.1. Overview

In Fig. 3, we show the results of our fluid calculations,
for the period SCET182:1600–2400 h on 30 June 2004, as
plots of ion number density Ni, ion flow velocity (i.e., VR,
Vf), and ion temperature Ti for both protons (red trace)
and water group ions (blue trace). We also show the
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Fig. 2. Log–log plot of proton counts vs. proton energy (solid lines) and

predicted water group ion counts (dashed lines), assuming 5% of observed

water group ion counts, within proton TOF channels as a function of

proton energy. Color is used to indicate angular sector.
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electron energy spectra in panel three from the bottom,
electron density in second panel from bottom and thermal
electron temperature in bottom panel. Here, we note that
the electron density and temperature were derived from the
Cassini-ELS using a Maxwellian fit to flux versus energy
spectra below 100 eV, all data were taken from a central
detector since these have been confirmed to be least

affected by spacecraft affects and the data have been
corrected by a positive spacecraft potential (Rymer, 2004).
At around 1800 UT (L � 8) the spacecraft potential
becomes negative as more electrons are flowing onto the
spacecraft than are flowing off it, in this region the adopted
method underestimates the local density. For the flow
velocity data we use green traces to show Vf ¼ VCOR and
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Fig. 3. In the upper three panels ion fluid parameters number density, temperature and flow velocity are displayed for protons (red) and water group ions

(blue). Total ion density indicated in black. With regard to the flow velocity the corotation speed for azimuthal flow is indicated by the upper green line

and the lower green line is for the cylindrical radial velocity to equal zero. The fourth panel shows energy–time color spectrogram for electron

measurements, the fifth panel shows thermal electron number density and the lower panel shows the thermal electron temperature. The horizontal axis is

the observation time in SCET for the period 182:1600–2400 h in 2004. The vertical lines labeled R, D, T and E indicate the times when the spacecraft

crossed the dipole L shells of the moons Rhea, Dione, Tethys and Enceladus, respectively. Statistical errors are �5% at Rhea’s L shell and decrease to

�1% for W+ and �2% for H+ inside of Dione’s L shell. Systematic errors �+20% are estimated for the density, o8% for the flow and �+7% for the

temperature.
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VR ¼ 0 for full corotation, respectively. We also show the
total ion number density (black trace), which should be
equal to the electron number density (i.e., NH þNW¼Ne).
Alignment is such that we only measure T? by assuming
isotropy and overestimate NH, NW by the factor

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T?=T jj

p
.

Therefore, we assume T?=T jj�2 for H+ and T?=T jj�5 for
W+ based on Richardson and Sittler (1990) and Cassini
RPWS results by Moncuquet et al. (2005) as discussed in
Sittler et al. (2005). In the vicinity of Rhea, where trapped
photoelectrons in the ELS energy spectra are present, the
spacecraft potential Fsc40V, and the measured total ion
density and electron density agree as expected.

Similar to that in Sittler et al. (2005), the data shows a
large scale increase in the total ion density from 0.1 cm�3 at
L�10, up to 40 cm�3 near Mimas’ L shell. The proton
densities reach a plateau and then decrease as the space-
craft nears the ring plane. This feature is consistent with
centrifugal confinement of the heavy ion component, while
the protons tend to float above the ring plane due to the
ambipolar electric field (i.e., TH�Tec). Our total ion
densities are very close to the electron densities by
Moncuquet et al. (2005). The ion and electron tempera-
tures show a large-scale decrease with decreasing r. In the
case of water group ions we have TW�100–500 eV at L�10
to TW�40 eV at L�3. For protons we have TH�10–50 eV
at L�10 to TH�2 eV at L�3. The thermal electrons behave
similar to the protons with Tec o 1 eV at L � 3. In the case
of flow velocity, our results are consistent with corotation
inside of Dione’s L shell, while further out we see clear
evidence of sub-corotation. We do see a minimum in the
water group ion temperature near the L shell of Enceladus
with TW�35 eV. This could be fortuitous, since the rise
inside of Enceladus could be due to the presence of recently
picked up ions near the equatorial plane, since the ambient
ions have energies less than that for pickup ions (i.e., Sonic
Mach number �2). The apparent super-rotation of the
protons is caused by a negative spacecraft potential as
discussed in Sittler et al. (2005a) and quantitatively
evaluated in the next section. Lastly, the thermal electron
temperatures presented in Fig. 3 are very close to those
estimated by Moncuquet et al. (2005). Their estimates are
based on quasi-thermal noise (QTN) measured by the
RPWS high frequency receiver. Their technique is different
from ours and gives strong independent support for our
results and visa versa.

4.2. Spacecraft charging calculations

In Appendix A we mention that we can iteratively shift
the measurement points in energy by the spacecraft potential
FSC along a radial direction relative to the center of the
spacecraft until the proton flow velocity is equal to the water
group ion flow velocity. Here we assume the water group
ions with energies �250 eV are unaffected by spacecraft
charging effects, where FSC�0–10v. The results of applying
this algorithm are shown in Fig. 4, where one can see that
the proton flow velocities track the W+ ion flow velocities

very accurately and give the spacecraft potentials in Fig. 5.
Differences in radial velocities introduce only a small
correction to FSC. Inside Dione’s L shell, where we know
the spacecraft is negatively charged, the potentials vary from
FSC��7 volts to FSC��3 volts near Mimas’ L shell. These
are similar to the potentials predicted for E-ring grains
(Jurac et al., 1995). Outside Dione’s L shell, FSC��7 volts
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Fig. 4. Same as Fig. 3 upper three panels, except now we have adjusted
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the algorithm has worked quite well. As described in Figs. 5 and 6, only

small changes in the proton density and proton temperature have resulted.
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Fig. 5. Plot of the spacecraft potential FSC as a function of SCET that was

determined by enforcing the protons to co-move with the water group

ions. Inside of Dione’s L shell, the results are considered reliable, but

outside, where the electron observations indicate a positive spacecraft

potential via presence of photo-electrons, indicates some not yet under-

stood systematic error is present in the proton velocity estimates.
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increases to FSC��2 volts at Rhea’s L shell, but then drops
to large negative values FSCo�10V outside Rhea’s L shell
where we know the spacecraft is positively charged from the
ELS data. This indicates that for L48.5, the proton flow
speeds have a systematic bias to higher flow speeds. This
bias may be due to non-radial spacecraft potential electric
fields which provide complex distortions of the proton
velocity distributions at the instrument’s entrance aperture.
In Fig. 6, we use an independent estimate of the spacecraft
potential; i.e., FSC�ðkTec=eÞ lnðNe=NIONÞ, which is applic-
able for electrons. In the outer region, outside Rhea’s L shell
we get FSC40V as expected, while inside of Rhea’s L shell,
where NION4Ne we get negative spacecraft potentials
FSC��3 to �1 v similar to that derived in Fig. 5 by
enforcing protons to co-move with water group ions. The
similarity of the two curves after 1800 SCET, except for
��3V offset of the co-moving solution relative to that in
Fig. 6, gives credence to both techniques with systematic
errors ��3V and statistical errors �72V. We note that
after 1800 h, photo-electrons are not present in the ELS
observations, which indicates a negative spacecraft potential
after 1800 SCET. So, the spacecraft potential may be offset
by a few volts positive in Fig. 6 due to inter-calibration
errors between ion-electron geometric factors � 20%.

In Fig. 7, we show the ratio of the proton density for
FSC 6¼0 and FSC ¼ 0 as a function of time (i.e., proton
densities in Figs. 3 and 4). There is a variable and slight
increase in proton density by no more than 20%
throughout the analysis interval 1600–2400 SCET. This

can be understood by equating the density to the ratio of
the proton flux to the proton flow velocity, yielding a
higher proton density for the same proton flux because the
proton flow velocity is lower after correction for FSCo0
volts. In Fig. 8 we have made a similar plot for proton
temperature. Here, the proton temperature ratio varied
with time less than 75%. This is expected, since the
temperature is a higher order moment and protons of
higher energies are more important for the velocity
moment integrations. The higher-energy protons are less
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affected by the spacecraft potential, so the corrections will
be relatively lower.

5. Additional observational and theoretical considerations

In this section, we discuss observations of injection
events as originally presented by Burch et al. (2005) and
Hill et al. (2005) in the form of dispersion events, and
Sittler et al. (2005) at the fluid level, along with transport
issues. Injection events in Saturn’s inner magnetosphere
have been also analyzed by Mauk et al. (2005), and they
have shown that effects of the large radial gradients in the
global azimuthal rotational flow pattern often dominate
the dispersive particle injection signatures. Both the
injection events and flows are inter-related and will couple
into ring current considerations discussed in Sittler et al.
(2005), since static equilibrium must be violated to some
degree if, for example, flux tube interchange motions are
ongoing. We follow this section with evidence of anti-
correlations between VR and Vf which can be caused by
inter-change motions, injection events or compression-
expansion of the magnetosphere (i.e., lower-frequency
variations with periods �10 s of minutes to hours). These
motions will result in the mixing of plasmas of different
origins and eventually lead to the loss of plasma down the
magnetotail as plasmoids (Cowley et al., 2005; Sittler et al.,
2006b). We then present the first direct evidence of ongoing
inter-change motions with an overall outward transport of
the plasma. This is followed by an evaluation of the
thermodynamic properties of the plasma that can be
affected by transport (i.e., adiabatic cooling of outward
moving flux tubes) or pickup process which can reveal itself
in the form of ‘‘charge-exchange transport’’ as discussed by
Johnson et al. (2005a). The pickup process energizes the
plasma in the sense that its pickup energy will tend to
increase with radial distance and provide a source of hot
plasma in the outer magnetosphere. The latter effect and
auroral consequences are discussed by Sittler et al. (2006b).
Another related phenomena revealed by the data, is the
correlation between the proton and thermal electron
temperatures and which can be explained by the pickup
process. The data is plotted in several formats to
demonstrate the above issues.

5.1. Injection events and radial transport

Returning to Fig. 4, one can see deep density cavities
where both protons and water group ions are hotter. The
cavities have been identified by Burch et al. (2005) and Hill
et al (2005) to be injection events coming from the outer
magnetosphere. As a group, the cavities show evidence of
negative radial velocities implying that they are injected
radially inward (see Burch et al., 2005). Since the density
and temperature anti-correlate, pressure balance will tend
to be preserved at their boundaries. This anti-correlation
will also tend to preserve total flux tube content, since
hotter plasma of the same temperature anisotropy will have

a larger scale height and fill more of the flux tube toward
higher latitudes (Sittler et al., 1983). The cavity just inside
Dione’s L shell, shows the proton azimuthal velocity
decreasing toward the corotation velocity within the hot
cavity. This can be understood by the fact that the protons
are hotter and less sensitive to the spacecraft potential, and
the lower density tends to make FSC less negative. With
FSC� 0V the protons are not accelerated across the
spacecraft sheath and do not appear to be super-rotating.
The water group ions will not be influenced by these effects
and are thus the most reliable for measuring flow velocity.
The radial velocity of the water group ions also show a

slight increase toward positive values with increasing radial
distance. This is consistent with outward transport where
the radial diffusion coefficient DLL�D0L

n and n40. To see
this more clearly we have plotted in Fig. 9 the radial
velocity of the water group ions on an expanded scale and
since negative radial velocities can occur and since we are
using a log scale, we have offset the velocities by +1km/s.
The apparent large negative spikes are just due to negative
radial velocities. The data clearly shows an increase in
outward radial transport with increasing radial distance.
The observed variability with respect to the mean can be
attributed to inter-change motions of both inward and
outward moving flux tubes. The radial variation shows an
VR�VR0(L/L0)

5.5 (manual fit used with VR0�0.12 and
L0�4.0) variation which tends to saturate at L�12 with
values o40 km/s. This must happen when one considers
the radial velocities observed in the outer magnetosphere
by Voyager (Sittler et al., 2006b). We estimate errorso2%
of the local corotation velocity for these measurements. So,
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some of the variability could be due to inaccuracies in the
measurements (Note, that if this positive radial gradient
was due to a systematic affect in the analysis, it would show
a dependence proportional to Ln with n�1). If the
transport is a stochastic process it will have the relationship
DLL�VR

2 dt with dt a characteristic time scale for the inter-
change motions (J.F. Cooper, private communication). If
dt is independent of R, then DLL�D0L

n with exponent of
n�11 which is much higher than n�3 usually considered
for centrifugally driven outward transport (see Richardson
et al., 1998). The data does indicate, as noted above, a turn
over in the variation of VR with L so that n�3 may then be
applicable within the outer magnetosphere. In a different
parameterization for an effective diffusion ‘‘velocity’’
Schultz and Lanzerotti (1974) have DLL�VRL, so then
we get n�6.5 and not n�11. With regard to centrifugally
driven diffusion Siscoe and Summers (1981) get n�6 and
that the diffusion coefficient is / dNL2=dL, where NL2 is
the total flux tube content. Note, for purely diffusive
transport, there would not be a systematic increase in VR

with L since mass flux occurs due to a density gradient in
the mass density. But, we do expect dVR to increase in
amplitude with L which will enhance the radial diffusion
coefficient DLL with L as observed. Therefore, considering
that both VR and dVR are increasing with L, we must be
seeing a combination of diffusive and convective transport.
The convective transport could be the result of non-
linear terms in the centrifugal transport mechanism. In
summary, these observations will impose a definite
constraint on any future models of transport within
Saturn’s magnetosphere.

5.2. Velocity perturbations and conservation of angular

momentum?

Inspection of Fig. 4 also shows that the radial velocity
and azimuthal velocity are anti-correlated. This anti-
correlation can also be seen in Fig. 10 where we have
made a scatter plot of VR/R vs. Vf=R. The plot does show
a lot of scatter which could be due to the presence of MHD
waves super-imposed on the lower-frequency inter-change
motions and/or expansion–contractions of the magneto-
sphere. Further analysis may allow us to separate inter-
change motions from MHD waves by comparing this data
with magnetometer data (Andrè et al., 2006). Sittler et al.
(2006b) developed an alternate model of Saturn’s aurora to
that of Cowley et al. (2005) and reported a similar effect in
the Voyager plasma fluid parameters originally computed
by Richardson (1986). This effect is consistent with the
magnetosphere tending to conserve angular momentum. It
will occur if the system torque is not sufficient to enforce
corotation. This condition can be traced to the height
integrated Pedersen conductivity in Saturn’s ionosphere
not being sufficiently large to support the required field
aligned currents. These field-aligned currents oppose
spinning up (i.e., VRo0) or spinning down (i.e., VR40)
of the magnetosphere.

5.3. Thermodynamic properties of the plasmasphere ions and

electrons

In this section,we evaluate the thermodynamic properties
of the plasma within Saturn’s inner magnetosphere. To
begin, we show a scatter plot of the proton temperature TH

vs. the water group ion temperature TW in Fig. 11. As can
be seen there is a positive correlation between TH and TW.
In Figs. 3 and 4 and later in Fig. 15 the data shows a
positive radial gradient in the ion temperatures. In Fig. 11
we have also super-imposed ratios of 6.7 (red), 10.0 (green)
and 18.0 (blue). The red and blue lines bracket the data,
while the green line gives the average trend for the total
data set. If the protons were born initially as water group
pickup ions, and then protons evolved over time in a
manner similar to the water group ions, one might expect a
ratio �18 as indicated by the blue line. This will be true if
the mean mass of the W+ ions is �18. This ratio tends to
increase with decreasing radial distance, where O+ being
important for L�10 and H3O

+ starts to dominate inside of
L�4. On average the mean mass is �17 a.m.u. for the
period 1600–2400 h. For THo10 eV the data points move
below the green line toward the blue line indicating their
primary source is coming from pickup water group ions.
As TH�2 eV is approached the ratio can exceed 18
indicating heavier species such as H3O

+ being the
dominant pickup ion. Further out, where TH410 eV, the
points have ratios less than 10 (i.e., reside above the green
line) and could indicate that the protons are evolving in
time differently than the water group ions. Either the
protons are not cooling as fast, or some process is heating
the protons relative to the water group ions. We note, when
TW4100 eV all the points reside above the blue line (i.e.,
ratioso18).
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In Fig. 12, we show a scatter plot of the proton
temperature TH vs. the thermal electron temperature Tec.
The plot shows an almost one to one positive correlation
between the two data sets. This suggests a mechanism for
heating protons and electrons similar to the one first
suggested by Barbosa (1986) for Jupiter and Barbosa
(1987) for Saturn. That is when the ions are picked up a

two-stream instability results which accelerates the elec-
trons (i.e., hot component) along the magnetic field via
lower hybrid waves when their energies are proportional to
the ion pickup energy. Then Coulomb collisions, especially
inside of Rhea’s orbit, will tend to isotropize the hot
electrons and heat the thermal electron population. This
result is not unexpected. It would also tend to argue for
T?=T jjo1 for the suprathermal electron component.
In Fig. 13, we show a scatter plot of ion temperature vs.

proton densities (red) and water group ion densities (blue).
The purpose of this plot is to see if there is any polytropic
relationship for the two ion populations. For example, as
the gas expands, both the density and temperature should
decrease together. Overall, we see just the opposite, which
indicates that the dominant source of ion energy comes
from the pickup process which tends to increase with
increasing radial distance, while the density decreases with
r. In the case of protons we see a change of slope at lower
temperatures and higher densities. One can show that this
decrease is caused by the spacecraft dipping deeper into the
plasma sheet near the ring plane where the proton densities
are lower. That is, the field-aligned ambipolar electric field
tends to float the protons above the ring plane. The black
data points correspond to the pickup energy (derived from
the local ion bulk speed) divided by the ratios RH�3.2 for
protons (red) and RW�4.0 for water group ions (blue),
respectively. This result is consistent with the sonic Mach
number of �2 for both species, with protons being more
isotropic. The data is consistent with ambient ions being
produced by the pickup process and then cooled after
pickup. This could be done by outward radial transport
combined with adiabatic cooling. Other possibilities are
collisions between ambient ions and thermal electrons,
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radiation of energy induced by collisions or ion-neutral
collisions. Further out, where the temperatures are higher,
the data is more consistent with local pickup (i.e., reside
above the black crosses) and very little cooling since they
have energies closer to their pickup energy.

In Fig. 14, we show a plot of the total ion density,
protons plus water group ions, vs. dipole L. The figure has
curves superimposed on the data with power law depen-
dences where the indices n ¼ 4 (green), 6 (red) and 8 (blue)
for L46. If total flux tube content were preserved with
increasing dipole L, we would expect an index �4 (green
line), but the data is more consistent with an index �6 (red
line). This result could be caused by the spacecraft moving
above the plasma sheet as one moves radially away from
Saturn. We could also be seeing an increase in ion pressure
anisotropy, T?=T jj, as one moves to larger radial distances.
This dependence is indicative of an internal source of
plasma that resides inside Rhea’s L shell. Finally, islands of
plasma breaking off from the plasma sheet outer boundary
due to a centrifugal instability effect (Sittler et al., 2006b)
could result in an increase in the negative radial gradient of
the plasma sheet density if the spacecraft was relatively
close to this outer boundary.

In Fig. 15, we use a similar plot, but now for the ion
temperature. We see a definite increase in TH and TW with
increasing radial distance as mentioned earlier. The
protons have an L dependence of TH�L

2.5, which is
steeper in L than the water group ion dependence, TW�L2.
In both cases, the temperature shows the expected L2 for
ion pickup. The lower power law index for water group
ions can be traced to an increase in temperature inside
Enceladus’ L shell. This could be caused by the presence of
a new population confined very close to the equatorial
plane with T?=T jj445. These ions would represent
freshly picked up ions that have not yet equilibrated with

the ambient plasma. Furthermore, their latitudinal extent
would be dictated by the scale height of the neutral clouds
residing within Saturn’s inner magnetosphere.

5.4. Closing remarks

We have presented improved estimates of the ion fluid
parameters from the CAPS instrument for Saturn’s inner
plasmasphere. Preliminary results were presented by Sittler
et al. (2005). They are qualitatively consistent to those
estimated from Voyager plasma measurements. In addition
we have determined the temperatures of protons and
electrons within the inner magnetosphere which are lower
than what Voyager could determine. We find that the
plasma is dominated by water group ions and protons. The
plasma is primarily close to corotation inside of Dione’s L

shell and further out starts to show evidence of sub-
corotation. There is a definite anti-correlation between
variations of VR and Vf which is consistent with
conservation of angular momentum in the magnetosphere.
This effect is also present in the Voyager data (Sittler et al.,
2006b). The observations also show injection events of low
density, hot plasma from the outer magnetosphere to the
inner magnetosphere (Burch et al., 2005). These events
show negative VR. We have shown for the first time,
definite observational evidence for outward transport with
flux tube transfer events super-imposed upon the data.
There is a definite positive radial gradient in the radial
velocities and that it shows an L dependence for DLL�Ln

with n�11 (If purely diffusive transport, while in reality we
have both diffusive and convective transport terms) for
fixed stochastic time scale dt, while for centrifugal
transport one normally uses n�3. These results will impose
a definite constraint on any future models of radial
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imposed curves with power law dependences 1/La with a ¼ 4 (green), 6
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Fig. 15. Log–log plot of ion temperature vs. dipole L. We have super-

imposed two manually derived power law fits. An L2 dependence is

consistent with local pickup since the azimuthal velocity Vf ¼ OL sin3y
with O ¼ angular velocity of Saturn. y is the co-latitude of the observation

site and the pickup energy per unit mass is EPU=MH / V 2
f / L2.
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transport within Saturn’s magnetosphere. The protons
appear to be super-rotating within the inner magneto-
sphere, however this is due to a negative spacecraft
potential. We confirm this interpretation by comparing
ion and electron densities and using the thermal electron
temperature. Outside of Rhea’s L shell we derive a negative
potential by enforcing the protons and water group ions to
be co-moving, but the ELS data show photo-electrons,
indicating that the spacecraft is positively charged. There-
fore, there may be a slight systematic error leading to
protons moving faster than the water group ions. Since the
water group ions have energies E/Q44FSC, they provide
the best estimates of the ion flow velocity.

Based on the thermal properties of the ions and electrons,
pickup seems to be the dominant source of energy to the
plasma. The correlations between proton and water group ion
temperatures suggest that dissociation of water molecules and
ions is the primary source of proton heating. Pickup is also
consistent with the proton and thermal electron temperatures
being positively correlated. As discussed by Barbosa (1986,
1987), an ion beam instability resulting from the pickup
process heats the electrons via lower hybrid waves. Such a
process would need to be confirmed by the plasma wave in situ
measurements. We also found that the ion density variation
with dipole L was steeper than expected for constant total flux
tube content, which could be caused by the changing latitude
and/or changing pitch angle distributions. Erosion of the
plasma sheet outer boundary via interchange motion may be
another mechanism for this effect. The ion temperature radial
gradients �L2 are consistent with ion pickup as the dominant
source of energy for the plasma.

In conclusion, these results will to lead to further insights
into understanding Saturn’s magnetosphere and the spatial
distribution and compositional makeup of neutrals injected
into Saturn’s magnetosphere. The comparison of these
results with other measurements, such as magnetometer
data is ongoing and expected to provide further under-
standing of Saturn’s magnetosphere and planetary magne-
tospheres in general.
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Appendix A

Ion moment algorithm

As discussed in Sittler et al. (2005), the ion moment
algorithm was implemented by taking the first order

velocity moment of each species, adjusting the flow velocity
in a Saturn inertial frame (i.e., removed spacecraft velocity
in Saturn frame), shifting the velocity of each data point
into the proper frame, and then taking the mirror image of
each data point in the proper frame (i.e., we assume
gyrotropy). We then transform into the instruments
collimator plane (see Young et al. (2004) for physical
properties of instruments collimator and its FOV). In the
collimator frame, we make sure double counting in velocity
space does not occur. The data are then mapped out of the
collimator plane of the instrument (i.e., we assume the ion
distribution is isotropic) so that we can approximate the 4p
coverage needed for our moment integrations. We know
that the isotropy approximation is violated in a number of
regions. We then transform back into the Saturn inertial
frame after computing the flux or first-order moment. The
2D velocity space ‘‘frame’’ is that defined by the instrument
collimator. The flow velocities are defined in terms of a
Saturn-centered cylindrical coordinate system (VR, Vf,
VZ). The measurements are effectively 2D, but since the
instruments FOV is tilted �381 from the equatorial plane
(i.e., this tilt is such that the instruments collimator frame
intersects Saturn’s equatorial plane), the azimuthal velocity
Vf and cylindrical radial velocity VR are more constrained,
while VZ is less constrained. This algorithm is implemented
independently for H+ and W+. Once the proper frame
flow velocity is known, we can compute the zeroth-order
moment in the proper frame for the ion density Ni and take
the second moment in the proper frame to compute the ion
pressure Pi. Then by taking the ratio of Pi and Ni we can
get an estimate of the ion temperature Ti (i.e.,
T i ¼ Pi=ðN ikB) with Pi ¼ 1=3ðTr P

2

i
Þ, where kB is Boltz-

mann’s constant). We also have the capability to shift each
data point in energy space by the spacecraft potential Fsc

along the radial direction relative to the center of the
spacecraft (i.e., we assume the Debye Length lD of the
plasma and photo-electrons is much larger than the
dimensions of the spacecraft). This allows us to take into
account the effect of spacecraft charging on the fluid
calculations.

Derivation of ion moment algorithm

Our approach to performing the velocity moments of the
ion coincidence counts as a function of energy-per-charge
(E/Qi) and angular sector fj, was to make a minimal
number of assumptions about the ion velocity distribution
functions f ð~vi;jÞ. For example, we do not make assumptions
by adopting convected bi-Maxwellian, shell or kappa
distribution functions. Before reading this section, we
request the reader refer to the Young et al. (2004) paper to
become more familiar with the instrument characteristics,
mounting with the spacecraft, and how data is acquired by
the instrument. Since, for SOI the actuator angle was fixed
we had to make an assumption of isotropy when mapping
the data out of the collimator frame of the instrument.
Within the collimator frame, we translated to the ion
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proper frame and then added the mirror image of the data
to fill the velocity space so that we could perform our
integrations. In doing this we made sure we did not double
count contributions to the velocity integrations. We use the
fact that f ð~vi;jÞ and d3v are invariants during a linear
translation or rotation in velocity space (Rossi and Olbert,
1970). This concept turns out to be a very powerful tool for
computing our velocity moments whenever the instrument
does not cover all 4p space. Use of the coincidence ion data
has the important feature of separating protons and water
group ions in E/Qi space and works reliably in velocity
space for each of the two species. An exception to this rule
is the contamination of the proton TOF channels by water
group ions due to ion scattering within the IMS. The
algorithm works well when the flow velocity of the ions is
confined near the instrument’s collimator plane and
directed into one of the eight angular sectors of the
instrument. Experience has shown that when the cold ion
beam does not meet these requirements, one cannot
reconstruct the ion distribution function and compute the
velocity moments. But, it may be possible to extract
information about the hot ion component which is more
isotropic and can be viewed during poor viewing periods.
During the end of our analysis period at �182:2400 SCET
when the spacecraft performs a roll maneuver and we no
longer see the cold beam, the remaining hot component is
found to be corotating. This was done by constraining the
flow from deviating too much from corotation. Under
these circumstances we were able to extract information
about the hot component such as density and temperature.

Compute distribution function

As discussed in Young et al. (2004), the standard
formula for computing the ion distribution function is
given by

f kð~vi;jÞ ¼ CRðk; i; jÞM2
k=ð2E2

i GkDtÞ (A.1)

with Gk being the differential geometric factor of the IMS

Gk ¼ A�ktk DODE=E
� �

, (A.2)

where CRðk; i; jÞ is the count rate for ion k at energy step i

and angular sector j, while A is the instrument’s entrance
aperture area, �kðEi;MkÞ is the energy and mass dependent
efficiencies of the instrument carbon foils, detectors, and
electronics, tkðEi;MiÞ is the energy and mass dependent
transmission of the instrument foils, grids and optics and
DODE=E
� �

is the solid angle and fractional energy pass
band of the IMS. In the case of the water group ions we
performed a weighted sum of the geometric factors for each
sub-species (i.e., O+, OH+, H2O

+, H3O
+) based on their

relative abundances in the TOF spectra at the 15min
resolution level (Fig. 2 in Sittler et al. (2005) is an example
of the TOF data summed over a 6 h interval):

GW ¼
X4
k¼1

W kGk with
X4
k¼1

W k ¼ 1. (A.3)

The same can be said for the mean water group ion mass

MW ¼
X4
k¼1

W kMk. (A.4)

We are now in a position to apply our ion moments
algorithm.

Determine ion flow velocity

We first rotate the velocity vectors for each observational
site from the sensor frame to the actuator frame,

~vA;i;j ¼ R
2

S;A
~vS;i;j, from the actuator frame to the spacecraft

frame, ~vSC;i;j ¼ R
2

A;SC
~vA;i;j, and from the spacecraft frame to

the Saturn inertial orbital (SIO) frame, ~vSAT;i;j ¼ R
2

SC;SAT

~vSC;i;j. We then remove the spacecraft motion from the
observation sites, since ~VSC, is given in SIO, ~v0SAT;i;j ¼

~vSAT;i;j þ ~VSC. We are now in a position to translate the
observation sites into the plasma proper frame in SIO
coordinates. Since we have an iterative algorithm, we first
assume that the ion flow velocity is equal to the corotation
velocity ~V ¼ ~VCOR. We then shift all our observation sites
into the assumed proper frame; i.e., ~v0SAT;i;j ! ~wi;j ¼

~v0SAT;i;j �
~V . At this point we make use of the rule that

the distribution function f ð~vi;jÞ and velocity volume element
d3v are invariant for a linear velocity translation or a
rotation, so that f ð~vi;jÞ ! f ð~wi;jÞ and we can use the same
d3v ¼ v2i;j dvi dOjin going from the sensor frame to the
proper frame ~wi;j . But, before we can proceed, we must first
rotate our observation sites into the sensor collimator
frame. We need to do this so we can fill up the 4p space
above and below the collimator frame. To determine the
collimator frame, while in the ion proper frame we perform
the cross product n̂COLL ¼ ~wi;j � ~wi;jþ1 which defines the
normal to the collimator frame. We do this for all j

(1pjp8) and compute the mean. This cross product is
computed at the highest energies �50 kV to ensure we are
in the collimator frame. Once this is done, we can compute
the rotation matrix that allows use to rotate ~wi;j into the

collimator frame ~wCOLL;i;j ¼ R
2

SAT;COLL
~wi;j.

Since, the CAPS IMS only samples data for 1601 in the
collimator frame, we take the mirror image of the data
points, which are now represented in the proper frame, to fill
up the 3601 space with an angular resolution �201 (i.e.,
~wCOLL;i;j !�~wCOLL;i;j). We would not be able to do this if
we were not in the proper frame. As before, we take
advantage of the invariance f ð~vi;jÞ and d3v ¼ v2i;j dvi dOj

when we take the mirror image. But, before we proceed any
further, we must first eliminate ‘‘double counting’’. We do
this by excluding all mirror image points that do not satisfy
the inequality ð~vA;i;j42~V Þ � êy where the y-axis points
radially away from the rotation axis of the actuator. This
relationship is applied to the observation sites in the
actuator frame moving with the spacecraft to ensure that
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the mirror points only occupy the region not sampled by the
instrument in the collimator frame. We are now in a position
to fill up the velocity space out of the collimator frame. To
do this we assume that the distribution function is isotropic
in the proper frame. We then elevate in y our observations,
for each angular sector fj with yj;m¼0�p=2, for the range
51pyj;mpp� 51 at a step size Dy�101 . Then, for each new
data point, we take the mirror image to completely fill up the
4p steradian space. Since, the sensor DO ¼ sin ydydf is
defined at y�p/2, we must multiply each observation site by
siny to correctly estimate the volume element in velocity
properly. Otherwise, we will ‘‘over-sample’’ the data in
velocity space and over-estimate various parameters; e.g.,
the ion density, as shown below.

Now that the velocity space is completely filled, with
corresponding f ð~vi;jÞ and d3v ¼ v2i;j dvi dOj at each lattice
site, we can proceed with our estimation of the ion flux or
first-order moment

~F ¼
X
i;j;m

f ð~wCOLL;i;j;mÞ~wCOLL;i;j;mv2i;j dvi sin ym dym dfj

(A.5)

followed by rotating the flux ~F into the Saturn inertial
orbital frame. We then test to see if the flux ~F has changed
sign. If not we increment the flow velocity ~V by d~V
(i.e., ~V ! ~V þ d~V if ~F40 or ~V ! ~V � d~V if ~Fo0). We
then repeat all the steps noted above where we translate
the observation sites into the new proper frame and
compute the flux ~F again. We do this for each velocity
component separately until a flip in sign occurs for each
of the components. We then change the step size
d~V ! d~V=2, recompute ~V ! ~V þ d~V if ~F40 or ~V !
~V � d~V if ~Fo0, repeating all the steps as before to get a
new estimate of the flux ~F until d~VoZ~VCOR where Z�1%.
When this happens, ~F ! 0 and get the true proper frame
velocity of the ion flow is obtained. We do this separately
for H+ and W+.

Compute density and pressure moments

Once the ion flow velocity is known, it is straight forward
to compute the ion density and ion pressure. The ion
density is given by the expression

nk ¼
X
i;j;m

f kð~wCOLL;i;j;mÞv
2
i;j dvi sin ym dym dfj (A.6)

the ion pressure by

Pk ¼

1=3Mk

X
i;j;m

f kð~wCOLL;i;j;mÞw
2
COLL;i;j;mv2i;j dvi sin ym dym dfj

ðA:7Þ

and k ¼ H+ or W+. We can then solve for the ion
temperature using the relationship

Tk ¼ Pk=ðnkkÞ. (A.8)

Corrections due to temperature anisotropy and Siny term

Assuming a bi-Maxwellian distribution function in the
ion proper frame

f BMð~wÞ ¼
n

p3=2wcjjw
2
c?

e
�ðw2
jj
=w2

cjj
þw2
?
=w2

c?
Þ
. (A.9)

We can write the density integral as follows:
n ¼

R R R
f BMð~wÞw? dw? dwjj df, then if we set w2

cjj ¼ w2
?

in the exponential term for isotropy the integral has the
form

n ¼
2n0ffiffiffi

p
p

wcjjw
2
c?

Z
expð�w2

?=w2
c?Þw? dw?

�

Z
expð�w2

jj=w2
c?Þdwjj

¼
2n0

w2
c?

wc?

wcjj

� �Z
expð�w2=w2

c?Þwdw, ðA:10Þ

which then reduces to n ¼ n0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T?=T jj

p
The correction for the pressure is given by

Pk ¼
n0Mk

3p3=2wcjjw
2
c?

Z
expð�w2

?=w2
c? � w2

z=w2
jjÞ

� ðw2
jj þ w2

?Þw? dw? dwjj df ¼

ffiffiffiffiffiffiffi
T?

T jj

s
1

2
n0Mkw2

c?

ðA:11Þ

for which we have set w2
cjjj ¼ w2

c?. Dividing by Eq. (A.11)
by (A10) one gets Tk ¼ 1=2Mkw2

c?.
We estimate the error by ignoring the siny term. Using

spherical coordinates for an isotropic Maxwellian we get

n ¼
n0

p3=2w3
c

ZZZ
expð�w2=w2

cÞw
2 dwdydf

¼
n02p2

p3=2

Z
expð�x2Þx2 dx ¼ n0

p
2
. ðA:12Þ

We estimate the correction for the pressure Pk ignoring the
siny term.

Pk ¼
n0Mk

3p3=2w3
c

ZZZ
expð�w2=w2

cÞw
4 dwdydf

¼
n0Mk2p2w2

c

3p3=2

Z 1
0

expð�x2Þx4 dx ¼
p
2

Pk0, ðA:13Þ

where Pk0 is the pressure we would get with siny term
included. When we divide (A.13) by (A.12), we get
Tk ¼ 1=2Mkw2

c?, which is the same when we include the
siny term (i.e., no correction as concluded from Figs. 3 and 4).

Appendix B

Correction for Fig. 3 in Sittler et al. (2005)

In Fig. 3 of Sittler et al. (2005), they have plotted the
Sonic Mach numbers for H+ and W+ ions, Alfvèn Mach
number and plasma beta vs. SCET time. Unfortunately,
there was a plotting error for the Alfvèn Mach number.
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Here, in Fig. B1 we have a corrected plot that extends the
time coverage from 1800–2400 to 1600–2400 h on day 182
(30 June 2004). In the revised plot, the Alfvèn Mach
number turns over to lower values beyond the orbital
position of Rhea.
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Fig. B1. The Alfvèn Mach number (green), Sonic Mach number for

protons (red) and water group ions (blue) and plasma beta (black) vs. time

derived from data in Figs. 3 and 4. Uncertainties are at most �10% for the

Mach numbers and �20% in an absolute sense for the plasma beta. The

Alfvèn Mach numbers reported here supersede that presented in Sittler

et al. (2005) Fig. 3 due to a plotting error in that paper.
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