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Abstract. Voyager spacecraft measurements of Saturn kilo-
metric radiation (SKR) identified two features of these ra-
dio emissions: that they pulse at a period close to the plan-
etary rotation period, and that the emitted intensity is cor-
related with the solar wind dynamic pressure (Desch and
Kaiser, 1981; Desch, 1982; Desch and Rucker, 1983). In this
study the inter-relation between the intensity and the pulsing
of the SKR is analysed using Cassini spacecraft measure-
ments of the interplanetary medium and SKR over the inter-
val encompassing Cassini’s approach to Saturn, and the first
extended orbit. Cassini Plasma Spectrometer ion data were
only available for a subset of the dates of interest, so the inter-
planetary conditions were studied primarily using the near-
continuously available magnetic field data, augmented by the
ion moment data when available. Intense SKR bursts were
identified when solar wind compressions arrived at Saturn.
The intensity of subsequent emissions detected by Cassini
during the compression intervals was variable, sometimes re-
maining intense for several planetary rotations, sometimes
dimming and rarely disappearing. The timings of the initial
intense SKR peaks were sometimes independent of the long-
term pulsing behaviour identified in the SKR data. Overall,
however, the pulsing of the SKR peaks during the disturbed
intervals was not significantly altered relative to that during
non-compression intervals.

Keywords. Magnetospheric physics (Planetary magneto-
spheres; Solar wind-magnetosphere interactions) – Solar
physics, astrophysics, and astronomy (Radio emissions)

Correspondence to:S. V. Badman
(svb4@ion.le.ac.uk)

1 Introduction

In 1980 the Voyager spacecraft made the first detections of
kilometre wavelength radiation from Saturn (Kaiser et al.,
1980). These Saturn kilometric radiation (SKR) emissions
cover a broad frequency range from a few kHz to∼1200 kHz,
with a spectral peak at∼100–400 kHz. They are believed to
be generated by the cyclotron maser instability (CMI) mech-
anism, first proposed to explain terrestrial auroral radio emis-
sions by Wu and Lee (1979), whereby the radio wave is ex-
cited by energy lost from electrons on auroral field lines.
The Voyager measurements revealed two features of the SKR
emissions. First, the emission was modulated at a period
close to the rotation period of the planet, and second, the
SKR emitted power was positively correlated with the so-
lar wind dynamic pressure (Desch and Kaiser, 1981; Desch,
1982; Desch and Rucker, 1983). Regarding the first of these
features, measurements by Ulysses and Cassini have estab-
lished that the SKR period is not constant but has changed
significantly from the Voyager value of 10 h 39 min 24 s±7 s
to 10 h 45 min 45 s±36 s during Cassini approach, and is sub-
ject to variations over shorter timescales (e.g. Galopeau and
Lecacheux, 2000; Gurnett et al., 2005). In addition, Zarka
et al. (2007) concluded from analysis of an extended inter-
val of Cassini data that the solar wind velocity is correlated
with short-term (i.e. 20–30 day) fluctuations in the period of
the SKR emissions. Regarding the emitted SKR power, re-
cent case studies using Cassini data have suggested that a so-
lar wind corotating interaction region (CIR) compression of
Saturn’s magnetosphere can lead to intensification and then
drop-out (i.e. non-detection) of the modulated SKR emis-
sions (e.g. Bunce et al., 2005; Jackman et al., 2005; Kurth
et al., 2005a; Mitchell et al., 2005). None of these studies
has yet revealed how the intensity and pulsing of the SKR
emissions are interrelated under solar wind compression con-
ditions. Our study thus concentrates on this relationship, by
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looking for intensifications of the SKR power following ar-
rival of a solar wind compression, any subsequent “drop-out”
of the emission detected by Cassini, the phasing of the in-
tensified or reduced emission peaks during the compression
event, and the relative phasing and intensity of the emission
peaks before and after the compression.

Cassini data from the magnetometer (MAG) (Dougherty
et al., 2004), Cassini Plasma Spectrometer (CAPS) (Young
et al., 2004) and Radio and Plasma Wave Science (RPWS)
investigation (Gurnett et al., 2004) are presented to examine
the interaction of compressions in the solar wind with the in-
tensity and pulsing of the SKR emission. Data obtained dur-
ing Cassini’s approach to Saturn (October 2003–June 2004)
and its first extended orbit following Saturn orbit insertion
(SOI) (July–October 2004) were analysed. These were in-
tervals when Cassini was measuring both the interplanetary
conditions upstream of Saturn and SKR emissions from Sat-
urn. Since CAPS solar wind ion data were only available for
a subset of the dates of interest, the interplanetary conditions
were studied primarily using the near-continuously available
magnetic field data, augmented by the ion moment data when
available. In the following sections details of the format of
the Cassini data employed in this study, and the modelled
drifting period of SKR bursts are given. Section 4 describes
a selection of the CIR compression events in detail, then sum-
marises the features of all events included in the study. Fi-
nally, some general conclusions are drawn about the effects
of solar wind compressions on the power and modulation of
the detected SKR.

2 Cassini measurements of SKR emissions and inter-
planetary magnetic field strength

The Cassini data used in this study are from late 2003
(day 344) until Cassini encountered Saturn’s magnetosphere
on day 179 of 2004, and then days 195–298 of 2004 when
Cassini had exited Saturn’s magnetosphere back into the so-
lar wind. Ideally the solar wind dynamic pressure would be
presented to compare with the Voyager results but this data is
only available for a modest subset of the events studied here.
However, due to the frozen-in nature of the solar wind flow,
the interplanetary magnetic field (IMF) magnitude measured
by Cassini MAG can be used as a proxy for the solar wind
dynamic pressure. In general, a compression region in the so-
lar wind will be observed as an increase in IMF magnitude,
bounded by forward and reverse shocks (Smith and Wolfe,
1976; Gosling and Pizzo, 1999). As heliospheric current
sheet (HCS) crossings usually occur within CIR compression
regions in the solar wind, a reversal in the sense of theBT

interplanetary field component (RTN coordinates) can fur-
ther be used to identify a CIR compression event (Gosling
and Pizzo, 1999). (The RTN coordinate system is a right-
handed spherical polar system referenced to the Sun’s spin
axis, withBR directed radially outward from the Sun,BT az-

imuthal in the direction of solar rotation, andBN normal to
the other two components, that is, positive northwards from
the equatorial plane.) When solar wind dynamic pressure
data were available from CAPS they also have been analysed
and found to show an excellent correspondence with the sig-
natures of compression regions identified in the IMF mea-
surements. One example demonstrating this correspondence
during the post-SOI interval will be presented in Sect. 4 be-
low. Thirteen CIR compression events with good MAG and
RPWS data coverage (including five with simultaneous solar
wind density and velocity data from CAPS) were identified
during the intervals of interest and will be described below.

The SKR data are presented in two forms in this study
to help identify the features within it. The first is a colour-
coded electric field spectrogram from the Cassini RPWS in-
strument, which shows the power in W m−2 Hz−1 normal-
ized to a distance of 1 AU in each frequency channel in the
range 3.5 kHz to 1.5 MHz, at 3 min resolution. The SKR
emitted power integrated over the SKR peak frequency band
of 100–400 kHz is also shown. Both these data sets have
been “cleaned” to remove non-SKR emissions e.g. solar ra-
dio emissions and spacecraft noise, and the occurrence times
corrected for the planet-spacecraft light travel time (Lamy
et al., 2008). The SKR emitted power data are averaged
over a time interval of approximately one twentieth of the
radio rotation period to enable good resolution of the emis-
sion bursts. Due to the drifting period of the SKR we use
two nominal SKR periods derived from Cassini data to de-
termine the cadence of the averaged emitted power data, one
pre-SOI and one post-SOI. The pre-SOI data uses a charac-
teristic period of 10.7625 h (Gurnett et al., 2005), such that
the data are 0.538125 h averages. The post-SOI data uses a
characteristic period of 10.7811 h (Kurth et al., 2005b) i.e.
the power data are 0.539056 h averages. We emphasise that
these values determine only the cadence of the plotted data,
the difference between them not being critical to the results
presented. When considering the timing of the SKR pulses
the full varying SKR period determined for this interval by
Kurth et al. (2007) will be employed, as discussed in Sect. 3
below. In late 2003–2004 Saturn’s Southern Hemisphere was
tilted significantly towards the Sun. Most of the SKR emis-
sions detected by Cassini, which was approaching close to
the ecliptic plane, therefore originated in the Southern Hemi-
sphere i.e. were left-hand (LH) circularly-polarized. The RH
emissions at Cassini were very weak in comparison there-
fore the LH power was used as an approximation for the total
SKR power detected by Cassini.

3 Drifting period of SKR emissions

One of the purposes of this study is to determine whether so-
lar wind compressions significantly disrupt or shift the puls-
ing of the SKR peaks, therefore the expected times of the
pulses based on their long-term behaviour must be known for
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comparison with those observed. Kurth et al. (2007) derived
an expression for the variation of the SKR phase relative to
a fixed period (T0=0.4497 d) by fitting a third order poly-
nomial to Cassini measurements of the timing of the SKR
peaks over the interval from 1 January 2004 to 28 August
2006. This phase drift as a function of timet in days since
1 January 2004 is given by

18SKR(t) = C1 + C2 t + C3 t2
+ C4 t3, (1)

whereC1=87.77(±10.1)◦,
C2=−2.527(±9.05×10−2)◦ d−1,
C3=3.041×10−3(±2.17×10−4)◦ d−2 and
C4=−7.913×10−7(±1.47×10−7)◦ d−3. This phase drift
18SKR is subtracted from that of the fixed period to give the
phase of the SKR at any time:

8SKR(t) =
360

T0
× t − 18SKR(t). (2)

The drifting SKR periodTSKR is then given by:

TSKR(t)=
360

d8SKR
/
dt

=
360(

360
T0

−
(
C2+2C3t+3C4t2

)) . (3)

These functions are defined such that when8SKR(t)=360n,
wheren is an integer, there should be a peak in the SKR
emission. To locate the times of the expected SKR peaks we
therefore set Eq. (2) equal to 360n, incorporating Eq. (1),
and solve for successiven to find a set of timest . The errors
in the constantsC1, C2, etc. given above define the accu-
racy of the Kurth et al. (2007) polynomial fit to the measured
SKR peaks, which corresponds to a maximum “error” in the
SKR period of±25 s over the intervals studied here. How-
ever, the spread in the measured timings of the SKR peaks
is actually significantly larger than this, as shown by Kurth
et al. (2007) (see their Fig. 2), and is partially attributed to
the broadness of the peaks of the SKR emission. Zarka et
al. (2007) also showed there are in fact short-term variations
(±6 min) in the SKR period during the intervals of interest,
associated with the solar wind speed. In this study we there-
fore use the “expected” times of the peaks in SKR emission
(“ t”) as a guide to highlight any major systematic changes in
the modulation of the SKR associated with solar wind com-
pression events, on much larger scales than those identified
by Zarka et al. (2007). In the next section examples of solar
wind CIR events and the corresponding SKR detections are
presented and discussed.

4 Examples of solar wind compression events and the
corresponding SKR detections

The sections below detail three solar wind compression
events from 2004, each displaying different characteristics,
and the varying responses in the SKR emissions detected by
Cassini. In chronological order (as they will be discussed

below) these events are: 1) a HCS crossing identified by a
reversal in IMF BT without a large change in field magni-
tude; 2) a minor CIR compression region; 3) a major CIR
compression bounded by both forward and reverse shocks.
In each case the data from a few days either side of the com-
pression are shown to illustrate the nature of the preceding
and subsequent SKR bursts for comparison. CAPS ion data
are only available for event 3. A summary of the features of
all thirteen events is then discussed.

4.1 Days 49–55 of 2004

The Cassini data acquired over days 49–55 (18–24 February)
of 2004, when Cassini was at a radial distance from Saturn of
more than 1000RS , are shown in Fig. 1. The top panel shows
the emitted SKR power corrected for radial distance in Watts
per steradian, over the frequency range of 100–300 kHz. The
crosses toward the top of the panel mark the timings of the
expected SKR peaks according to the Kurth et al. (2007)
algorithm described above. The middle panel of Fig. 1 is
an electric field spectrogram, where the relative powers are
colour-coded according to the colour bar on the right hand
side of the figure, and plotted as a function of frequency and
time. The crosses in the upper part of this panel show the ex-
pected timings of the SKR peaks as in the upper panel. The
bottom panel shows the IMF magnitude|B| in nT, colour-
coded according to the sense of IMFBT , where blue rep-
resentsBT <0 and red representsBT >0, as indicated at the
right hand side of the panel. The time axis is labelled at inter-
vals of days, with Cassini’s radial distance from Saturn also
labelled in units of Saturn radii (here 1RS=60 268 km). The
time taken for the solar wind to propagate from the space-
craft to the planet, assuming purely radial motion and using
a nominal solar wind speed of 500 km s−1, is given at the top
of the figure. The actual propagation delay is very uncer-
tain (to many hours) due to possible non-radial propagation
of the solar wind and variations in the flow speed (Crary et
al., 2005). In the example shown in Fig. 1 the radial prop-
agation delay is nominally∼15 h, varying by±0.5 h over
the interval due to Cassini’s motion towards Saturn, reduc-
ing to ∼11 h for propagation of phase fronts aligned along
the Parker spiral direction. The IMF data plotted in the bot-
tom panel is lagged by the radial propagation delay of∼15 h
to indicate how they may correspond to the detected SKR
emissions. The vertical dashed lines identify selected SKR
features and the corresponding lagged IMF data that will be
discussed below.

The event shown in Fig. 1 began with “quiet” condi-
tions on days 49–50 of 2004. Looking first at the lagged
IMF data in the bottom panel, the field magnitude at this
time was relatively constant at∼0.8 nT, before reducing at
∼02:00 UT on day 51, then increasing to∼1.1 nT∼10 h later.
This change in field magnitude was coincident with a rever-
sal of theBT component (positive to negative) indicating a
HCS crossing. For the next three days the field remained
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Fig. 1. SKR and IMF data from days 49–55 of 2004. The top panel shows 0.538125 h averages of the emitted power of the SKR integrated
over 100–300 kHz. The crosses toward the top of the panel mark the expected times of the SKR peaks given by Kurth et al. (2007), as
described in the text. The middle panel shows the SKR electric field power as a function of frequency and time, colour-coded according to
the colour bar at the right hand side of the figure. The crosses on this panel represent the expected peaks of SKR emission, as in the top
panel. The bottom panel is a plot of the interplanetary magnetic field strength in nT, colour coded by the sense of the RTNBT component
as indicated at the right hand side of the panel. The time axis of these plots is marked in units of days, with sub-divisions every 6 h. Also
marked is the spacecraft range from Saturn in units of Saturn radii (where 1RS =60 268 km). At the top of the plot, an estimate of the solar
wind propagation delay is marked, estimated assuming purely radial propagation and a constant solar wind speed of 500 km s−1. The vertical
dashed lines mark features described in the text.

disturbed, fluctuating on short timescales between∼0.5 nT
and ∼1.2 nT. At ∼23:00 UT on day 54 the field magni-
tude began a steady decline, reaching∼0.4 nT at the end of
day 55. We identify the HCS crossing and disturbed field
on day 51 as the arrival of a minor compression region at
Cassini, and now examine its effects on the SKR emissions
detected.

The data in the upper two panels of Fig. 1 show that the
SKR emissions have variable structure. For the purposes
of describing the data in this section we define a burst of
SKR as an interval of emission above 5×107 W sr−1 (i.e. ap-
proximately twice the median value of 2.7×107 W sr−1 de-
termined by Lamy et al., 2008), marked in the top panel of
Fig. 1 by the horizontal dotted line, and the burst peak as
the local maximum in emission. Using these definitions we
identify seven SKR bursts during days 49–50. The peaks
occurred close to the “expected” times, indicated by the
crosses in the upper two panels, except for the second burst
on day 49, which occurred approximately half way between
two expected peaks, and the brief fifth burst at the start of

day 50. The power of each of these peaks was∼108 W sr−1

until the last (∼21:00 UT on day 50) which reached a max-
imum power of∼109 W sr−1, i.e. an order of magnitude
larger. The start of this burst is marked by the first verti-
cal dashed line. This was followed by another SKR burst,
indicated by the second vertical dashed line, which peaked
just ∼8 h later, i.e. before the next expected time of a peak
marked by the cross. The timing of this peak was∼16 h (not
accounting for the propagation delay) after the IMF magni-
tude decreased, indicating the start of the field disturbance.
Because this SKR burst began and peaked significantly be-
fore the expected time of the next regular pulsed emission
we now it an “extra” burst, but note that it continued at lower
powers for∼9 h, encompassing the next expected peak time.
This burst could mark the arrival of the disturbed interplan-
etary conditions at Saturn. However, the increased power
of the previous burst suggests that perhaps the field distur-
bance arrived at this earlier time. It is not possible to con-
firm which of these is the initial response of the SKR how-
ever, because there was no sharp shock front in the field data
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Fig. 2. SKR and IMF data from days 133-139 of 2004, in the same format as Fig. 1.

to identify the start of the compression, and there are sig-
nificant uncertainties in the estimated propagation delay, as
described above. Both of these bursts extend to lower fre-
quencies than the preceding bursts (∼10 kHz compared to
50–100 kHz). This is a feature of SKR emission previously
noted during a compression interval by Kurth et al. (2005a).
For the purposes of our analysis the second of these bursts
was selected as the initial post-compression burst due to its
correspondence with the IMFBT reversal, and assuming an
accurate propagation delay. Over the following four days
there were several long-lived (>6 h), intense SKR bursts, all
at powers of∼109 W sr−1. The final SKR burst shown on
day 55, when the field strength was declining, had a lower
power of∼108 W sr−1, similar to that of the bursts before
the field disturbance. These results are also listed in Table 1
(see event number 6), to be discussed in detail below. When
constructing Table 1 only bursts which peaked closest to the
expected times are included to enable analysis of any changes
in the pulsing of the bursts. All other bursts were treated as
“extra” emissions as explained above and will be described
separately.

4.2 Days 133–139 of 2004

The next event presented is from days 133–139 (12–18 May)
2004, when Cassini was at a radial distance of∼400RS from
Saturn. The data from this interval are shown in Fig. 2 in the

same format as Fig. 1, and summarised in Table 1 under event
number 9. The radial propagation delay between Cassini and
Saturn is estimated to be∼5 h, varying by±0.4 h over the in-
terval due to Cassini’s motion toward Saturn. The magnetic
field data in the figure clearly show a CIR forward shock at
∼18:00 UT on day 134, when the field strength increased
from below 0.2 nT to∼0.5 nT. The field remained elevated
and disturbed for several days, only returning to “quiet” con-
ditions on day 144, when the SKR had already returned to its
pre-compression power and periodicity.

The SKR data plotted in the top two panels show seven
bursts of SKR during the low field strength interval on
days 133–134. The four most powerful bursts, each peak-
ing at 3–5×108 W sr−1, peaked close to the expected tim-
ings marked by the crosses, while the shorter-duration, lower
power spikes occurred in addition to the expected times, e.g.
∼10:00 UT on day 134. At∼21:00 UT on day 134 an intense
SKR burst was detected, reaching a peak of∼109 W sr−1.
This was ∼4 h after the solar wind shock was expected
to arrive at Saturn by employing the∼5 h propagation de-
lay from the spacecraft to the planet (see the first verti-
cal dashed line), and occurred in between the timings of
the expected SKR peaks. A few hours after this initial in-
tensification, and centred at the time of an expected SKR
peak, two emission peaks were detected with reduced pow-
ers of∼2×108 W sr−1, which extended to low frequencies
(∼10 kHz). Over the next two days several bursts of SKR
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Table 1. SKR observations relating to thirteen CIR compression events.

No Days 1|B|/nT
Percentage of SKR peaks with affected powers Ratio of powers Relative timing of bursts (%) Initial SKR burst
Increased Reduced Similara across compression Early Late at “expected” time?

1 001–007 1.0 50 29 21 1.35 50 50 No
2 015–022 0.2 7 86 7 0.96 43 57 Yes
3 025–031 0.5 100 0 0 5.64 45 55 No
4 036–042 0.3 0 100 0 0.29 69 31 Yes
5 042–048 0.2 17 67 17 2.34 33 67 Yes
6 049–055 0.5 42 58 0 1.5 25 75 No
7 109–115 0.2 83 0 17 1.82 33 67 Yes
8 119–125 −0.5 57 14 29 0.32 79 21 No
9 133–139 0.4 27 64 9 3.6 45 55 No
10 159–166 0.4 46 54 0 1.94 31 69 Yes
11a 206–212 0.5 58 33 8 1.94 50 50 Yes
11b 213–219 −1.1 69 23 8 0.38 31 69 Yes
12 230–236 0.6 36 36 27 1.66 18 82 Yes
13 258–264 0.2 62 23 15 4.05 15 85 No

a
±3×107 W sr−1

were detected but at relatively low powers (between∼2×107

and∼108 W sr−1). Between∼14:00 UT and∼19:00 UT on
day 135 the RPWS antennae were not appropriately orien-
tated with respect to Saturn to reliably determine the wave
properties. The SKR data including the burst peak identified
during this time are therefore excluded from our analysis.
Some of the low-power bursts identified on days 135–137
(disregarding the few-hour interval just mentioned) occurred
at the expected timings but there were also peaks in between
these times e.g.∼08:00 UT on day 136. During days 137 to
138 the SKR emission was intensified again, with a particu-
larly powerful burst lasting from∼08:00 UT to 14:00 UT on
day 137, with a maximum power of∼6×108 W sr−1. This
burst has no obvious trigger in the IMF data as indicated
by the second vertical dashed line. The powers of the SKR
bursts then decreased gradually for the rest of the interval to
levels of∼108 W sr−1. These emission bursts again peaked
close to the expected timings, but with other lower power
peaks in between.

4.3 Days 206–219 of 2004

The final interval presented here includes days 206–219 (24
July–6 August) of 2004, after SOI when Cassini was trav-
elling away from Saturn in the dawn sector, at distances of
∼115–140RS (see event number 11 in Table 1, to be dis-
cussed below). However, Cassini was travelling close to the
dawn meridian so the displacement in the Sun-planet radial
direction was very small, and hence the radial propagation
delay was only a few minutes. The solar wind dynamic pres-
sure values derived from the available CAPS ion data over
this interval are plotted in the bottom panel of Fig. 3a and
b. At the start of the interval, shown in Fig. 3a, the IMF
magnitude was low and relatively constant at∼0.1–0.2 nT.
At ∼18:00 UT on day 207 a CIR compression was encoun-

tered by Cassini causing an increase in the measured field
strength to∼0.6–0.8 nT, marked on Fig. 3a by the first verti-
cal dashed line. The field continued to be elevated and dis-
turbed for the next six days, and the HCS was encountered
several times. The solar wind dynamic pressure plotted in the
bottom panel was similarly low at under 0.01 nPa at the start
of the interval, increasing to∼0.02 nPa at the time marked
by the vertical dashed line (coincident with the increase in
IMF magnitude) due to increases in both the plasma den-
sity and velocity, then remaining high and peaking in excess
of 0.1 nPa over the next six days. At the start of day 214
(see Fig. 3b) there was an abrupt decrease in field strength
from ∼1.7 nT to∼0.6 nT, which we identify as the CIR re-
verse shock at the trailing boundary of the compression re-
gion. At this time the solar wind dynamic pressure also de-
creased from∼0.1 nPa to∼0.02 nPa, associated with a de-
crease in the density combined with an increase in the flow
speed. After the shock the field magnitude remained approx-
imately constant at∼0.5 nT for over 5 days, until the end of
the interval shown. Where available the dynamic pressure
data were similarly elevated relative to the start of the in-
terval at values of∼0.01–0.05 nPa, but lower than the peak
compression values measured during days 208–214. We note
that the excellent correspondence shown here between the
IMF and solar wind data sets is typical for those dates when
the CAPS plasma data were available for comparison.

Examining the SKR emissions plotted in the upper two
panels of Fig. 3a and b at the start of the interval, there were
seven emission peaks exceeding the 5×107 W sr−1 limit be-
fore the first vertical dashed line, which are grouped into
four longer-duration (∼6–8 h) bursts. These bursts peaked
at powers of∼1–3×108 W sr−1 up to∼2.5 h before their ex-
pected timing in each case. Coincident with the detection of
the solar wind shock at Cassini at∼18:00 UT on day 207,
there was a more powerful burst of SKR, in phase with the
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Fig. 3. SKR and IMF data from(a) days 206–212, and(b) days 213–219 of 2004. The data in the top three panels are in the same format
as Fig. 1. The SKR power data in the top panel are 0.539056 h averages. The bottom panel shows the solar wind dynamic pressure in nPa
calculated from CAPS ion measurements.

www.ann-geophys.net/26/3641/2008/ Ann. Geophys., 26, 3641–3651, 2008



3648 S. V. Badman et al.: Solar wind compression effects on Saturn kilometric radiation bursts

preceding bursts, peaking at∼6×108 W sr−1. This was fol-
lowed by two more powerful peaks just a few hours apart,
then several low power (∼108 W sr−1) bursts over the next
two SKR cycles. The second of the intense peaks after the
shock arrival was an “extra” peak occurring in between the
expected timings of the SKR peaks, and only one of the sub-
sequent low power bursts on day 208 was at the expected
timing of a SKR peak (∼20:00 UT on day 208). As in the
two previous events, Cassini detected intensified emission
around the time of the arrival of the compression, which in-
cluded an “extra” peak not at the expected timing. In this
example though, the successive emissions were less power-
ful than those preceding the compression. Over days 209–
212 (i.e. after the two reduced power SKR cycles) a series
of long-duration powerful bursts were detected, each with
maximum powers of∼5×108 W sr−1. There were emission
peaks close to all expected times but also several extra peaks
in between, usually at lower powers. Further low power
(<108 W sr−1) emissions were then detected late on day 211
until mid day 212. Close to midnight on day 211 the SKR
power was at a minimum of less than 107 W sr−1 (marked
by the second vertical dashed line), which is a time when an
emission peak was expected.

After these low power emissions, two more powerful
lower frequency (∼2×108 W sr−1, ∼10–100 kHz) bursts
were observed at∼20:00 UT on day 212 (Fig. 3a) and
∼06:00 UT on day 213 (Fig. 3b). After∼20:00 UT on
day 213, just preceding the reverse shock encounter in
the solar wind, the SKR emission was at very low power
(<5×107 W sr−1). The dynamic pressure decreased at this
time, such that Saturn’s magnetosphere would have ex-
panded. Out of the next four SKR peaks expected, only three
very low power (<108 W sr−1) bursts were detected. Pow-
erful SKR emissions reappeared at the end of day 215 co-
incident with an HCS encounter and increased plasma den-
sity, possibly indicating another smaller compression region.
These powerful emissions continued, occasionally peaking
at powers in excess of 109 W sr−1, until the end of the inter-
val shown on day 219. There were peaks in emissions close
to the expected times, but also many extra peaks of similar
powers in between.

4.4 Summary of all events identified

Having described the SKR response to three different CIR
compression events, these features are now summarised in
Table 1 together with the results from all identified events.
The three events discussed above are highlighted by italic
text (numbers 6, 9 and 11). The first column lists the inter-
val of days surrounding each compression that was studied.
Next, the size of the initial solar wind shock1|B| is given
for comparison, where a negative value of1|B| implies a re-
verse shock such as that identified on day 214 (Fig. 3b). The
peak powers of the SKR emissions which occurred close to
the expected peak times during the five days following the

predicted arrival of the shock at Saturn are compared to that
of the last “undisturbed” peak, and then categorized as in-
creased, decreased, or similar (±3×107 W sr−1). Next, the
ratio of the peak powers of the two bursts closest to the ar-
rival of the compression (i.e. the last before and the first after)
is listed for each event. The subsequent two columns list the
proportion of bursts in the few-day post-compression inter-
val that were detected early or late relative to the “expected”
Kurth et al. (2007) timings. The maximum time difference
allowed was 3 h either side of the expected time, a value
dictated by the quiet-time deviation of the SKR peak tim-
ings from the Kurth et al. (2007) fit, and encompassing the
short-term fluctuations of the SKR period derived by Zarka
et al. (2007). The final column in Table 1 identifies whether
the first peak in SKR power following the arrival of the com-
pression occurred close to the time of the next expected peak,
or whether it was distinctly out of phase with the Kurth et
al. (2007) pulsing.

Considering first the intensity of the SKR pulses there are
three additional factors affecting the detection of emission
at the spacecraft to take into account. The first of these is
the variation of the SKR signal to noise ratio detected by
Cassini as its distance from Saturn changed. This can be
neglected in the present study because the power level we
use to define a burst is considerably greater than the noise
level for the entire interval studied. The second influencing
factor is that the detected SKR properties can be affected by
the configuration of the RPWS antennae (Cecconi and Zarka,
2005), however we have attempted to identify the affected
times and disregard the data within. The final and potentially
most significant factor for this study is that the SKR detection
depends in the direction of emission from the source. This
beaming effect is a possible explanation for “missed” bursts
of SKR, as will be discussed below.

Referring to the events summarised in Table 1, the peak
powers of the initial bursts immediately following the com-
pressions were usually increased by factors of between 1.35
and 5.64, with an average of 2.6. Events 2 and 4 showed
reduced powers after the compression because the previous
burst was already significantly more powerful than those pre-
ceding it. These powerful earlier bursts could in fact be the
intense compression response peaks, following the behaviour
of the other events, if the propagation delay was overesti-
mated by a few hours in each case. Unfortunately, as ex-
plained above, the propagation delay cannot be estimated
any more accurately. The initial bursts following the reverse
shocks (events 8 and 11b – see Fig. 3b for the latter) were
reduced by factors of 0.32 and 0.38 respectively. An over-
all positive correlation was identified between the change in
IMF magnitude1|B| and the ratio of the powers across the
compression (correlation coefficientC=0.37). Apart from
the initial burst, the SKR peak powers were not affected by
solar wind compressions in a consistent manner. The per-
centage of identified peak powers that were intensified or re-
duced relative to those before the compression ranged from
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0 to 100%, implying that during one event all the observed
bursts were intensified (event 3) and during another event all
the burst powers were reduced (event 4, explained above).
Much more commonly, a combination of intensified and re-
duced powers was observed. Similar proportions of intensi-
fied and reduced bursts were identified overall.

Considering now the timings at which the bursts occurred,
we first mention the time delay between the arrival of the
compression at Saturn and the time of the next SKR emis-
sion peak, which is of interest for understanding the interac-
tion causing the SKR intensification. As already discussed
there are large uncertainties in the solar wind propagation
delay which make this calculation difficult. Even for the last
three events included in this study, when Cassini was rela-
tively close to Saturn such that the estimated propagation de-
lay was an hour or less, there is a large variation in the times
calculated: from less than 1 h to over 10 h until the start of
the burst, with a mean of∼3 h, and from 2 h to 11 h (mean
value∼4 h) until the peak in the emission. The variability of
this result inhibits any insight into the SKR generation mech-
anisms. Looking now at the times the emission peaks were
observed relative to the “expected” times, a wide variation in
behaviour was identified. During two events (numbers 1 and
11a – see Fig. 3a for the latter), equal numbers of early and
late bursts were identified. In contrast, during event 8 79% of
the bursts were early, and in event 13 85% were late. As men-
tioned above the time differences themselves varied from as
short as just over one minute, up to nearly as long as the 3 h
maximum set, i.e. a peak in SKR was usually detected within
3 h of the expected time. A more reliable determination of
the changes in SKR pulsing could be made in the future by
employing a model of both the long-term (Kurth et al., 2007)
and short-term (Zarka et al., 2007) variations in SKR period.
Overall, we can deduce, however, that the time differences
of the post-compression bursts were not significantly differ-
ent to those before the compression. In most cases some
extra bursts of similar or lower powers were also detected,
and these were also seen during the pre-compression inter-
vals e.g. the start of event 6, shown in Fig. 1. The first in-
tense burst of SKR following the compression was observed
as a distinct peak (i.e. more than 3 h before the next expected
SKR peak) in five of the events identified, e.g. events 6 and 9
shown in Figs. 1 and 2.

5 Discussion and conclusions

It is evident from the descriptions above that a variety of fea-
tures in the SKR data are detected following a solar wind
disturbance. We now discuss common features from all the
events included in this study, and suggest possible explana-
tions for these observations. One recurrent feature in the
SKR data is the initial high-power burst, usually peaking at
∼109 W sr−1, which occurred around the time of the arrival
of the solar wind compression at the magnetosphere. (The

exact timing is approximate due to uncertainties in the prop-
agation delay.) The timing of this burst is sometimes out of
phase with the expected times of the SKR emission peaks to
such an extent that it cannot be attributed to the intrinsic de-
viation of the bursts around the Kurth et al. (2007) fit. The
opposite effect, i.e. a decrease in SKR emitted power, is ob-
served after the two reverse shocks identified in the data. Af-
ter the initial SKR burst, the behaviour of the SKR varied be-
tween events. In four of the events identified, the SKR pulses
continued at high powers for several days (e.g. days 49–55,
shown in Fig. 1). Conversely, during event 3 (25–31 January
2004, not shown here), very little SKR emission was detected
by Cassini for∼18 h shortly after the disturbance (Jackman
et al., 2005). Also, very low levels of emission were detected
for ∼30 h following the reverse shock on day 214 shown in
Fig. 3b. Most commonly in the events studied, periods of
both intense and weak SKR bursts (relative to those preced-
ing the solar wind disturbance) were detected after solar wind
compressions (e.g. days 133–139 shown in Fig. 2). In gen-
eral, this study confirms that the emitted SKR power initially
increased when the solar wind was compressed. In addi-
tion, this study presents two examples of a reduction in emit-
ted SKR power when a reverse shock in the solar wind was
encountered. After this initial post-compression or reverse
shock burst, the behaviour is variable: sometimes intensified
and sometimes reduced, with no obvious cause in the IMF
data.

Now considering the modulation of the SKR bursts, we
note that overall the SKR continues to pulse close to the ex-
pected times (with respect to the Kurth et al. (2007) drifting
period) during and after the solar wind disturbances, when
examined over timescales significantly longer than the few
minute variations noted by Zarka et al. (2007), and allow-
ing for a similar deviation in time to that observed during the
non-compression intervals. There are two exceptions to this.
First, the initial powerful SKR burst described above does
not always fall coincident with a regular pulse of the SKR
e.g. on day 51 shown in Fig. 1. Also, there are the two oc-
casions mentioned above where the SKR emission detected
becomes very low. In these cases at least one SKR “beat” is
skipped, but when the SKR pulses return, they are in phase
with the Kurth et al. (2007) pulsing (see Fig. 3b). In addition
to the regular pulsing of the SKR, there are numerous “extra”
bursts at the same frequencies, of lesser or equal power, e.g.
days 208–212 in Fig. 3a.

Since there is as yet no complete theory on how SKR is
generated and controlled we do not attempt to give detailed
physical reasons for the observed variations in the emitted
power and phasing of the SKR. We can, however, suggest
how our observations may relate to those presented in other
studies. For example, Kurth et al. (2005a) noted that in-
tense SKR bursts were coincident with enhanced UV auro-
ral emissions during the January 2004 HST imaging cam-
paign. Cowley et al. (2005) attributed these enhanced auro-
ral emissions to large reconnection events in the magnetotail,
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which enhance the associated field-aligned currents. Such
enhanced currents are then a possible explanation for the in-
tense bursts of SKR observed shortly after the arrival of a
solar wind compression at Saturn’s magnetosphere. Simi-
larly, any intense “extra” peaks of SKR over the next few
days could be associated with further reconnection events, as
described by Bunce et al. (2005), Jackman et al. (2005) and
Mitchell et al. (2005). This is analogous to the behaviour
of terrestrial auroral kilometric radiation, which is enhanced
during reconnection events in the Earth’s magnetotail (e.g.
Gurnett, 1974). The frequent detection of the “extra” bursts
also affirms that parameters other than planetary rotation and
the solar wind conditions could affect the occurrence of SKR
bursts, e.g. the location of Saturn’s moons (Menietti et al.,
2007) which appear to influence the occurrence of tail recon-
nection events (Russell et al., 2008).

Kurth et al. (2005a) discussed in depth event 3 mentioned
above (25–31 January 2004, not shown here), when the
SKR detections became very weak, and stated that although
Cassini RPWS detected very little SKR emission, the Uni-
fied Radio and Plasma wave experiment onboard the Ulysses
spacecraft did measure SKR at the expected time. They
therefore attributed the lack of measurements by Cassini to
the source beaming effect mentioned above. Once the source
beaming phenomenon is satisfactorily understood and mod-
elled, its effects can be systematically accounted for when
studying SKR data series such as those included in this study.

To sum up our discussion of the SKR phasing, our analysis
suggests that while the period of the SKR pulses is varying
slowly over time (e.g. Galopeau and Lecacheux, 2000; Gur-
nett et al., 2005; Kurth et al., 2007), solar wind compressions
do not have a significant effect on the pulsing of the SKR
over the few-day timescales considered here. In the vast ma-
jority of our observations there continue to be SKR emission
peaks at the expected times, as well as additional bursts de-
tected under compression and rarefaction conditions. While
SKR bursts during the compression event are intensified or
reduced relative to those before the event, they usually con-
tinue to pulse at the same period as the preceding ones. The
pulsing of the bursts is therefore the same before and after
the compression events.

In conclusion, we have presented thirteen examples of
Cassini measurements of compressions in the solar wind,
and the corresponding SKR emissions observed by the space-
craft. We have examined the relative intensities of the SKR
bursts before, during, and after the solar wind disturbances,
and also compared the timings of the observed pulses with
those predicted using the Kurth et al. (2007) drifting SKR
period. The behaviour of the SKR following the compres-
sions was variable, however, we are able to draw some gen-
eral conclusions from analysis of the thirteen events included
in this study. Firstly we confirm that there was an overall
positive correlation between the change in solar wind dy-
namic pressure (using1|B| as a proxy) and the change in
emitted SKR power, as identified in Voyager data (Desch,

1982; Desch and Rucker, 1983), with a correlation coeffi-
cientC=0.37. The timings of the initial SKR intensifications
following the compressions can be independent of the long-
term phasing of the SKR bursts, but during the disturbed
interval the SKR continues to pulse close to the expected
times, within the tens of minutes variations observed before
the compressions. Distinct “extra” bursts of SKR emission
were also detected both before and during the compressions.
The intensity of the detected emissions during the disturbed
intervals is variable, sometimes remaining intense for several
days, sometimes reducing, and rarely disappearing. This re-
sult warrants further investigation in relation to theories on
the origin of SKR, and demonstrates that the SKR emissions
cannot be simply used as a diagnostic of the prevalent solar
wind conditions (e.g. when Cassini is inside Saturn’s mag-
netosphere) as was suggested before Cassini SOI (e.g. Zarka
and Kurth, 2005), without careful consideration of other in-
fluencing factors. This is in agreement with recent conclu-
sions drawn by Rucker et al. (2008) following calculation
of solar wind-SKR correlation coefficients. Our final con-
clusion is that, although variations in the SKR intensity are
observed, in general the modulation of the SKR bursts over
these few-day timescales was consistent before and after the
solar wind CIR compressions.
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peau, P., Ǵerard, J.-C., Grodent, D., Prangé, R., Dougherty, M.
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