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Abstract An analytical method is developed by which measurements made by the Cassini spacecraft in
Saturn's magnetosheath can be used to infer the upstream solar wind parameters, speciﬁcally the solar wind
speed (Vsw) and the dynamic pressure (Pd). The method is validated by comparing the results with other
estimates of these parameters, including the mSWiM MHD model and magnetopause and bow shock models
applied to observed boundary crossings. The comparisons suggest that the new inferred Vsw are on average
~40 km/s lower than the mSWiM values, and the dynamic pressure values are slightly lower as well. We
ﬁnd few of the lower Pd values predicted by mSWiM, probably because Cassini would have been inside the
expanded magnetosphere under such conditions. Systematic temporal variations such as interplanetary
shocks do seem to be captured well, with arrival times within several days of the MHD prediction. Compared
to dynamic pressures estimated from boundary crossings with well‐known magnetopause and bow shock
models, the magnetosheath‐inferred dynamic pressure tends to be somewhat lower, but within the
uncertainties of the analytical derivation. Comparison of the inferred dynamic pressure with observed
Saturn's kilometric radiation (SKR) activity reveals several episodes of very good temporal tracking between
dynamic pressure and SKR intensity, with relatively short time delays (4–5 hr), suggesting rather direct
driving. Such good tracking intervals occur almost exclusively on the dawnside of the magnetosphere, where
the dominant SKR source is visible. When the tracking is good, the SKR ﬂuxes vary roughly as the square of
the dynamic pressure.

Plain Language Summary The extent to which Saturn's magnetosphere may be driven by
variations in the upstream solar wind is not well understood, in part because single‐spacecraft missions
provide no monitor of the upstream plasma to accompany the in situ magnetospheric measurements. One
global measure of magnetospheric activity is Saturn's kilometric radiation (SKR). Remote observations of
SKR can be combined with solar wind measurements to explore the solar wind's inﬂuence on the
magnetosphere. We propose a method for greatly increasing the amount of time for which the upstream
conditions can be known by using the large database of measurements made by Cassini when it was in
Saturn's magnetosheath, the shocked solar wind that coats the sunward side of the magnetosphere. The
resulting parameters are validated by comparison with other estimates. Then comparison with Cassini SKR
observations reveals that at some times the SKR ﬂuxes clearly track the variations in the solar wind dynamic
pressure, suggesting a rather direct solar wind driving of at least some of the magnetospheric processes that
produce SKR.
1. Introduction
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Saturn's magnetosphere is largely internally driven by the planet's rapid rotation, its strong magnetosphere‐
ionosphere coupling, and the presence of a vigorous source of plasma deep within the magnetosphere,
namely, the water plumes of Enceladus. The dynamical imperative to shed the plasma continuously produced in the inner magnetosphere is accomplished by a sequence of events that are driven by the rapid
near‐corotation of the magnetospheric plasma: ﬁrst, outward transport of new pickup plasma through a centrifugally driven ﬂux‐tube interchange instability and second, outward centrifugal stretching of those loaded
ﬂux tubes until they undergo magnetic reconnection, releasing the picked‐up plasma in the form of large‐
scale plasmoids or possibly smaller scale drizzle (e.g., Blanc et al., 2015; Krupp et al., 2018; Thomsen,
2013). The magnetospheric dynamics at Saturn are thus quite different from those at the Earth, where the
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primary driver is the interaction between the solar wind and the magnetosphere, particularly via dayside and
nightside magnetic reconnection.
Nonetheless, there is abundant evidence that the solar wind does in fact affect Saturn's magnetospheric
dynamics. At the most basic level, the size of the magnetosphere responds to the solar wind dynamic pressure
(e.g., Arridge et al., 2006; Kanani et al., 2010; Pilkington et al., 2015). Moreover, the disk‐like structure that
arises from centrifugal stretching of the magnetic ﬁeld is more prominent at low solar wind dynamic
pressure, and the hinging distance of the plasma sheet disk varies with dynamic pressure as well (Arridge
et al., 2008).
Dayside magnetopause reconnection, which is the primary driver of terrestrial magnetospheric dynamics, is
also known to occur at Saturn, based both on in situ evidence (e.g., Badman et al., 2013; Fuselier et al., 2014;
Huddleston et al., 1997; Jasinski et al., 2014; Lai et al., 2012; Masters et al., 2012; McAndrews et al., 2008) and
on remote observations of the aurora and polar cap (e.g., Badman et al., 2005, 2014; Belenkaya et al., 2008,
2011; Lamy et al., 2018; Radioti et al., 2011). While the reconnection voltage that can be developed at
Saturn is rarely large enough to compete with corotation for driving magnetospheric dynamics (e.g.,
Badman & Cowley, 2007; Masters et al., 2014), the loading of opened ﬂux into the magnetospheric tail over
a longer time interval can lead to episodes of signiﬁcant tail reconnection and plasmoid release (e.g., Badman
et al., 2014; Bunce et al., 2005; Jackman et al., 2011). Such episodes are attributed to sudden increases in the
solar wind dynamic pressure (e.g., Bunce et al., 2005; Cowley et al., 2005; Jackman et al., 2005, 2010; Jia et al.,
2012; Kidder et al., 2012; Zieger et al., 2010). Moreover, there is evidence that under the inﬂuence of prolonged elevated dynamic pressure, which is typical of recurrent solar wind corotating interaction regions,
the tail plasma sheet can erode away until open lobe ﬁeld lines are reconnecting, initiating an Earth‐like
Dungey dynamic cycle (Thomsen et al., 2015).
One prominent indicator of solar wind inﬂuence on Saturn's magnetospheric activity is the association
between increases in the solar wind dynamic pressure and the ﬂux of Saturn kilometric radiation (SKR)
emitted above the magnetic poles (Badman et al., 2008; Desch, 1982; Desch & Rucker, 1983, 1985;
Jackman et al., 2005, 2010; Kimura et al., 2013; Kurth et al., 2005; Lamy, 2017; Taubenschuss et al., 2006).
There is a similar association between increases in the dynamic pressure and enhanced auroral emissions
(e.g., Clarke et al., 2005, 2009; Crary et al., 2005; Lamy, 2017). The link between SKR enhancements, auroral
emissions, and magnetotail activity (e.g., Jackman et al., 2009, 2010; Kurth et al., 2016; Mitchell et al., 2005;
Reed et al., 2018) completes the circle connecting dynamic pressure enhancements with tail dynamics and
SKR activity (see also Bunce et al., 2010).
The difﬁculty with assessing the degree of solar wind inﬂuence on Saturn's magnetospheric dynamics with a
single‐spacecraft mission like Cassini is that, lacking an upstream monitor, one cannot know the actual solar
wind conditions when Cassini is in the magnetosphere. On the time scale of one to a few days, Roussos et al.
(2017) have shown that Cassini MIMI/LEMMS observations of solar energetic particles and galactic cosmic
rays, both of which penetrate well inside the magnetosphere, can put magnetospheric observations into the
context of the global structure of the solar wind (speciﬁcally, coronal mass ejections and corotating interaction regions). However, on a ﬁner time scale, most associations of magnetospheric activity with solar wind
driving depend on remote observations like auroral ultraviolet emissions and SKR, as described above, while
Cassini itself is within the upstream solar wind. A further difﬁculty is that there are actually rather few useful
solar wind intervals in the Cassini data because of the frequently unfavorable viewing of the Cassini Plasma
Spectrometer (CAPS), which provides solar wind measurements (e.g., Crary et al., 2005). This is because
CAPS does not face into the solar wind when the Cassini imaging instruments are viewing the planet and
its vicinity.
Several studies have sought to quantify the association between Pd (the solar wind dynamic pressure)
and SKR ﬂuxes. Desch and Rucker (1983, 1985) used superposed epoch analyses of Voyager data to
determine that Pd (=ρV2, where ρ is the solar wind mass density and V is the ﬂow speed) and related
quantities (ρV and ρV3) are signiﬁcant SKR drivers, with the highest correlation coefﬁcients at zero
time lag (using a time resolution of 10.66 hr). Desch (1983) argued further that the disappearance
of the solar wind stress imposed on Saturn's magnetosphere (when the planet was transiently
immersed in Jupiter's magnetotail during the Voyager 2 approach) yields a complete disappearance
of SKR signal.
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In a reﬁnement of the pioneering work of Desch & Rucker, Taubenschuss et al. (2006) used linear prediction
analyses on 17 days of post‐SOI Cassini data to reanalyze the solar wind inﬂuence. They explored 10 different
parameters involving solar wind density, ﬂow speed, temperature, and magnetic ﬁeld strength and orientation. There were two clear SKR enhancements within the data set they used, which was obtained at ~150 Rs
from the planet near dawn local time. They found that variations in solar wind density are a stronger driver
than variations in the solar wind speed. Using a low‐pass ﬁlter (5 hr) on 20‐min SKR data, they found fairly
long lag times between the solar wind parameters and the presumed SKR response: the best prediction was
found with Pd, with a time delay of ~13 hr from arrival at the nose of the magnetopause.
Similarly, Badman et al. (2008) used Cassini data obtained in the solar wind to examine the relationship
between solar wind structure and SKR enhancements. Using primarily the measured solar wind magnetic
ﬁeld strength, they identiﬁed a number of intervals where ﬁeld enhancements (and presumably corresponding dynamic pressure enhancements) were clearly associated with SKR enhancements. In the one event
where they had solar wind plasma data to accompany the ﬁeld data, they found that forward interplanetary
shocks led to increased SKR intensities, and a reverse shock, where the dynamic pressure and magnetic ﬁeld
strength declined, was associated with a clear decrease in SKR that lasted approximately two days. They also
sought to quantify the time delay between the solar wind structures and the corresponding SKR signatures,
but for a number of their events the uncertainties in the propagation time from Cassini's location to the planet were too large to make useful timing assessments. In the case of three events where the propagation
delays were presumably quite low (when Cassini was near the local dawn), they found a large variation in
the apparent delay between the solar wind and the SKR, from as short as 1 to ~10 hr.
Lamy et al. (2018) compared SKR activity with model‐predicted solar wind properties for the ﬁrst 260 days of
2017. They found that the strongest enhancements of SKR were associated with predicted Pd enhancements.
They concluded that solar wind and planetary rotation both control SKR activity and UV aurorae: solar‐
wind‐induced magnetospheric compressions trigger long‐lasting (more than a planetary rotation) global
SKR enhancements that extend toward low frequencies (Bunce et al., 2010; Desch, 1982; Kurth et al.,
2005, 2016; Lamy et al., 2010), while shorter SKR intensiﬁcations are associated with rotationally modulated
nightside injections (Jackman et al., 2009; Lamy et al., 2013; Mitchell et al., 2009; Reed et al., 2018). Similar
conclusions were reached by Reed et al. (2018) based on observations of low‐frequency extensions of SKR
power spectra.
One major complication in assessing the inﬂuence of solar wind properties on magnetospheric dynamics by
using SKR as a proxy for magnetospheric activity is that SKR is beamed anisotropically, so the detection of
SKR activity is dependent on the observer's position (see the review by Lamy, 2017, and references therein).
In particular, SKR is best observed when Cassini is near the equatorial plane and in the dawn local time sector (Kimura et al., 2013; Lamy et al., 2008). This visibility condition will be a factor in the observations we
present below.
Recently, we have provided a complete listing of intervals when Cassini was in the magnetosheath (the
region of shocked solar wind between the bow shock and the magnetopause) and during which the ﬁeld
of view of the CAPS Ion Mass Spectrometer contained the transonic magnetosheath ion distribution, so that
reliable ion moments (density, temperature, and ﬂow velocity) could be derived (Thomsen et al., 2018).
Using those measurements, an empirical relationship between the observed energy per magnetosheath particle and the upstream solar wind speed was established. The ability to use magnetosheath observations to
infer upstream solar wind properties greatly enlarges the upstream data set available for correlation studies
with remote sensing measurements, as described above. In the present paper, this capability is signiﬁcantly
expanded and placed on a ﬁrm analytic foundation. We derive here an analytical expression that allows us to
use Cassini magnetosheath measurements to infer the upstream dynamic pressure, not just the ﬂow speed.
The derivation of the analytical expression also yields an estimate of the upstream ﬂow speed that signiﬁcantly improves on the empirical relationship obtained earlier (Thomsen et al., 2018). The large set of
upstream parameters estimated in this way is then used to explore the SKR response to variable solar wind.

2. Data
The principal data used in this study are the magnetosheath parameters provided as supporting information
in our earlier paper (Thomsen et al., 2018). That data set consists of the numerical ion moments from
THOMSEN ET AL.
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CAPS/Ion Mass Spectrometer (proton density, temperature, and ﬂow velocity, and alpha particle density
and temperature), the corresponding time averages of the electron moments (density and temperature) from
the CAPS Electron Spectrometer, the energetic particle pressures from MIMI, and the magnetic ﬁeld measurements from the Cassini magnetometer (MAG). The data set includes 657 separate magnetosheath intervals, comprising a total of 19,155 valid measurements (2,213 hr). Each entry in the ﬁle is based on 416
s of data.
The upstream parameters inferred from the magnetosheath data are compared to 1‐hr values predicted by
the mSWiM MHD solar wind model, which propagates 1 A.U. solar wind observations to Saturn's orbit
(Zieger & Hansen, 2008). Inferred upstream dynamic pressures are also compared with the solar wind
dynamic pressures estimated from the set of magnetopause and bow shock crossings identiﬁed by
Jackman et al. (2019). As in that study, Pd is calculated from observed magnetopause crossings using
the model of Kanani et al. (2010), and from observed bow shock crossings using the model of Went
et al. (2011).
Finally, our inferred upstream parameters are compared with SKR activity quasi‐continuously measured by
the Cassini Radio and Plasma Wave Investigation (RPWS; Gurnett et al., 2004). Speciﬁcally, we use 3‐min
averages of the SKR ﬂux densities between 100 and 300 kHz (Lamy et al., 2008).

3. Relationship of Magnetosheath Parameters to Solar Wind Dynamic
Pressure: Theory
In our earlier manuscript, we provided an ad hoc empirical relationship between the energy per particle
within the magnetosheath and the upstream solar wind speed. Here we improve on that relationship by
developing a ﬁrst‐principle derivation of an analytical relationship between measureable magnetosheath
parameters and upstream conditions. We begin with the Rankine‐Hugoniot jump conditions for a one‐
dimensional boundary with zero width, assuming ideal MHD (zero resistivity):
b ⋅½ρu ¼ 0
n

 
1 2
γp
B2
1
b⋅
b⋅½ðu⋅BÞB ¼ 0
n
u þ
þ
ρu − n
2
ðγ−1Þρ μ0 ρ
μ0

(1)
(2)

b is the normal to
where […] represents the jump in the parameters across the boundary. In these equations, n
the boundary, ρ is the plasma mass density, u is the ﬂow velocity of the plasma, B is the magnetic ﬁeld
strength, and γ is the polytropic index, which we take to be 5/3.
b¼u
b , where u
b ¼ u=u, then we ﬁnd that along a magnetosheath streamline, equation (2)
If we take n
gives



1 2
γ
B2
u
b⋅BÞ2 ¼ const
ρu− ðu
u þ
þ
2
ðγ−1Þρ μ0 ρ
μ0

b⋅b
Combining the two terms, with u
b ¼ cosθUB ,


1
γp
B2
sin2 θUB ¼ const
u ρu2 þ
þ
ðγ−1Þ μ0
2

(3)

Because the plasma beta and the Alfvén Mach number in the magnetosheath ﬂow are typically well above 1
(Thomsen et al., 2018), we can neglect the magnetic part of equation (3), yielding
u



1 2
γp
ρu þ
≈const
2
ðγ−1Þ

(4)

b¼n
b BS , the bow shock normal at a given location, we get the shock
Similarly, if we take equation (2) with n
jump equation
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1 2
γp1
1 2
γp2
ρ u1 cosθUn1 ≈ u2 þ
ρ u2 cosθUn2
u1 þ
ðγ−1Þρ1 1
ðγ−1Þρ2 2
2
2

(5)

where θUn1 is the angle between the upstream (solar wind) ﬂow velocity and the bow shock normal, and
θUn2 is the same for the magnetosheath ﬂow immediately downstream of the shock. Again, because the
Alfvén Mach number is generally well above 1, we have dropped the magnetic ﬁeld terms.
b¼n
bBS ), the mass ﬂow normal to the shock is
From the MHD continuity equation (equation (1) with n
conserved:
ρ1 u1 cosθUn1 ¼ ρ2 u2 cosθUn2
so equation (5) becomes


 

1 2
γp1
1
γp2
u1 þ
≈ u22 þ
2
2
ðγ−1Þρ1
ðγ−1Þρ2

(6)

In the upstream solar wind, the sonic Mach number is very high, so we can further neglect the thermal contribution to the left‐hand side, yielding


1 2 1 2
γp2
u1 ≈ u2 þ
2
2
ðγ−1Þρ2


 
1
1
γp2
(7)
u2 ρ2 u22 þ
≈
ρ u2
2
ðγ−1Þ

 2  
1
1
γp
≈
u ρu2 þ
ρ2 u2
2
ðγ−1Þ
where we have used equation (4) in the ﬁnal step. Equation (7) now relates the upstream ﬂow speed to the
downstream magnetosheath parameters directly behind the shock (subscript 2) and along that streamline
throughout the magnetosheath (unsubscripted).
b¼u
b , we get ρu = constant along a streamline, so
Finally, using the continuity equation (1), again with n


1 2 1 2
γp
u1 ≈ u þ
2
2
ðγ−1Þρ
i.e.,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
1 2
γp
u1 ≈ 2 u þ
2
ðγ−1Þρ
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
≈u 1 þ 5 2
ρu

(8)

which now relates the upstream ﬂow speed to magnetosheath parameters at any point in the downstream
region. Equation (8) roughly validates our previous argument (Thomsen et al., 2018) that u1 can be empirically approximated by


1
1
2
2
mp u1 ≈1:860⋅ kT p þ mp u
2
2
i.e.,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


2pp
kT p 1 2
u1 ≈ 2⋅1:860⋅
þ u ≈1:36u 1 þ
mp 2
ρp u2
where pp and ρp indicate the proton portion of the pressure and temperature. Equation (8) actually suggests
that the earlier study might have been better ﬁt using the multiplicative term γ/(γ–1) to weight the thermal
pressure, which may have eliminated the need for the arbitrary normalization constant 1.36.
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If we multiply equation (7) by ρ1, we get

  
1 2 ρ1
u
1 2
γp
ρ1 u1 ≈
ρu þ
2
u2
2
ðγ−1Þ
ρ

2   
ρ1
u1
u
1 2
γp
ρu þ
≈
u1
2
ðγ−1Þ
ρ
u2
 2
 

cosθUn2
u
1 2
γp
≈
ρu þ
cosθUn1
u1
2
ðγ−1Þ

(9)

where we have again used the mass conservation equation to relate ρ1u1 to
ρ2u2. Using equation (8) for u1 in the denominator of the RHS:


1 2
γp


u þ
cosθUn2
2
ðγ−1Þρ
2ρusﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρ1 u21 ≈

ﬃ
cosθUn1
1 2
γp
2 u þ
2
ðγ−1Þρ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ



ﬃ
cosθUn2
1 1 2
γp
2ρu
u þ
≈
cosθUn1
2 2
ðγ−1Þρ
Figure 1. Ratio of cosθUn2 to cosθUn1 as a function of θUn1 for Mach numsﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




bers M = 5,10,20.
cosθUn2
2γp
1þ
ρu2
≈
ðγ−1Þρu2
cosθUn1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s




cosθUn2
p
1þ5 2
ρu2
≈
ρu
cosθUn1

(10)

The ﬁrst term on the RHS of equation (10) is the ratio of the cosines of the angles between the
upstream/downstream ﬂow directions and the shock normal at the point where the observed streamline originally crossed the shock. A fast shock bends the ﬂow away from the normal direction, so this term will
always be less than or equal to 1. Within the hydrodynamic ﬂow approximation we have used (by neglecting
the magnetic ﬁeld terms in all the equations), there are a number of formulations that relate θUn2 and θUn1,
based on shock jump equations. Using the formulation of Rathakrishnan (2010), equation 4.13) gives

tanðθUn2 −θUn1 Þ ¼ 2 tanθUn1


M 2 cos2 θUn1 −1
M 2 ðγ− cos2θUn1 Þ þ 2

(11)

Solving for θUn2 as a function of θUn1, we ﬁnd
θUn2 ¼ θUn1 þ tan

−1




2 tanθUn1

M 2 cos2 θUn1 −1
2
M ðγ− cos2θUn1 Þ þ 2


(12)

Figure 1 shows the resulting ratio of cosines for M = 5,10,20. Each curve starts at 1 for normal incidence at
the nose and declines to a minimum between ~0.3 and 0.4, before rising back to 1 at the Mach angle of the
shock, cos−1(1/M).
The remaining link in the chain relating the upstream dynamic pressure to the observable magnetosheath
parameters is then estimation of the angle θUn1 between the upstream ﬂow and the normal to the shock
at the point the local streamline crossed the shock. For the Went et al. (2011) bow shock model, the radial
distance from Saturn to a point on the shock is
−1=c2

r¼

ð1 þ εÞc1 Pd
1 þ ε cosζ

(13)

where (ε,c1) = (0.84,15) (Went et al., 2011), and ζ ¼ cos−1 ðb
x ⋅b
r Þ is the cylindrical polar angle relative to the
solar direction. For this shock shape, the shock normal in the equatorial plane can be shown to depend
on ζ as
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b ¼ ½ðε þ cosζ Þb
n
x − sinζb
y= 1 þ 2ε cosζ þ ε2

1=2

(14)

independent of the dynamic pressure and the model parameters other
than ε. Thus, the angle between the upstream ﬂow (in the −b
x direction)
and the shock normal is
"
−1

θUn1 ¼ cos ðb
x ⋅b
nÞ ¼ cos

ε þ cosζ

−1

ð1 þ 2ε cosζ þ ε2 Þ1=2

#
(15)

Figure 2 shows the resulting θUn1 as a function of ζ for ε = 0.84 (Went
et al., 2011).

Figure 2. Angle between the upstream ﬂow and the shock normal as a function of ζ for the Went et al. (2011) model bow shock. ζ is the angle between
the solar direction and a vector from Saturn to a point on the shock.

Of course, it is not possible to know the location ζ at which the local
streamline crossed the shock unless we are very near a bow shock crossing. In general, ζ is less than this local value. Indeed, when the spacecraft
is very near the magnetopause, the local streamlines crossed the shock
near the nose (ζ = 0). To estimate the ratio of cosines in equation (10)
for any given magnetosheath observation, we therefore take ζ as the value
at the location halfway between the observation point ζobs and the nose of
the magnetosphere ζ = 0:
ζ ¼ ζ obs =2

(16)

Finally, to sum up, using the observation location, we use equation (16) to
estimate the location at which the local streamline crossed the shock. With equation (15) this gives the shock
normal angle for the Went et al. (2011) bow shock. Equation (12) then is used to estimate the angle between
the downstream ﬂow and the shock normal. This depends on the Mach number M, but at the relatively high
M at Saturn, it is not very sensitive to that parameter, and we simply take M = 10. With θUn1 and θUn2 we can
then calculate the ratio of the cosines and use the observed dynamic pressure and thermal pressure in equation (10) to deduce the upstream dynamic pressure.
One issue with using the above analysis to relate magnetosheath parameters to upstream parameters is what
to take for the magnetosheath pressure, p. The difﬁculty is the frequent presence of suprathermal ions (often
O+) that leak from the magnetosphere into the magnetosheath (Sergis et al., 2013). These are not really
accounted for in the MHD conservation equations, but when they are present, they do contribute signiﬁcantly to the total particle pressure. For the present analysis, we have performed the calculation both with
and without the pressure contributions from the energetic ions and will discuss the results below.
In addition to questions about the energetic‐particle contributions to the pressure, the uncertainties in the
above determination arise primarily from neglect of the magnetic terms in the energy and momentum conservation equations and in the approximation of the point of transit of the shock for the local streamline. The
latter affects the ratio cosθUn2/ cos θUn1, which is probably not wrong by more than a factor of 2, as shown in
Figure 1.

4. Results
4.1. Should Energetic Particles Be Included in the Magnetosheath Pressure?
Using the procedure described in section 3, the upstream solar wind speed V = u1 is estimated using equation (8), and the dynamic pressure Pd ¼ ρ1 u21 is estimated using equation (10) for all of the points in the magnetosheath data set of Thomsen et al. (2018). As mentioned above, it is not clear whether or not it is
necessary to include the contribution of the superthermal ions in the pressure terms in these equations.
The red and light blue curves in Figure 3a show the occurrence distributions of the inferred solar wind speed
when the total particle pressure or only the plasma pressure, respectively, is used in equation (8). It is clear
that the contribution of the energetic particles creates a long high‐V tail on the distribution because of the
many instances when the superthermal ion pressure is comparable to or exceeds that in the thermal plasma.
For comparison, the green curve in Figure 3a is the occurrence distribution of solar wind V predicted by the
THOMSEN ET AL.
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mSWiM MHD model for the interval from mid‐2004 to mid‐2012, which
covers the time range of the magnetosheath data set. The mSWiM distribution is quite similar to the distribution of V inferred using only the
thermal plasma pressure, although there is a small offset that will be
further discussed below. The high‐V tail produced by including the superthermal pressure in the calculation (red curve) is absent in the mSWiM
predictions.
Figure 3b shows similar occurrence distributions for the solar wind
dynamic pressure, again as inferred by including the superthermal contribution to the magnetosheath pressure (red curve), by including only the
plasma contribution (light blue curve), and as predicted by the mSWiM
model over the same time interval (green curve). These distributions are
overlaid on Figure 5b from Jackman and Arridge (2011, black curve),
who compiled solar wind measurements from the Pioneer 11, Voyager 1,
and Voyager 2 ﬂybys of Saturn, and the early part of Cassini's near‐
Saturn mission. As in the distributions for V, inclusion of the superthermal contribution to the magnetosheath pressure creates a slight shift
toward higher values, but there is no pronounced high‐Pd tail, possibly
because the binning has been done logarithmically. At the high‐Pd end
of the distribution, it is difﬁcult to distinguish any particular discrepancy
between either curve and the mSWiM prediction or the Jackman and
Arridge ﬁndings (we will return to the obvious mSWiM discrepancy at
low Pd in a subsequent discussion). However, on the basis of the clear
high‐V discrepancy seen in Figure 3a, we conclude that the energetic particle contribution to the total pressure should not be included in either
equation (8) or equation (10).
4.2. Comparison With mSWiM V, Pd

Figure 3. Occurrence distributions of (a) solar wind speed and (b) dynamic
pressure calculated from equations (8) and (10), respectively, using the
total particle pressure (red curves) and using only the plasma contribution to
the pressure (light blue curves). The green curves show the corresponding
distributions for the 1‐hr solar wind speed and dynamic pressure
predicted by the mSWiM MHD model for the time period covered by the
magnetosheath measurements (with the number of samples scaled down by
a factor of 4 for the Vsw distribution and 3 for the Pd distribution). In (b) the
Pd distributions are overlaid on the distribution from Figure 5 b of
Jackman and Arridge (2011, black curve).

As presented above, Figure 3 compares the solar wind speed and dynamic
pressure inferred from magnetosheath measurements with mSWiM predictions and with earlier solar wind data compiled by Jackman and
Arridge (2011). Using only the plasma contribution to the magnetosheath
pressure yields distributions that are quite similar to both the model and
the previous observations, except for the prominent low‐Pd extension of
the mSWiM values. There is a slight offset of the magnetosheath‐derived
Vsw to lower values than mSWiM predicts; indeed, a plot of the probability
occurrence distribution of the inferred Vsw +40 km/s is found to overlay
perfectly the distribution from mSWiM, except for the bottom ~1% and
top 0.1% of values (not shown). Thus, on average the inferred Vsw values
are ~10% low compared to mSWiM. The magnetosheath‐inferred Pd
values are somewhat low compared to the Jackman and Arridge values,
by ~30%, but they match very well the higher‐Pd portion of the
mSWiM curve.

Figure 4 presents the time history of the full set of solar wind speeds
(Figure 4a) and solar wind dynamic pressures (Figure 4b) inferred from
magnetosheath data using equations (8) and (10). The inferred values
are plotted as red symbols, and they are compared with the values predicted by the mSWiM MHD model
(blue symbols). Since the mSWiM results are based on propagating near‐Earth solar wind measurements
to Saturn, the prediction should be best when Saturn and Earth are in conjunction and viewing the same
solar wind plasma as it propagates outward through the heliosphere. Black bars below the top axis in
Figure 4 indicate intervals when the mSWiM parameter|dϕ|< 75°, where dϕ is the heliocentric longitudinal
separation between Saturn and the Earth. Zieger and Hansen (2008) found broad maxima in the mSWiM
prediction efﬁciency over roughly this range of dϕ.
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On this very compressed time scale, Figure 4a shows that the inferred
solar wind speed tracks the mSWiM prediction quite well but with a tendency to slightly underestimate the mSWiM value (see also Figure 3a).
As shown in Figure 4b, the dynamic pressure is highly variable in time,
both in the mSWiM model and as inferred from magnetosheath measurements, primarily because of the large variability in the solar wind density.
The range of inferred values does seem to track reasonably well the range
of values predicted by mSWiM (e.g., the general decline around day 1,500).
And as noted above, the statistical distributions of values are similar,
except for the relative absence of low inferred Pd values compared
to mSWiM.

Figure 4. Time history of solar wind speed (Figure 4a) and dynamic pressure (Figure 4b) inferred from magnetosheath measurements according to
equations (8) and (10) (red symbols) and as predicted by the mSWiM
MHD model (Zieger & Hansen, 2008; blue curves). Values are plotted as a
function of days from 1 January 2004. Black bars below top axis show
intervals when mSWiM|dφ|< 75°, so prediction accuracy should be higher
(see text for details).

Figure 5 shows the same quantities as Figure 4, for the ﬁrst three months
of 2008. With some scatter, the inferred values do generally track the
mSWiM predictions, at times with remarkable ﬁdelity. During these three
months the heliocentric angle separating Earth and Saturn was less than
50°, with opposition near day 1,516. In this conﬁguration the mSWiM predictions should be the most accurate (Zieger & Hansen, 2008). The apparent spread in the inferred V values in Figure 5a is due to a combination of
variability in the derived magnetosheath ﬂow speed and temperature.
Whether this is due to true variability in the upstream medium, or due
to waves in the magnetosheath, or whether it is just uncertainty in the
measurement is open to further investigation, but it typically results in a
variation in the inferred ﬂow speed of ~±10% relative to the mean over
the course of a few hours. Similarly, the variability in the inferred Pd is
due to variability in the density, ﬂow speed, and temperature of the magnetosheath plasma, but close examination of contiguous sequences of
magnetosheath measurements suggests that much of that variability is
systematic (i.e., real temporal changes), with perhaps ±30% variations
from individual measurement to measurement.

While the temporal tracking of the inferred and predicted values is reasonably good, Figure 5 shows that the times of some of the observed changes in inferred values disagree somewhat with the mSWiM predictions, consistent with the known uncertainties in arrival times discussed
extensively by Zieger and Hansen (2008). It is also noteworthy that the magnetosheath‐inferred dynamic
pressure rarely extends much below 0.01 nPa, thus missing the very low values predicted by mSWiM in
the rarefaction regions behind the apparent stream interface regions (see also Figures 3 and 4). As discussed
by Jackman et al. (2019), much of this failure to identify very low values of Pd may be due to the fact that for
low Pd, the magnetopause is very expanded, so the Cassini orbit rarely enters the magnetosheath under
such conditions.
4.3. Comparison With Pd Inferred From Magnetopause and Bow Shock Crossings
Recently, Jackman et al. (2019) have presented a comprehensive list of times when Cassini crossed Saturn's
bow shock or magnetopause, based primarily on the magnetic ﬁeld signature but with all crossings within
the CAPS data availability time range conﬁrmed with CAPS plasma data. Using models of the magnetopause
(e.g., Kanani et al., 2010) and bow shock (e.g., Went et al., 2011), each of these crossing locations can be used
to infer the upstream solar wind dynamic pressure. Jackman et al. (2019) have done this calculation for all of
their observed boundary crossings and have compared the resulting values of Pd with the occurrence distribution derived from the mSWiM model (see, for example, Figure 3b above). They found that when normalized to spacecraft dwell time in various locations, the occurrence distribution of Pd derived from
magnetopause crossings is very similar to that derived from bow shock crossings, and both tend to be about
a factor of 2 higher than the corresponding mSWiM distribution.
Figure 6 shows the occurrence distributions of Pd inferred from our magnetosheath parameters (equation (10)) and from the observed locations of the magnetopause and bow shock crossings cataloged by
Jackman et al. (2019) (using the models of Kanani et al. (2010) and Went et al. (2011)). Because we are
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comparing with the CAPS‐derived values, only the boundary crossings up
to the end of CAPS data in mid‐2012 are included. For this ﬁgure, no normalization for spacecraft dwell time has been done for either set of
boundary crossings.
In Figure 6 it is ﬁrst noteworthy that unlike the case when normalization
for spacecraft dwell time is done (Jackman et al., 2019), the occurrence
distributions derived from the magnetopause and bow shock crossings
are somewhat different. The distribution based on bow shock crossings
is shifted toward higher Pd than that from the magnetopause crossings.
At the low dynamic pressures, this is consistent with the orbital bias discussion of Jackman et al. (2019): a low value of Pd would move the boundaries to larger radial distances, especially for the bow shock, taking them
beyond typical Cassini apogee (c.f., Figure 6 of Jackman et al. (2019)).
The normalization for spacecraft dwell time removes this low‐Pd offset
(c.f., Figure 7 of Jackman et al. (2019)). At high Pd the slight offset
(~1.5X) is less easily explained and persists even when the occurrences
are normalized (c.f., Figure 7 of Jackman et al. (2019)).

Figure 5. Same as in Figure 4 but for just the ﬁrst three months of 2008, during which time the Earth and Saturn were near opposition, so the mSWiM
predictions are expected to be particularly good. For reference, day 1 of 2008
is day 1,462 of 2004.

The occurrence distribution of Pd values derived from magnetosheath
parameters (blue curve, Figure 6) must be similarly affected by orbital coverage, and one would expect the distribution to suffer some reduction at
low Pd compared to the bow shock, but less than for the magnetopause,
consistent with what is found in Figure 6. On the other hand, at high Pd
the magnetosheath distribution shows substantially lower occurrence
than either the bow shock or magnetopause distributions. There seems
to be no obvious reason why this should be the case.
When magnetosheath measurements are made near a magnetopause or
bow shock crossing, we would expect that the values of Pd inferred from
the plasma measurements and from the boundary locations should be
similar. Figure 7 explores this relationship for the set of magnetosheath
points that were obtained within 100 min of a boundary crossing in the
Jackman et al. (2019) data set (magnetopause in Figure 7a and bow shock
in Figure 7b). The expected correlation is clear in both panels, but the
values of Pd obtained from the magnetosheath data are commonly smaller
than those obtained from the boundary crossings. The median ratio of Pd
from the magnetosheath to Pd from the magnetopause location is 0.62,
with 90% of the values between 0.14 and 2.26. For the bow shock location
the median ratio is 0.58, with 90% of the values between 0.23 and 1.29.
Thus, on the average it appears that the dynamic pressure we derive via
equation (10) is about a factor of 2 lower than one would infer from nearby
boundary crossings.

4.4. Comparison With Pd Bounds From Magnetopause and Bow
Shock Models

Figure 6. Normalized occurrence distribution of solar wind dynamic pressure estimated from magnetosheath parameters (red); from observed locations of magnetopause crossings, combined with the magnetopause model
of Kanani et al. (2010) (light blue); and from observed locations of bow shock
crossings, combined with the bow shock model of Went et al. (2011) (black).
The magnetopause and bow shock crossings were identiﬁed by Jackman
et al. (2019).
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While measurements in the near vicinity of known boundary crossings
provide a very useful comparison for the results of the procedure developed above, it is also possible to use the boundary models themselves
(e.g., Kanani et al., 2010; Went et al., 2011) to set local limits on the value
of Pd for each magnetosheath data point. This can be done quite simply by
noting that at any given point, in order for the spacecraft to be in the magnetosheath there, the upstream dynamic pressure must be larger than
would be needed to bring the magnetopause to that point but smaller than
what would be needed to bring the bow shock there. Thus, we would
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expect the dynamic pressure inferred from magnetosheath parameters to
lie between these two limits.
Figure 8 shows several examples of detailed comparisons between the
values of Pd inferred from magnetosheath parameters (red) and the values
that would be required to put the magnetopause at that location according
to the Kanani et al. (2010) model (dark green) and the bow shock according to the Went et al. (2011) model (light purple). In addition, the bright
green and blue open circles show the values of Pd inferred from observed
magnetopause and bow shock crossings (Jackman et al., 2019) according
to the same models. Our expectation is that the red symbols should generally lie between the dark green and purple curves. For the intervals shown
in Figures 8a and 8b, this is the case, with a few exceptions. Moreover, the
magnetosheath points nicely ﬁll the region between observed magnetopause and bow shock crossings. By contrast, Figure 8c shows an interval
where the Pd inferred from magnetosheath measurements lies well below
the expected zone between local magnetopause and bow shock. Figure 8d
shows another interval where the inferred Pd generally lies within the
predicted magnetosheath range. Figures 8e and 8f show two subintervals
from within the broader time range covered by Figure 8d. In Figure 8e
the inferred Pd progresses from near the magnetopause values at ~day
1,278.35, at which time there were numerous observed magnetopause
crossings, to near bow shock values late in day 1,279, at which the spacecraft was observed to cross the bow shock 3 times. The inferred Pd thus is
in excellent accord with the sequence of boundary crossings. A similar
situation is illustrated in Figure 8f, where the reverse progression occurs:
shortly after the inbound bow shock crossing early on day 1,290, the
inferred Pd was near the bow shock value; thereafter, it declined to values
near the magnetopause prediction, at which point two magnetopause
crossings were actually observed. Thus, except for Figure 8c, the intervals
in Figure 8 show very satisfying correspondence between our calculated
values of Pd and the model magnetosheath range.

Figure 7. Solar wind dynamic pressure estimated from magnetosheath
parameters (horizontal axis) compared with (a) Pd inferred from the
Kanani et al. (2010) magnetopause model applied to observed magnetopause
crossings and (b) inferred from the Went et al. (2011) bow shock model
applied to observed bow show crossings. The magnetopause and bow shock
crossings are from the catalog of Jackman et al. (2019), and only magnetosheath points within 100 min of an observed boundary crossing are
included in the plot.

The mismatch shown in Figure 8c is unfortunately not unique in the data
set. Figures 9a and 9c show the ratios of Pd derived from magnetosheath
parameters to the values predicted for the magnetopause and bow shock,
respectively. As argued above, the ratio should be greater than 1 for the
magnetopause and less than one for the bow shock. The latter condition
seems to be well satisﬁed by almost all the measurements (Figure 9c),
but Pd inferred from the magnetosheath measurements is frequently
below the value predicted for the magnetopause (Figure 9a). This suggests
that, if the Kanani et al. (2010) model correctly relates Pd to the magnetopause location, the magnetosheath estimation sometimes (~35% of the
time) is too low, consistent with the conclusion drawn above in the discussion of Figure 7. However, as clearly seen in the Figure 8 panels other than
Figure 8c, this underestimate is only episodic, and there are many intervals where the values appear to be in good accord with the model magnetopause and bow shock bounds.

Figures 9a and 9c indicate that there is a systematic temporal variation in times when Pd appears to be
underestimated. Systematically lower values seem to occur primarily between about days 2,200 and 2,500.
It turns out that this time interval was also when the Cassini apogee was at its greatest local time (see for
example Figure 2c of Thomsen et al., 2018). Figures 9b and 9d examine a possible relationship with local
time. While there are numerous measurements across the full range of LT where the magnetosheath‐to‐
magnetopause ratio falls below 1, there does seem to be a systematic sag to lower values beyond ~18 LT.
There is a similar region of lower ratios at local times before 5 (but with some notable exceptions). It may
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Figure 8. Solar wind dynamic pressure estimated from magnetosheath parameters (red symbols) compared with Pd
inferred from the Kanani et al. (2010) magnetopause model applied to the local spacecraft position (dark green symbols)
and the Went et al. (2011) bow shock model applied to the local spacecraft position (purple symbols). Also shown are
the Pd inferred from observed magnetopause and bow shock crossings (Jackman et al., 2019), determined using the same
two models. Since the red symbols are determined from actual magnetosheath measurements, they should lie between the
curves for the magnetopause and bow shock at the spacecraft position. For reference, the beginning dates of the six
panels are (a) 2011 day 53, (b) 2005 day 264, (c) 2010 day 28, (d) 2007 day 169, (e) 2007 day 182, and (f) 2007 day 194.

thus be that the analysis outlined in section 3 becomes less appropriate for local times beyond the
terminator, and it is probably reasonable to exercise caution when using those values. As for other times
where the ratio falls below 1, some may be attributable to density ﬂuctuations in the magnetosheath, but
other systematic departures are currently unexplained.
4.5. Comparison With SKR
In the introduction to this study, established evidence relating SKR activity to the upstream dynamic pressure was noted. Using the RPWS database of 3‐min averaged SKR ﬂux densities between 100 and 300 kHz
observed by Cassini throughout the time interval covered by the CAPS data, we have compared the SKR
ﬂuxes with the dynamic pressure inferred from the magnetosheath measurements. We have surveyed all
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Figure 9. The ratio of the solar wind dynamic pressure estimated from magnetosheath parameters to that inferred from
(a and b) the Kanani et al. (2010) magnetopause model applied to the local spacecraft position and (c and d) the
Went et al. (2011) bow shock model applied to the local spacecraft position. Figures 9a and 9c show the ratios plotted as a
function of day of year 2004, and Figures 9b and 9d show them plotted as a function of local time.

several‐day intervals during which there was good modulation of the inferred dynamic pressure. In
particular, we sought times when the dynamic pressure rose or fell signiﬁcantly. These were then
compared with the corresponding SKR ﬂuxes.
Figure 10 shows the data for an eight‐day interval where good correspondence was observed. These observations were obtained within a local time range of 2.85–3.66 LT and a latitude range of 0.15–0.07°, where we
would expect good SKR source visibility (Kimura et al., 2013; Lamy et al., 2008). Figure 10a shows the
upstream solar wind speed inferred using equation (8). Figure 10b shows the inferred dynamic pressure
(equation (10), red symbols) superimposed on the electron density measured by CAPS/ELS (light blue symbols). Also shown as the large black open circles are values of Pd inferred from actual magnetopause crossings (again using the model of Kanani et al. (2010)). Finally, Figure 10c shows the SKR ﬂuxes. Figure 10b
emphasizes the fact that the dominant contribution to variations in the upstream dynamic pressure is from
the density. The fact that electron density measurements exist in intervals when there are not dynamic pressure values is due to the fact that the electrons are subsonic in the magnetosheath, and therefore, the orientation of the spacecraft is largely irrelevant to the measurement, allowing electron density determinations
when ion measurements are not possible due to poor viewing. Prior to ~1,500 UT on day 832 and on and
off after ~2,000 UT on day 836, Cassini was in the high‐latitude plasma sheet or lobe, where the density is
quite low.
Figure 10 shows that during this eight‐day interval there were order‐of‐magnitude variations in both
dynamic pressure and SKR ﬂuxes. Indeed, this time period encompasses one of the long‐lasting low‐frequency‐extension (LFE) SKR events identiﬁed by Reed et al. (2018) as being related to solar wind Pd
enhancements. Figure 7 of that paper shows that a solar wind Pd enhancement was predicted by mSWiM
to occur early on 2006 day 100, approximately two days prior to this LFE event, but Figure 10 above shows
that that enhancement actually arrived two days later than the mSWiM prediction, in very good agreement
with the onset of the LFE event, thereby strengthening the association deduced by Reed et al. (2018).
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Comparison of the three panels in Figure 10 suggests a rather close correspondence between the SKR ﬂuxes and the dynamic pressure, but less so
for the inferred solar wind speed. Figure 11a explores the correspondence
in more detail. In that ﬁgure, the SKR ﬂuxes have been smoothed with a
running 10‐point average and translated in time to better match the temporal variations of Pd. The time translation is a 4‐hr delay for the SKR relative to the magnetosheath measurements. The black crosses near the top
of the ﬁgure indicate the times when the SKR phase is zero, as calculated
with the ﬁt derived by Kurth et al. (2007). These points would be about
an hour earlier if we used the SKR S phase system of Lamy et al. (2011),
as appropriate for 2006, when the southern system was dominant. Zero‐
phase times correspond to predicted peaks in the SKR intensity. Like the
SKR ﬂuxes themselves, these crosses have been translated to the left by
4 hr. For this particular interval, there is substantial variability of the
SKR on the time scale of hours or less, but the peaks do not seem to be well
associated with the predicted zero‐phase times.

Figure 10. (a) Solar wind ﬂow speed and (b) dynamic pressure (red) estimated from magnetosheath parameters, (c) compared to measured SKR
−2
ﬂux densities (in Wm /Hz) averaged between 100 and 300 kHz derived
from Cassini/RPWS measurements. Also shown in (b) are the dynamic
pressures estimated from observed magnetopause crossings (open ovals) and
the electron density at Cassini measured by the CAPS/ELS instrument
(light blue). The date range spanned by this eight‐day interval is from 2006
day 100 (10 April) through day 107 (17 April), when Cassini was inbound
near 3 LT, between ~59 and 68 Rs, very near the equatorial plane.

In Figure 11 the relationship between the SKR ﬂuxes and the solar wind
dynamic pressure is clear, but not entirely one‐to‐one. Signiﬁcant
increases in Pd are accompanied by similar increases in SKR (e.g., day
832.6, 834.3), and the SKR is generally more intense when the pressure
is high and orders of magnitude less intense when the pressure is low,
as, for example, on day 836 (when the dynamic spectrum, not shown,
actually shows a brief complete extinction of the radiation). However,
there is short‐term (less than few hours) structure in SKR that does not
track short‐term variations in Pd. Note that the SKR is plotted with two
decades for each decade of Pd variation, suggesting the possibility that
the magnitude of SKR ﬂuxes may be related to the square of the dynamic
pressure. The magnetopause crossing near the end of day 836 occurs when
the dynamic pressure is notably low, that is, during a time of magnetospheric expansion and low SKR.
The good correspondence between SKR ﬂuxes and Pd seen in Figure 11 is
not common in this data set. Figure 12, in the same format as Figure 11,
shows a sampling of four other intervals in which there were inferred Pd
values available over several days, and during which there was appreciable temporal modulation of Pd. Some intervals show reasonably good
correspondence, but others show little if any.

Figure 12a, plotted with a 4‐hr delay as for the event in Figure 11, shows some correspondence especially on
day 310. Bow shock crossings (black crosses) generally appear to bracket SKR enhancements (outbound during SKR increases; inbound during SKR decreases). Similarly, outbound magnetopause crossings (black
open circles), consistent with increasing Pd, tend to occur during SKR enhancements, and inbound crossings
more likely during decreasing SKR ﬂuxes.
Figure 12b shows a longer interval, with no temporal offset imposed. For this 12‐day time period, there
appears to be quite good correspondence between the large‐scale variations in Pd and SKR ﬂuxes. The generally lower ﬂuxes in the ﬁrst three days of the interval happen during very low values of Pd, with a jump up
in ﬂuxes on day 773 clearly associated with a tenfold increase in the estimated Pd. The very large spike in
SKR ﬂuxes on day 781 at the end of the interval is preceded by a large increase in electron density (and presumably Pd, given the good tracking of the two) just prior to the outbound bow shock crossing. Close examination of the timing of this increase suggests that the rise in SKR followed the density enhancement by less
than 2 hr. Examination of the low‐Pd interval on days 771 and 772 shows a reasonably good tracking
between the dynamic pressure variations and the SKR variations, with a time lag of ~5 hr.
Figure 12c shows some correspondence in the second half of the 10‐day interval, except that the steep
enhancement in SKR on day 2,558 occurred in coincidence with an inbound magnetopause crossing,
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attributable to the sharply declining Pd. During the ﬁrst half of the interval
in Figure 12c, there is no discernible correspondence. Indeed, the highest
SKR ﬂuxes occurred during times of very low Pd, and like the one at the
end of the plot, the upward spike in SKR in the ﬁrst half of day 2,551
occurred near an inbound magnetopause crossing, due to decreasing
solar wind dynamic pressure.
Figure 12d shows essentially no correspondence between SKR and Pd.
The rise in emissions coincides more with a declining dynamic pressure,
and the spike on day 3,058 occurs during a sharp minimum in the inferred
Pd. During this interval, and indeed for all four of the intervals shown in
Figure 12, there is little evidence of a 10.6‐hr periodicity in the SKR
ﬂux enhancements.
The intervals in Figures 11 and 12 show that the relationship between
SKR enhancements and solar wind dynamic pressure is far from simple.
While there are times when the average SKR ﬂux tracks Pd with some
ﬁdelity for days (e.g., Figures 11 and 12b), there are other times when
there is essentially no correlation. One factor relevant to whether or not
Figure 11. Solar wind dynamic pressure (red), estimated from magnetosheath parameters, and local magnetosheath electron density (light
a relationship is seen is the local time of the observation: in our survey
blue), compared to measured SKR ﬂuxes between 100 and 300 kHz (10‐pt
of intervals to highlight for this report, the few predawn events showed
smoothed, every tenth point, dark blue). Also shown are the dynamic presthe best relationship (Figures 11, 12a, and 12b), whereas the events
sures estimated from observed magnetopause crossings (open circles).
beyond ~11 LT almost all showed questionable if any correspondence.
Measurements are from 2006 day 101 (11 April) through day 105 (15 April),
As shown by previous authors (as summarized, e.g., by Lamy (2017)),
while the spacecraft was near 3 LT. SKR measurements are plotted with a 4‐
hour shift to the left. Black crosses at the top indicate the (4‐hr shifted) times
SKR is strongly beamed into a thin hollow cone, and the location of the
with SKR phase of zero, according to the formulation of Kurth et al. (2007).
source region Cassini can see at any given time depends on the spacecraft
These are the predicted maxima in the SKR intensity.
location. When Cassini is close to the equator, the spacecraft preferentially
detects radio sources along ﬁeld lines whose LT differs by less than a few
hours from the subspacecraft meridian. Our ﬁnding indicates that the SKR source is most responsive to Pd
variations in a region primarily visible from the morning region of the magnetosphere, which is the location
of the dominant source region. The secondary (afternoon/dusk) sources are thus not as clearly driven by Pd.
In fact, as shown above there are several examples where an increase in SKR appeared to follow a signiﬁcant
decrease in Pd.

5. Summary and Discussion
The primary objective of this study has been to introduce a method for estimating upstream solar wind properties (dynamic pressure and ﬂow speed) from observations of magnetosheath parameters at Saturn. The
analytical method takes advantage of the high plasma beta in Saturn's magnetosheath, as well as the high
Mach number of the bow shock, to approximate the magnetosheath ﬂow with a hydrodynamic approach
that neglects the dynamic inﬂuence of the magnetic ﬁeld. While 95% of magnetosheath measurements have
a plasma beta greater than 1 (Thomsen et al., 2018), the magnetic ﬁeld may in fact contribute signiﬁcantly to
the dynamics in a fraction of cases. In particular, the neglect of small magnetic forces applied systematically
over the ﬂow path might lead to inaccuracies in the results of our analytical approach. This possibility could
be examined with global MHD simulations of the Saturn/solar wind interaction, but it is beyond the scope of
the present study.
Other uncertainties is the calculation of Pd and Vsw are introduced by assumptions that are needed to estimate the point at which a given magnetosheath parcel crossed the bow shock (equation (15)), as well as
regarding the Mach number dependence of the relation between upstream and downstream ﬂow angles
relative to the normal (equation (12)). As argued above, we believe these assumptions probably make no
more than a factor of 2 uncertainty in the resulting value of Pd. Another signiﬁcant issue for the method presented here is whether or not to include the energetic particles in the plasma pressure needed for equation (10). Such particles are introduced into the magnetosheath by way of leakage from the
magnetosphere, so they are not really included in the conservation equations (equations (1) and (2)) linking
upstream properties to downstream properties. Nonetheless, we have done an empirical comparison of the
THOMSEN ET AL.

7813

Journal of Geophysical Research: Space Physics

10.1029/2019JA026819

Figure 12. Same as in Figure 11 for four other time periods with fairly lengthy intervals of inferred dynamic pressure: (a)
2004 days 308–312, (b) 2006 days 39–51, (c) 2010 day 357–2011 day 2, and (d) 2012 days 126–139. The black cross symbols
indicate estimated dynamic pressures from observed bow shock crossings. In (a) SKR measurements are plotted with
a 4‐hr shift to the left; other panels have no temporal offset. Figures 12a and 12b were obtained near 5 LT, Figure 12c near
18 LT, and Figure 12d near 15 LT. For clarity, in all panels only every third electron density point is plotted, and only every
tenth SKR point.

distribution of Pd and Vsw predicted at Saturn's orbit by the mSWiM MHD calculation and estimated both
with and without the energetic particle contribution to the pressure. The effect of on the calculation of Pd
is quite modest, but including the energetic particles creates a high‐Vsw tail that is clearly missing in the
mSWiM distribution (Figure 3a), so on the basis of this ﬁnding, we have not included the energetic
particle pressure in our estimates of Pd and Vsw.
One other signiﬁcant source of quantitative uncertainty in the method described here is the adopted value of
the polytropic index. We have used γ = 5/3, but observations at the Earth's bow shock have found generally
lower values, with the most probable value ~1 (isothermal), and the distribution extending down to ~0 (isobaric; Park et al., 2019). The formalism described above does not allow values γ ≤ 1, but we have explored the
consequences of using values smaller than 5/3. We ﬁnd that for γ = 4/3, the estimated solar wind speed Vsw is
on average ~16% higher than for 5/3, with the result that the peak in the occurrence distribution matches
that of mSWiM very well. For γ = 1.1, the estimated Vsw is 70% higher, and the distribution becomes much
broader, with a long high‐V tail. The effect of γ on the derived values of Pd is more complicated because γ
enters two terms in equation (10): the square root term and the ratio of cosines. The square root term is
exactly the same as the γ‐dependence of Vsw, producing average increases in Pd in the neighborhood of
16% for γ = 4/3. However, the ratio of cosines has a γ dependence (see equation (12)) that counteracts the
effect of the square root term. In fact, for γ = 4/3, the cosine ratio decreases by a factor of up to 1.7, so the
two γ‐dependent terms in equation (10) largely cancel (and at even smaller γ, the decrease from the cosine
ratio dominates). Determination of the polytropic index in Saturn's magnetosheath is beyond the scope of
the current study, but it seems possible that use of a slightly smaller value than 5/3 in the present formalism
might improve the statistical match with the mSWiM solar wind speed, while not greatly affecting the
derived Pd.
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In sum, the uncertainties associated with the issues listed above can probably account for the rather small
discrepancies between our estimated values of Pd and the various comparison values we described above
and summarize below.
We have sought to validate our derived values of Pd and Vsw by comparing them with mSWiM predictions,
both on a statistical basis and on a time‐proﬁle basis. In general, we ﬁnd good correspondence between the
two sets of values. The magnetosheath‐derived parameters have more point‐to‐point variability, presumably
due in part to ﬂuctuations introduced in the foreshock, shock, or magnetosheath itself, and also due to the
MHD smoothing of small‐scale structures over the long propagation distance from 1 A.U. to Saturn. Long‐
and short‐term temporal variability is reasonably well reproduced, with Pd and Vsw increases typically identiﬁed within a few days of their predicted arrival by mSWiM.
Our inferred Vsw is statistically about 40 km/s lower than the mSWiM predictions. For Pd the principal discrepancy in the comparison is that we ﬁnd far fewer low values of Pd (10−3–10−2 nPa) than predicted by
mSWiM. As noted by Jackman et al. (2019), very low values of Pd would be less likely to be observed in magnetosheath measurements because under those conditions the magnetopause expands out beyond Cassini's
orbital range. On the other hand, the observations compiled by Jackman and Arridge (Figure 3 above)
should exhibit no such bias, and they also show a lack of low‐Pd measurements compared to the mSWiM
distribution. Of course, the observations summarized by Jackman and Arridge were obtained primarily near
solar maximum, when the interplanetary medium rarely displays the compression/rarefaction signature of
interacting streams that is more prevalent during the declining phase of the solar cycle and appears to have
characterized the interval examined in Figure 5. Thus, the question of the prevalence of low‐Pd intervals in
those rarefaction regions at Saturn's distance remains to be addressed, and a comparison between the
mSWiM values and the predictions of other MHD models (e.g., Pogorelov et al., 2014; Tao et al., 2005) would
seem warranted.
Comparison of the magnetosheath‐inferred values of Pd with those estimated from the locations of magnetopause and bow shock crossings (Jackman et al., 2019) shows that both statistically and on a case‐by‐case
comparison with measurements made within 100 min of a boundary crossing, the magnetosheath estimates
tend to be on average about a factor of 2 lower than the boundary location determinations.
Similarly, the values of Pd estimated from magnetosheath parameters are generally well bounded on the
high end by the values that would be required to bring the bow shock to the observation point (according
to the Went et al., 2011, model), but there are many occasions when the estimated Pd is lower than what
would be required to bring the magnetopause out to the observation point (according to the Kanani et al.,
2010, model; see Figure 9). This deﬁciency in the estimated dynamic pressure is particularly pronounced
at local times beyond the terminator and may point to an inadequacy in the analytical methodology at large
angles from noon.
Finally, the estimated values of Pd have been compared with temporal sequences of 3‐min averages of SKR
ﬂux density averaged over 100–300 kHz observed by Cassini. We sought in particular all several‐day intervals
during which there was good modulation of the inferred dynamic pressure. By focusing on relatively large
pressure variations, the study examined intervals that were more likely to feature the long‐lasting solar wind
‐driven events discussed by Lamy et al. (2018) and Reed et al. (2018). Indeed, the interval featured in
Figures 10 and 11 was one of the long‐lived LFE events identiﬁed by Reed et al. (2018).
We found a number of episodes where there appeared to be good tracking between the inferred Pd and the
SKR intensity on the time scale of more than a few hours. During these intervals, sharp increases (decreases)
in Pd correspond to signiﬁcant increases (decreases) in SKR intensity, and generally high (low) values of Pd
correspond to generally high (low) values of SKR. At times the tracking seems to show large‐scale SKR variability that goes roughly as the square of the dynamic pressure variations, with temporal delays ~4 hr between
Pd and SKR. For observation points in the dawn sector, where the best correspondence between SKR and Pd
is found, this corresponds to a time delay of ~11–12 hr from the time the solar wind structure arrived at the
nose of the magnetopause, assuming an average magnetosheath ﬂow speed of ~150 km/s (c.f., Figure 5d of
Thomsen et al., 2018) and a typical magnetopause standoff distance of 26 Rs (Figure 5h of Jackman et al.,
2019). This is comparable to the time delays reported by Taubenschuss et al. (2006) and Badman et al.
(2008). The relatively short time delays following the transport of the structures to Saturn's nightside
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magnetosphere suggest that no large growth phase is required to build up the conditions needed for SKR
enhancement. Rather, some of the events we have identiﬁed indicate a rather directly driven inﬂuence.
Such is not the case, however, for the intervals observed while the spacecraft was at local times beyond ~10
LT. In those regions, tracking between Pd and SKR was less clear. Indeed, there are several examples where
an increase in SKR appeared to follow a signiﬁcant decrease in Pd. One possible explanation is that the energized electrons that produce SKR (e.g., Kurth et al., 2009; Menietti et al., 2011; Schippers et al., 2011) arise
from dynamical events (especially magnetic reconnection) associated with the stretching and subsequent
dipolarization of magnetospheric magnetic ﬁeld lines (e.g., Jackman et al., 2009). On the nightside,
enhanced solar wind pressure strengthens the equatorial current sheet, increasing the ﬁeld line stretching,
and triggering tail reconnection (e.g., Jackman et al., 2010). On the dayside, Delamere et al. (2015) have suggested that smaller‐scale magnetic reconnection is also a common occurrence. There, however, enhanced
solar wind pressure pushes the magnetosphere into a more dipolar shape (Arridge et al., 2008), reducing
the stretching and making the system more resistant to reconnection. Relaxation of the pressure may thus
increase the stretching and lead to enhanced reconnection and emission, as noted above in Figures 12c
and 12d.

6. Conclusions
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An analytical method has been presented (equations (8) and (10)), by which the large database of Cassini
measurements from within Saturn's magnetosheath can be exploited to estimate the upstream solar wind
conditions, namely, the dynamic pressure and the solar wind speed. The results have been compared statistically and by detailed time sequence with other measures of those parameters. These include the dynamic
pressure and solar wind speed predicted at Saturn's orbit by the mSWiM MHD model, the dynamic pressure
inferred by ﬁtting magnetopause and bow shock models to observed crossings of those boundaries, and the
bounds imposed by those same models on the dynamic pressures needed to place the magnetopause or bow
shock at a given observation point. The results are generally in good agreement with these other estimates,
although the magnetosheath‐estimated values on average seem to underestimate the upstream ﬂow speed
by ~40 km/s (~10%). The dynamic pressures also seem to be underestimated slightly, by up to a factor of
2, especially at local times tailward of the terminator. These relatively small discrepancies are within the
uncertainties inherent in the analytical method. The inferred values of Pd do not extend to the low values
expected from mSWiM, probably at least in part because the magnetosheath would not be observable under
such major magnetospheric expansions.
The estimated values of Pd have also been compared with temporal sequences of 3‐min averages of SKR
ﬂuxes observed by Cassini during all several‐day intervals in which there was good modulation of the
inferred dynamic pressure. At relatively early local times (<6 LT), there were several examples of noticeably
good tracking between SKR and Pd, with time delays ~4–5 hr between Pd structure and corresponding SKR
structure. At later local times, the correspondence was rarely persuasive. In light of the visibility constraints
on SKR detection, it appears that the SKR source is most responsive to Pd variations in a region primarily
visible from the morning region of the magnetosphere, which is also the dominant source region. When
the correspondence was good (both increases and decreases), the SKR ﬂuxes varied roughly as the square
of the dynamic pressure. The generally short time delays between Pd and SKR suggest that at times the
SKR is rather directly driven by the dynamic pressure.
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