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Space Environment of Giant Planets



Solar wind and internally driven cycles

Vasyliunas 1983Illustration of Dungey Cycle by Steve Milan



Long-standing small-scale magnetodisk reconnection process 

(Guo et al., 2019)

Magnetic reconnection can occur at the dayside magnetodisk 

(Xu et al., 2021)



100 kg/s

Saturn

Saturn aurora driven by both solar wind and internal geological processes



1000 kg/s

Jovian aurora driven by material released from Io

Jupiter



(Marklund et al., 2001)

Field-aligned currents

(Pilipenko et al., 2004)

Potential drop Alfvenic acceleration

Wave-particle interaction

Two acceleration mechanisms for auroral electrons



Yao et al., 2022

Jovian auroral response to solar wind compression

Bonfond et al. 2020 10/10 compression events show global auroral enhancements 

Solar wind compression may reduce corotation breakdown enforcement 
current, but the auroral precipitation associated with Poynting flux may 
be strongly enhanced.



Complex magnetic field structure of Jupiter

• Day side reconnection rate is too low to generate an Earth-like polar cap with open 
magnetic field lines on the time scale of the planet's rotation

• A small crescent-shaped polar cap and the formation of open magnetic field lines 
on the dusk side

• Most of Jupiter's polar cap is passed through by helical closed magnetic field lines

(Bagenal, 2007)

不适用

(Zhang et al. 2021)



(Zhang et al., 2024)

A unified framework for global auroral morphologies of different planets



closed

IMF

open

open

(Chen et al., 2023) (Xu et al., 2024)

Asymmetry: Dusk side cusp region



(Treumann, 2006)

Cyclotron maser instability
HOM source

(Collet et al. 2024)



• SKR excited by the auroral precipitating electrons via cyclotron maser instability (CMI) (Wu and Lee, 1979).

(Kurth et al., 2016)

neighboring rotations show a stable two-sector structure at the
Sun. The recurrence period of the identified features in Fig. 1 is
closer to 28 days than the expected 25. We note that similar vari-
ations from the expected period are reported by Jackman et al.
(2005) in their Fig. 3. Burlaga et al. (2003) discuss the Corotating
Merged Interaction Region (CMIR) zone between 5 and 25 AU
and give model results and also Voyager observations near 15 AU
that show a broad peak in the B/hBi spectrum at 26 days, where
hBi is the yearly average magnitude of B. A period of 28 days is well
within this broad peak.

The high pressure streams at the sector interfaces compress the
magnetosphere and cause intensifications of the SKR (Jackman
et al., 2005) often resulting in SKR LFEs (Badman et al., 2008). This
structure is also discussed by Hsu et al. (2016). There are additional
intensifications of SKR in Fig. 1 that may be associated with other
compressional structures in the solar wind not related to the CIRs
or due to internal dynamics in Saturn’s magnetosphere (Jackman
et al., 2009), an example of which was identified by Lamy et al.
(2013) on day 028 of 2009. We present the campaign here in three
sub-intervals and concentrate on the SKR measurements and
related HST images.

2.1. April 4–7, 2013

The initial interval included in the spring 2013 Saturn auroral
campaign includes only one visit on 5 April (day 095) 2013 for

HST imaging, hence, does not provide, on its own, the possibility
for studying the dynamics of Saturn’s aurora. However, it does pro-
vide observations during the passage of a corotating interaction
region (see Fig. 1). Fig. 2 shows Cassini RPWS observations of
SKR for the interval 4–7 April (days 094–097) 2013. The frequency
range of the spectrogram is 4 kHz to 2 MHz, designed to include
the full range of SKR emissions, including the LFEs that are indica-
tive of magnetospheric compressions. It should be noted that while
the primary emissions appearing in this spectrogram are SKR, there
are sometimes a series of narrowband emissions centered near
5 kHz and also in the range of 20–30 kHz that appear. These emis-
sions are not spectrally related to the SKR, however, Louarn et al.
(2007) suggest that they may be temporally related via magneto-
spheric dynamics in a sense similar to the relation of nKOM to
HOM intensifications at Jupiter (Louarn et al., 2000, 2001, 2014).
The narrowband emissions have been studied extensively by Ye
et al. (2009, 2010) and Wang et al. (2010).

Superposed on the spectrogram is a white trace that represents
the integrated SKR power flux as a function of time. Because of the
expanded time scale compared to Fig. 1, the integrated power flux
is computed by integrating from 20 kHz to 1 MHz using a sliding
1-h average every 10 min. No attempt is made to filter the narrow-
band emissions, but the relatively low amplitude and small band-
width limits the effect of them on the integrated power. Note that
the smaller averaging interval results in somewhat larger peaks
than those shown in Fig. 1. Because the detected power will fall
with the distance to the source, r, as r!2, the integrated power is
scaled to 20 RS. However, this correction assumes the source is at
the center of Saturn, hence, when Cassini is very close to Saturn,
this correction is suspect depending on the actual source position
and its distance from the spacecraft. It should be noted that Cassini
executed a close flyby (altitude 1400 km) of Titan at 21:44 on 5
April. As is often the case, Titan’s high density ionosphere can
occult some or all of the SKR sources, hence, a decrease in the
SKR amplitude near Titan closest approach is due to such an occul-
tation. The peak integrated power flux (1-h average) approaches
10!9 W m!2 late on 5 April (day 095), but is high over most of
the day. In fact, the power fluxes in this interval exceed the
1% occurrence level reported by Lamy et al. (2008). The SKR
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Fig. 1. Saturn kilometric radiation observations over the spring 2013 Saturn auroral
campaign. The intensity of the radio emissions as a function of frequency in time is
coded according to the color bar on the right. The superposed white trace is a sliding
10-h integration of SKR power from 20 kHz to 1 MHz scaled to a distance of 20 RS.
Panel (a) shows observations from a 25-day interval beginning with April 2, 2013.
Panel (b) includes the 25-day interval beginning with April 27. Apparently
repeating intervals of enhanced SKR activity are identified as due to the likely
passage of CIRs associated with a two-sector solar wind. The two sets of arrows
labeled CIR 1 and CIR 2 are separated by about 28 days and represent the
approximate onset times of the intensifications on days 094 and 122 for CIR 1 and
days 112 and 140 for CIR 2. The departure from the expected 25-day period is
discussed in Section 2.
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Fig. 2. SKR observations for the day 094–097 interval showing extensive auroral
activity beginning late on day 094 and continuing for most of the interval. The
white trace shows 1-h sliding averages of SKR power integrated from 20 kHz to
1 MHz. This auroral activity is thought to be initiated by the interaction of a
corotating interaction region (CIR 1 as indicated in Fig. 1) compressing the
magnetosphere. An auroral image captured by HST at the time of the arrow is given
in Fig. 3.
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beaming pattern of the radio emissions. However, to investigate
this further, we have repeated the experiment using 44-min
averages of SKR that match the acquisition times for the UV
images and the averaging interval for the UV power. The result is
shown in Fig. 11. In fact, the fit parameters are very similar to those
using the 10-h SKR averages with x = 3.362 ± 0.465 and
y = 0.157 ± 0.041 (the first factor being 2301). However, the distri-
bution of points along the fit is more scattered and the R2 is only
0.55. The poorer correlation is consistent with the findings of
Lamy et al. (2013) that it is important to average the SKR power
of a time suitable for all of the radio sources to rotate though the
RPWS radio beam. This result tends to increase our inclination to
use an SKR averaging interval close to a rotation period, but also
indicates that the longer average does not seem to affect the rela-
tionship between PUV and PSKR, appreciably. It should also be noted
that by combining the observations over the three intervals as
done here, we have introduced another variable – that of measure-
ments obtained in different locations. Since there are local time
and latitudinal variations in the observed intensities of SKR
(Lamy et al., 2008), these variations will decrease the correlation

between the observed SKR integrated power flux and the power
in the UV aurora.

4. Summary and conclusions

This paper presents observations of Saturn kilometric radiation
during the spring 2013 Saturn auroral campaign as a means of pro-
viding some measure of auroral activity over the campaign given
that such a campaign cannot support anything close to continuous
monitoring at UV, visual, or IR wavelengths. Given the known
influence of solar wind dynamics on both SKR intensity (Desch,
1982) and auroral activity at Saturn (e.g. Crary et al., 2005;
Clarke et al., 2005), the SKR integrated power is also a proxy for
solar wind activity. This is because the RPWS antenna system pro-
vides nearly 4 steradians of visibility to SKR wavelengths, meaning
spacecraft attitude does not preclude detection of the signal. (It is
important to say that the antenna geometry IS important for the
successful employment of radio direction-finding and polarization
studies of the SKR.) We have shown that there is a good correlation
between 10-h averages of SKR power flux and the power estimated
input to the aurora on the basis of the UV brightness, justifying the
SKR as a simple proxy for auroral activity through the campaign.
Certainly, as pointed out by Lamy et al. (2013), the instantaneous
SKR power flux is difficult to interpret given the highly anisotropic
and beaming properties of the emission and the complex, distrib-
uted set of radio sources present at any given time in Saturn’s polar
regions.

The SKR emissions give evidence for a recurrent pattern of solar
wind interaction with Saturn’s magnetosphere, suggesting a two-
sector structure and associated corotating interaction regions
influencing the level of auroral activity on Saturn. But there are
other SKR intensifications that may be due to internal processes.
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Fig. 9. Overlay of power input to Saturn’s aurora based on UV intensities from HST
imaging and integrated SKR power flux from 20 kHz to 1 MHz. No mathematical
relation was used to set the UV and SKR power scales used in this figure; they were
adjusted to illustrate the apparent relation between the two indicators of auroral
activity.
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Fig. 10. A scatter plot of power input to the aurora determined from HST imaging
and 10-h averages of SKR power integrated from 20 kHz to 1 MHz centered on the
times for the images. The fit was over all points except for the ‘x’ as explained in the
text.
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Fig. 11. A comparison of power input to the aurora based on HST UV images an SKR
power integrated from 20 kHz to 1 MHz for the same 44-min intervals used for
acquiring the images. While the fit is very similar to that shown in Fig. 10 for 10-h
SKR averages, the coefficient of determination R2 is smaller. This is likely a result of
not averaging over a sufficient time for Cassini to be exposed to the SKR beams from
all of the radio sources distributed through Saturn’s polar regions.

8 W.S. Kurth et al. / Icarus 263 (2016) 2–9

• Good correlation between 10-h averaged SKR power and auroral UV brightness level.

CMI emissions as a proxy of auroral activity



(Zarka, 2000)

Jovian radio emissions

(Zarka et al., 2001)

• Closely related to particle and energy transport
• Low frequency radio components: QP, nKOM, bKOM, HOM and DAM

(Zarka, 1998, 2004;  Kurth et al., 1989;  Gurnett et al., 1983;  Kaiser and Desch, 1980)
• bKOM auroral field lines; nKOM outer edge of Io plasma torus

(Kurth et al., 1980; Ladreiter et al., 1994; Reiner et al., 1993)



(Gurnett et al., 2002)

(Yao et al., 2022)

Jovian radio emissions response to solar wind

• HOM triggered by interplanetary shock
 (Gurnett et al., 2002)

• non-Io DAM preferably observed during solar wind compression, 
intensity increasing with dynamic pressure 

(Hess et al., 2012)
• HOM and non-Io DAM significantly enhanced during solar wind 

compression
 (Yao et al., 2022)



Compressed magnetosphere 
50 Hz-140 kHz spectrogram
White line fce

Uncompressed magnetosphere
50 Hz-140 kHz spectrogram
White line fce

bKOM observation w/wo solar wind compression



• Longer duration and larger frequency range of bKOM during solar wind compression events.
• The bKOM source extended in altitude and longitude

(Chen et al. 2024)

bKOM duration and frequency range increase during compression 



Credit: Gladstone

• Driven by precipitating ions pitch-angle scattered by EMIC 
waves into the loss cone.

• Tens of minutes periodicity 
(Gladstone et al., 2002)

• EMIC waves modulated by the compressional waves 
(Yao et al., 2021)

(Yao et al., 2021)

Jovian soft X-ray aurora



Compressional waves in Jovian plasma sheet boundary layer



Jovian aurora and Alfven waves

Pan et al. 2021

Aflven waves likely the main source of power for driving the 
Jovian aurora



Correlation of Jovian radio and ULF waves

Confirming the critical role of Alfvén waves in magnetosphere-ionosphere coupling 
at giant planets.



• Solar wind compression enhances planetary auroral emissions, suggesting 
the Alfvenic waves are probably the major contributors for planetary aurorae

• Perturbation caused by the solar wind modifies/modulates the properties of 
the plasma within the magnetosphere. 

• Non-thermal distributions in the plasma provide energy for the generation of 
radio emissions and plasma waves.

• Radio emissions and auroras offer mutually complementary observational 
insights, revealing spatial-temporal dynamics of energy dissipation in polar 
regions of Jupiter.

Summary



Radio Arrays in China

NSSC
Daocheng
Solar Space 
Weather
150-450 MHz

NAO
Tianlai 
Cosmo
400-1500 
MHz

NAO
QUEST
Pulsars FRB
1050-
1450MHz



Thank you!


