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Abstract. The European Space Agency’s spacecraft
ROSETTA has reached its final destination, comet
67P/Churyumov-Gerasimenko. Whilst orbiting in the
close vicinity of the nucleus the ROSETTA magnetome-
ters detected a new type of low-frequency wave possibly
generated by a cross-field current instability due to freshly
ionized cometary water group particles. During separation,
descent and landing of the lander PHILAE on comet
67P/Churyumov-Gerasimenko, we used the unique op-
portunity to perform combined measurements with the
magnetometers onboard ROSETTA (RPCMAG) and its
lander PHILAE (ROMAP). New details about the spatial
distribution of wave properties along the connection line
of the ROSETTA orbiter and the lander PHILAE are
revealed. An estimation of the observed amplitude, phase
and wavelength distribution will be presented as well as
the measured dispersion relation, characterizing the new
type of low-frequency waves. The propagation direction and
polarization features will be discussed using the results of a
minimum variance analysis. Thoughts about the size of the
wave source will complete our study.

Keywords. Interplanetary physics (interplanetary magnetic
fields) – space plasma physics (waves and instabilities) –
space plasma physics (instruments and techniques)

1 Introduction

After a 10-year flight the ROSETTA spacecraft (Glass-
meier et al., 2007a) arrived at its final target comet
67P/Churyumov-Gerasimenko (67P/C-G) in August 2014.
At that time 67P/C-G was at a heliocentric distance of about
3.6 AU and its gas production rate was about 2× 1025 s−1 as
reported by Gulkis et al. (2015). Neither any major plasma
regions or boundaries were developed, nor a bowshock or a
magnetic cavity formed at that time. Therefore, only plasma
interactions of a weak comet as described by, e.g. Rubin
et al. (2014) were expected in sharp contrast to the flybys
at the more active comets 1P/Halley (Neubauer et al., 1986),
26P/Grigg-Skjellerup (Neubauer et al., 1993; Glassmeier and
Neubauer, 1993), 21P/Giacobini-Zinner (Smith et al., 1986),
and 19P/Borrelly (Richter et al., 2011).

Nevertheless the orbiter magnetometer RPCMAG ob-
served magnetic, low-frequency waves with frequencies
around 30–50 mHz and relative amplitudes up to about
δB/B ∼ 1− 2 (Richter et al., 2015) almost continuously
since ROSETTA had reached a distance of about 100 km to
67P/C-G in August 2014. These waves and their generation
mechanism are clearly distinct from waves observed at other
comets (Volwerk et al., 2014; Glassmeier et al., 1989).

In the months after arrival at 67P/C-G, ROSETTA oper-
ated under different conditions and at various distances to the
comet. Thus, a comprehensive insight into the frequency and
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amplitude characteristics of these waves may be gained. No
information, however, could be retrieved on the wavelengths,
velocities and the dispersion relation as only single-point
observations were available. This situation changed during
separation, descent (and rebound) and landing (SDL) of the
ROSETTA lander PHILAE on 12 November 2014. During
the 1.5 days of joint operations of the orbiter magnetometer
RPCMAG (Glassmeier et al., 2007b) and the lander magne-
tometer ROMAP (Auster et al., 2007), wave observations at
two different, spatially changing locations, were made which
allow to deduce wavelength, velocity and propagation infor-
mation as well.

In this paper we will give a short overview of the
ROSETTA mission and the plasma instrumentation in
Sect. 2. Section 3 includes the temporal and spatial evolu-
tion of wave properties and thus extends the findings pre-
sented in Richter et al. (2015) using also later observations.
Particularly the energy density in a certain frequency band is
a well-proven means to characterize wave properties and to
compare wave observations made by different instruments at
different locations. A detailed description of the SDL phase
with its changing spacecraft separation distance and com-
bined orbiter-lander observations, concentrating on the time
interval between separation and landing of PHILAE, is pre-
sented in Sect. 4. Section 5 contains an example of a joint
RPCMAG/ROMAP wave observation and an illustration of
the high correlation of the detected waves. The frequency
distribution of the waves will be analysed as well as the spa-
tial separation dependence of the measured wave amplitudes.
The extended treatment of our measurements including cor-
relation techniques will lead us to the determination of the
two point wave phase relations and the estimation of wave-
lengths. With knowledge of these parameters a dispersion re-
lation of the observed waves can be determined. A minimum-
and maximum-variance analysis reveals propagation proper-
ties.

As all measurements and analysis techniques are affected
by certain errors a systematic error estimation is given in
Sect. 6 in order to be able to draw the right conclusions in
Sect. 7.

2 Mission overview and instrumentation

ESA’s comet chaser mission ROSETTA (Glassmeier et al.,
2007a) – launched in March 2004 – is designed for long-term
cometary science studies in various scientific disciplines. Af-
ter four planetary swingbys, two asteroid flybys, and a 2
and a half year hibernation period, ROSETTA was success-
fully turned on again in January 2014. After several innova-
tive orbital manoeuvres it reached its target comet 67P/C-G
on 6 August 2014 at a heliocentric distance of 3.6 AU. Un-
like former cometary missions such as GIOTTO to comet
1P/Halley (Neubauer et al., 1986) and 26P/Grigg-Skjellerup
(Neubauer et al., 1993; Glassmeier and Neubauer, 1993),

ICE to 21P/Giacobini-Zinner (Smith et al., 1986) and DS1
to comet 19P/Borrelly (Richter et al., 2011) the Rosetta mis-
sion remained close to the comet nucleus (∼ 10–250 km) for
several months with relative velocities less than 1 m s−1.

As not only observations in close vicinity of the target
body but also measurements on the surface of 67P/C-G were
intended to be conducted, the ROSETTA mission was de-
signed to comprise two spacecraft: an orbiter observing the
comet in varying distances between a few kilometres up to
a few hundred kilometres, and the Lander PHILAE, per-
forming measurements on the surface of 67P/C-G. PHILAE
was successfully separated from the orbiter on 12 Novem-
ber 2014 at 08:35 UTC and performed its final landing at
17:31 UTC (Heinisch et al., 2016) after 9 h of descent. At the
time of the landing 67P/C-G was at a heliocentric distance
of 2.99 AU (Biele et al., 2015). The cometary activity over
the August to November 2014 time period remained nearly
constant, with a gas production rate of∼ 1×1026 s−1 (Bieler
et al., 2015).

As ROSETTA is supposed to investigate plasma-physical
properties in the surroundings and on the surface of 67P/C-G,
it is equipped with two plasma packages, each of which con-
taining a magnetometer experiment. The ROSETTA Plasma
Consortium (RPC) (Carr et al., 2007) is a suite of five plasma
sensors onboard the orbiter, and the ROMAP instrument
(Auster et al., 2007) is a double-featured sensor comprising
of a magnetometer and a plasma-monitor located on PHI-
LAE.

The RPCMAG instrument, as part of RPC, is comprised
of two triaxial fluxgate magnetometer sensors (FGM) (Glass-
meier et al., 2007b) which are mounted on a 1.5 m long boom
outside the orbiter, separated from each other by 15 cm. Due
to this short boom, the small separation distance and a mag-
netically heavily polluted spacecraft, the magnetic field data
were strongly disturbed by thrusters, transient currents, re-
action wheel movements and heater currents. Therefore, re-
moval of the time varying magnetic disturbance fields was a
difficult task and data interpretation has to be conducted very
carefully. RPCMAG can measure fields up to ±16 000 nT
with a resolution of 31 pT and a maximum sampling rate of
20 magnetic field vectors per second (burst mode).

The low-frequency waves, being the object of this study,
occur in a frequency range (∼ 20–50 mHz) where the con-
tamination with spacecraft bias fields plays an insignificant
role. We use RPCMAG data of the highest available cali-
bration and cleaning level for our analyses: ground calibra-
tion results have been applied and furthermore the frequency
dependent influence of ROSETTA’s four rotating reaction
wheels has been eliminated successfully. This was possi-
ble by knowledge of the wheel rotation frequencies which
are provided as spacecraft-housekeeping parameters every
32 s. In the magnetic field raw data the wheel disturbance
of ∼ 2 nT peak-to-peak amplitude occurred in the measure-
ment baseband (0–10 Hz, mainly in the band above 1 Hz) as
image frequencies of the original rotation frequencies (up to
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1500 rpm) by multiple mirroring at the Nyquist frequency.
The elimination was performed in the frequency domain by
reducing the amplitude at the expected disturbance frequency
down to the level of the surrounding spectral neighbourhood
of the regarded data point. Calibration of the data and clean-
ing algorithms were employed to ensure that our analysis re-
veals real plasma effects and does not deal with spacecraft
generated signatures.

The ROMAP magnetometer (Auster et al., 2007) onboard
PHILAE is a single triaxial FGM sensor located on a 60 cm
boom which was deployed roughly an hour after PHILAE
was separated from the orbiter. ROMAP can measure fields
up to ± 2000 nT with a resolution of 10 pT and a maximum
sampling rate of 64 vectors per second. Due to operational
constraints ROMAP had to be operated with the low vector
rate of 1 Hz during SDL.

3 Evolution of wave activity deduced from long-term
RPCMAG observations

The magnetometer is designed to be a low power consum-
ing instrument which also generates only a small amount of
telemetry packages. Therefore, RPCMAG has been allowed
to operate almost continuously since spring 2014 while
ROSETTA was still at about 1 million km away from the tar-
get comet. Thus, measurements spanning 1 year are avail-
able in order to study the new wave phenomena. All mag-
netic field observations described in this work are presented
in the Cometary-centered Solar EQuatorial-coordinate sys-
tem (CSEQ). Here the +x axis points from the comet to the
Sun, the +z axis is the component of the Sun’s north pole
of date orthogonal to the +x axis, and the +y axis com-
pletes the right-handed reference frame. The origin of the
coordinate system is the comet’s centre of mass. All celestial-
geometrical calculations were performed using the freely
available, versatile SPICE software package (Acton, 1996).
All errors given in this work are stated as error of the mean
value, i.e. standard deviation divided by the square root of
the number of datapoints.

Using the RPCMAG instrument we started to detect low-
frequency waves at the beginning of August 2014 at a dis-
tance of ∼ 100 km to 67P/C-G (Richter et al., 2015). In
the meantime several months of successful operations were
conducted allowing for a more detailed statistical analysis.
Fig. 1 illustrates an example of well developed magnetic
field waves observed by RPCMAG on 8 January 2015 be-
tween 22:00 and 22:15 UTC. The spacecraft was operating
at a distance of ∼ 27.5 km from the nucleus at that time. The
shown waves are characterized by amplitudes of ∼ 6 nT, a
δB/B ∼ 1 , and frequencies of ∼ 28 mHz. These amplitude
and frequency values are typical for the newly detected low-
frequency waves at 67P/C-G and first described by Richter
et al. (2015).

Figure 1. Magnetic field measurements made by RPCMAG on 8
January 2015, 22:00–22:15 UTC, as an example for the detection of
low-frequency waves. Large-amplitude waves with a frequency of
28 mHz are clearly visible. The spacecraft position at that time was
(0.2, −27, 5) km in the CSEQ-coordinate system.

In order to systematically investigate the temporal and
spatial evolution of the wave activity, the energy density in
the 10–100 mHz band has been calculated by integrating the
power spectral density for almost 9000 hourly intervals. As a
result Fig. 2 shows the radial dependence of the wave activ-
ity represented as the logarithm of the wave energy density
as a function of spacecraft comet distance. The plot covers
the first part of the ROSETTA’s comet phase between May
2014 and April 2015 continuously.

As expected, measurements sampled from the solar wind
over the time period of May–August 2014 (violet part) re-
vealed very low and featureless energy density levels. How-
ever, the onset of wave activity at∼ 100 km altitude from the
Comet’s surface is associated with an abrupt increase of the
energy density that persists up to the point that ROSETTA
reached at a distance of 10 km in October 2014 (blue part).

Over the following months, between November 2014 and
April 2015, ROSETTA moved again to larger distances
(green part). However, as seen in Fig. 2, the energy density
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Figure 2. The energy density of the observed waves in dependence
of the radial distance between ROSETTA and 67P/C-G for 1 year
of observations. Time segments are colour-coded.

does not decrease again. This clearly indicates that wave ac-
tivity strongly depends not only on radial distance to the nu-
cleus but also on cometary activity which increased in the
following months due to a decreasing comet-sun distance.
A measure for the cometary activity is the gas production
rate which increased by a factor of 3 from 1.5× 1026 s−1 in
November 2014 to 4.5× 1026 s−1 in March 2015 according
to K. C. Hansen (personal communication, 2015).

4 Joint RPCMAG–ROMAP observations

At 12 November 2014 – the day of landing – we had the
unique opportunity of operating the two ROSETTA magne-
tometers in parallel at different locations. Thus, we use the
descent phase of PHILAE to collect magnetic field data with
both instruments, compare the waves detected with both sen-
sors and analyse the relative wave phase shifts in order to
estimate wavelength and wave velocity.

On 12 November 2014 at 08:35 UTC PHILAE separated
from ROSETTA. This occurred at a distance of ∼ 22.38 km
from the comet (Biele et al., 2015). PHILAE veered away
from the orbiter with a relative velocity of ∼ 0.7 m s−1. The
temporal evolution of the radial distance between both space-
craft is shown in Fig. 3. The descent of PHILAE lasted
for ∼ 7 h, while its first touchdown occurred at 15:34 UTC
at a distance of ∼ 15 km from ROSETTA. PHILAE expe-
rienced two more ground contacts at 16:20 and 17:25 UTC
before it settled in a fixed location on the comet’s surface at
17:31 UTC (Auster et al., 2015). During PHILAE’s journey,
ROSETTA was slowly moving away from the comet.

Figure 4 exhibits the separation and descent scenario
in more detail. The projected trajectories of both space-
craft including time-tags and the connecting lines between
ROSETTA and PHILAE illustrate the spatio-temporal de-
velopment of the spacecraft movements. During PHILAE’s
descent to 67P/C-G the distance between the vehicles in-

Figure 3. Temporal evolution of the distance between ROSETTA
and PHILAE and also between PHILAE and 67P/C-G (centre) dur-
ing the descent to 67P/C-G on 12 November 2014. The shown tra-
jectories have been generated using the latest nominal kernels being
available.

creased continuously. The arc-like motion of PHILAE after
17:31 UTC is due to the common rotation with the comet.

A closer look at the direction of the shown imaginary lines
connecting the two spacecraft reveals that these lines are ap-
proximately parallel over the time of descent. This important
geometrical feature will be considered later during the esti-
mation of the projected wavelength and the determination of
the wave direction. In this context also the mean background
field measured by RPCMAG shall be taken into account. It
can be calculated by averaging the measured field over cer-
tain time intervals. From the background field point of view
the descent phase can be split into three major time intervals
showing three different field configurations:
< B0>=(−5.5,−0.1,4.6)± (0.02,0.02,0.02) nT
from 10:20 to 12:40 UTC,
< B0>=(−3.6,−5.3,7.9)± (0.02,0.03,0.02) nT
from 12:50 to 16:00 UTC and finally
< B0>=(−0.3,−0.8,0.4)± (0.03,0.03,0.03) nT
from 16:00 to 18:00 UTC. These values imply that the aver-
age angles between background field and the orbiter-lander
connecting line changed as well and are given by (154.5◦±
0.3◦), (112.3◦± 0.14◦), (98.0◦± 1.85◦) for the three time
intervals. One can see that this angle follows a decreasing
trend, meaning that the background field rotates against a di-
rection perpendicular to the orbiter-lander connecting line.
The average angle is roughly about 121◦.

During SDL the orbiter magnetometer RPCMAG was per-
manently operating at 20 Hz sampling rate whereas the lan-
der magnetometer ROMAP was operated at 1 Hz sampling
rate. Due to this operational constraint the RPCMAG data
had to be undersampled to an effective sample rate of 1 Hz
in order to be directly comparable with ROMAP data. This
reduction is done by just picking out every 20th raw vector
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Figure 4. Projection of the two spacecraft trajectories in the xy-, xz-, and yz-planes of the CSEQ-system during the SDL phase. PHILAE’s
trajectory (red) and ROSETTA’S trajectory (blue) are shown including time-tags. The violet dash-dotted lines illustrate the orbiter-lander
connecting lines at selected times. The data were derived from nominal SPICE kernels.

and resampling the data in order to be aligned to the ROMAP
time tags.

To eliminate the effects imposed by internal spacecraft
disturbance sources to the magnetic field data, a 1st order
Butterworth-bandpass filter (Butterworth, 1930) was applied
in the 10–100 mHz range. This technique allows us to con-
centrate in the frequency range of 20–50 mHz, which is the
main interest of our analysis.

It should be noted that the lander attitude, i.e. the orien-
tation of the Lander frame, in which the ROMAP data were
measured, was primarily unknown during descent and land-
ing as it could not be linked to any celestial coordinate system
of reference. However, correlating RPCMAG and ROMAP
data and rotating the ROMAP data to the RPCMAG system
using a fit algorithm for minimizing the deviation of both
datasets as described by Heinisch et al. (2016), allows for
the determination of the lander attitude and the transforma-
tion of the ROMAP data to the CSEQ system as well. How-
ever, the attitude can not be calculated for all times during
SDL, as on the one hand the correlation between RPCMAG
and ROMAP is not high enough for certain intervals and on
the other hand the complex rotation/nutation/precession of
PHILAE precludes a proper derivation of geometrical pa-
rameters. Therefore, ROMAP data are available in a celes-
tial linked coordinate system for selected intervals only. An
impression of the manifold movement during descent can be
received from the video sequence of the reconstructed flight
(Heinisch and Finke, 2015). The available attitudes during
descent and landing are in excellent agreement to OSIRIS1

and CONSERT2 observations (Sierks et al., 2015) as well as
to the SONC3 calculations (Jurado et al., 2016), giving us
additional confidence that we have the correct orientations.

1Camera experiment onboard ROSETTA
2COmet Nucleus Sounding ExpeRimenT onboard ROSETTA &

PHILAE
3Science and Operation Navigation Center, Toulouse,France

Figure 5. An example of 10 min parallel measurements of RPC-
MAG & ROMAP data during the PHILAE descent. Waves with
frequencies of ∼ 30 mHz can clearly be seen in both time series.

5 Observational results

5.1 An example of joint magnetic field registration

Figure 5 shows a typical example of a processed magnetic
field time series. Here all three magnetic field components
measured by RPCMAG (green) and ROMAP (red) are dis-
played together within a 10 min interval on 12 November
at 14:13–14:23 UTC. This interval illustrates the typical be-
haviour of the magnetic field during SDL. At this time the
distance between PHILAE and ROSETTA was ∼ 11.5 km,
and PHILAE was still ∼ 6.5 km away from the centre of
67P/C-G.

Waves with frequencies of ∼30 mHz can clearly be seen
in both time series. The amplitudes of the waves at this
time are roughly the same and the waves seen here are well-
correlated, which means that the instruments are operating in
the same plasma environment and scanning the same wave
field.
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Figure 6. Correlation coefficients Rxx (blue), Ryy (red) and Rzz
(green) of the six magnetic field components measured by RPC-
MAG and ROMAP. Correlation has been calculated using moving
300 s intervals and plotted versus the lander-comet distance. The
horizontal line at R = 0.7 designates the usual lower confidence
level.

5.2 Correlation of the observed waves

The magnetic field data of the 10 min time interval presented
in Fig. 5 already indicates that magnetic measurements
of both instruments are highly correlated during the SDL
phase. A detailed correlation survey of pairwise analysed
components from both instruments (BROMAP

x ,BRPCMAG
x ),

(BROMAP
y ,BRPCMAG

y ), (BROMAP
z ,BRPCMAG

z ) confirms their
high degree of correlation (Fig. 6). The Pearson correlation
coefficients Rxx (blue), Ryy (red) and Rzz (green) of the
six magnetic field components are plotted versus the lander-
comet distance, for all times, where data of both instruments
are available. This analysis has been performed on moving,
not overlapping 300 s intervals in order to investigate the
datasets with a suitable granularity of time. Furthermore, the
data have been shifted against each other in order to find the
maximum correlation. The required shift of the individual in-
tervals is in the order−2±0.5 s without evidence of a unique
pattern. The obtained results show that for 67 analysed inter-
vals the correlation coefficients are above 0.7, while only 21
exhibit correlations below 0.7. This indicates that in 76 % of
all cases where data are available, our separated instruments
detected collective plasma structures and waves.

A rough estimate of the correlation length lc = τcv can
be calculated with knowledge of the coherence time τc and
a typical propagation velocity v. The coherence time τc is
the time lag for which the modulus of the normalized cross
correlation function is decayed to 1/e. From the analysis
we obtain maximum coherence times of τ = 8 s. A typical
wave propagation velocity is the phase velocity vp. As shown
further down this is about (6.1± 0.8) km s−1 in the present
regime. Thus, the coherence length becomes roughly 48 km

which is above the maximum orbiter-lander separation dis-
tance.

Predominantly high correlation coefficients between the
waves observed with RPCMAG and ROMAP in all the vis-
ited areas allow us to draw conclusions about the plasma en-
vironment. Collective plasma oscillations occur on length-
scales larger than the maximum orbiter-lander distance.
Therefore, the wavelength of the observed waves must be
also much larger than the maximum distance between orbiter
and lander and thus any spatial aliasing effects do not play
any role – otherwise the correlation coefficients (and the re-
quired time shift to obtain max. correlation) would show a
significant spatial variation. Hence, we conclude from the
correlation analysis that the wavelengths have to be larger
than 18 km.

5.3 Frequency distribution of the observed waves

The frequency of the waves is one key characterization pa-
rameter, as it reflects the processes that the plasma undergo.
For a dynamic frequency analysis within the complete de-
scent and landing phase the magnetic field data have to be
treated in a special way. As mentioned previously, first or-
der Butterworth bandpasses with 10 and 100 mHz corner fre-
quencies have been applied twice (forward and backward in
time in order to avoid phase shifts). Furthermore the com-
plete time series are split into chunks of 1200 s intervals
which are shifted forward by 60 s in each step. Each of these
intervals is cut into 300 s wide windows which is shifted by
only half window widths, namely 150 s, in order to achieve
a reasonable overlap and to perform a statistical significant
frequency analysis. Thus, each 1200 s interval is divided into
seven smaller intervals of 300 s, which are used to obtain av-
eraged spectral information by summing up the individual
results of the single windows. The chosen interval lengths
turned out to be a suitable compromise between the low fre-
quencies to be analysed and the fewer data points available
during SDL.

For the proper assessment of the estimated frequencies
three different types of frequencies are determined from the
datasets: first ROMAP and RPCMAG time series are inves-
tigated separately and the two individual frequencies of the
maximum wave power are calculated using dynamic power
spectral analyses during the mentioned intervals above. In
addition a cross-spectral analysis is executed using both
datasets together and the frequencies of the maximum cross
power is determined as well. The three resulting histograms
of the calculated frequency distributions are presented in
Fig. 7. The figure includes several interesting features: firstly,
the observed frequency distributions for RPCMAG (green),
ROMAP (red) and the maximum cross-power frequency
(light-blue) show remarkable similarities. Secondly, there is
no distinct single wave frequency but a broadband excitation
in the 10–45 mHz range, not inconsistent with the (Richter
et al., 2015) results that reported magnetic field oscillations
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Figure 7. Normalized histograms (using 32 bins) of the most
prominent frequencies for measurements by RPCMAG (green) and
ROMAP (red). The flywheel signature of PHILAE at∼ 15 mHz can
clearly be identified. The blue histogram reflects the distribution of
the frequencies at which the maximum cross power spectral density
of both instrument datasets occurs.

with a typical value of ∼ 40 mHz. However, the most dom-
inant frequencies measured by both instruments in parallel
are in the order of 25 mHz, as can be seen in the cross-
power frequency distribution without a doubt. Third, the
ROMAP data exhibit a much higher spectral content in the
band around 15 mHz. The appearance of maximum power
at these frequencies is due to the frequency aliasing signa-
ture of PHILAE’s flywheels which are mirrored into this fre-
quency band. This disturbance, however, could not be elim-
inated as the exact frequencies are not known due to a lack
of lander housekeeping parameters at SDL. Hence, we con-
clude that the RPCMAG data and the signal in the undis-
turbed frequency band of the ROMAP data show a very sim-
ilar frequency distribution. This is doubtlessly reflected in
the distribution of the frequency of maximum cross-power.
For the further analysis we concentrate purely on this fre-
quency of max cross-power. Furthermore we only use time
intervals where the correlation of both datasets is larger than
R = 0.75, where the coherence is larger than 0.75 as well
and where the cross power spectral density (rms) is larger
than 2700 nT2 Hz−1 in order to select statistical significant
intervals only.

Further information about the occurring frequencies of
max cross-power is provided in Fig. 8. Here the spatial fre-
quency distribution in dependency of the orbiter-lander dis-
tance is displayed. For times just after separation no obser-
vations are available, because the ROMAP boom was not de-
ployed until 08:56 and ROMAP was therefore operating in-
side the ambient noise of PHILAE. Furthermore, the early
phase of the descent was characterized by only low wave ac-
tivity causing problems in determining PHILAE’s attitude, as
the attitude calculation – based on magnetic field measure-
ments – is only possible if significant, collective magnetic
variations are present.

Figure 8. Profile of the most significant wave frequency (including
gray error bars) versus the orbiter-lander distance. The frequency
at which the cross-spectral density of RPCMAG and ROMAP mea-
surements reaches its maximum value is plotted against the distance
between ROSETTA and PHILAE during descent.

Nevertheless the plot reveals an interesting pattern. There
seems to be a trend showing that lower frequencies appear
at larger ROSETTA-PHILAE distances. However, as these
measurement were made at different times, a purely temporal
dependency – or a dependency of any other changing plasma
entity – could be causing this finding as well.

As described by Richter et al. (2015) the waves are as-
sumed to be generated by a cross-field-current instability. As
both the wave source as well as the two observing space-
craft are almost stationary in the nucleus rest frame (the ve-
locities with respect to the CSEQ frame are in the order of
1 m s−1), any Doppler shift between wave transmitter and
receiver, which usually has to be taken into account when
discussing waves in the streaming solar wind, need not be
considered here – the wave generator and the observer are
located in the same frame. Furthermore, the interaction re-
gion is too small and the interaction time too short to accel-
erate the wave-carrying medium to significant velocities that
might require Doppler shift considerations. It should be men-
tioned here as well that this short-term frequency distribution
of the most prominent waves during SDL is similar to the one
obtained by RPCMAG measurements made in the long-term
comet observation phase between August 2014 and March
2015.

5.4 Amplitudes of the observed waves

For a detailed amplitude analysis the time series of RPC-
MAG and ROMAP data have been analysed in the frequency
domain (Fig. 9). Shown are the amplitudes of the RPCMAG
(green) and ROMAP (red) signals, derived from the power
spectral density P(f ) as average over the three components
(Amplitude= 1

3
∑
i=x,y,z

√
Pi(fmax)×1f , with 1f = 1/T

and T duration of the used data interval). The amplitudes rep-
resent again the waves at the frequencies of maximum cross
power, displayed in spatial dependency of the orbiter-lander
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Figure 9. Amplitudes of magnetic fields observed by RPCMAG
(green) and ROMAP (red) at the most significant frequencies plot-
ted versus the orbiter-lander distance. The amplitudes represent the
mean of all three components.

Figure 10. The ratio of the ROMAP/RPCMAG magnetic field am-
plitudes (from Fig. 9) plotted versus orbiter-lander distance.

distance. The 90 % confidence intervals of the amplitude de-
termination are displayed in gray as error bars for both in-
struments. They have been computed according to standard
procedure described in Bendat and Piersol (1971) (Sect. 4.4).

It can be seen that both instruments detect the same vari-
ations in the signals. Especially the common temporal vari-
ations registered at about 11 km distance prove spatial co-
herence of the observed plasma dynamics. This is consistent
with the estimated coherence length of 48 km. In addition we
know from the long-term observations that the “singing of
the comet” commenced at 100 km distance from the comet.
Therefore, we regard an area of∼ 100 km extension as an up-
per limit for the diameter of the source region of the observed
waves.

Furthermore, it should be mentioned that the ROMAP
signals were slightly larger for larger orbiter-lander dis-
tances compared with the RPCMAG amplitudes. This is
exhibited even clearer in Fig. 10, where the ratio of the
ROMAP/RPCMAG amplitudes is plotted versus the orbiter-
lander distance. This ratio does not show an unambigu-
ous amplitude change with varying orbiter-lander distance
and lander-comet distance, as only fewer data and one de-
scent profile are available. Nevertheless, the amplitudes in
the vicinity of the comet seem to be up to ∼ 10 % larger

Figure 11. The phase shift between signals of RPCMAG and
ROMAP (blue), taken at the frequency at which the maximum
cross-spectral density occurs, versus the orbiter-lander distance.
The red line represents the linear fit.

than farther away. The amplitude ratio ROMAP/RPCMAG
at, e.g. 3.5 km orbiter-lander distance is about 1.0± 0.05.
With increasing orbiter-lander distance, respectively decreas-
ing lander-comet distance, the amplitude ratio rises contin-
uously up to about 1.1± 0.05 at 13 km orbiter-lander dis-
tance. Despite the lack of multiple descent profiles available
we tend to consider this increase as a significant change in
amplitude ratio.

5.5 Phase relations and wavelength estimations

The relative phase shift of the waves measured at different
locations is a key parameter for the estimation of the wave-
length. This phase shift is calculated at the local frequency of
maximum cross-power, derived from a cross-spectral analy-
sis. The algorithm has been applied to all data available dur-
ing the SDL segments using the parameters and thresholds
mentioned above.

From the theoretical point of view the phase
shift is identical for corresponding component-pairs
(BROMAP
x ,BRPCMAG

x ), (BROMAP
y ,BRPCMAG

y ), and
(BROMAP
z ,BRPCMAG

z ). Therefore, the average of the phase
shift 1ϕ = 1

3
∑
i=x,y,z1ϕi will be used as the basis for the

following considerations in order to derive a statistically
significant result.

As a result of this phase analysis the relative phase shift
1ϕ is plotted versus the orbiter-lander distance in Fig. 11.
The phase shift is subject to certain spatio-temporal changes.
For example at ∼ 11 km distance an increased level of varia-
tion caused by temporal effects can be recognized, as already
seen at the wave amplitude examination.

Due to the lack of scientifically usable data for the times
where orbiter and lander were still connected (i.e. at 0 km
distance) and where the ROMAP boom was still in its stowed
positions, statements about phase shifts can only be made for
ROSETTA/PHILAE distances between 3 and 14 km. From
Fig. 11 a linear decrease of the relative phase shift can be
derived as a rough estimate for this range. A spatial phase
drop of 1ϕ/1r ≈ (1.44◦± 0.16◦)/km results. Here 1r de-
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Figure 12. Normalized histogram (bin size: 40 km) of the estimated
wavelengths, projected on the orbiter-lander connecting line.

notes the orbiter-lander distance. The general phase relation
of a wave is given by ϕ = ωt−k r . Thus, the phase difference
1ϕ = ϕ2−ϕ1 of two waves with equal angular frequencies
ω is given by 1ϕ = k×1r .

It has to be noted for the following estimation of the
wavenumber and wavelength that these entities have to be
regarded as projected wavenumber kp and projected wave-
length λp onto the actual connecting line between orbiter and
lander. As seen in Fig. 4 the direction of this connecting line
is fairly constant during the descent. This means that this di-
rection can be regarded as constant for the calculation and
interpretation of the wavenumber and wavelength. Thus any
occurring variation of the phase shift of the wave packets is
subject to a varying distance between the points of observa-
tion and not to a changing direction of this baseline.

Thus, we get a projected wavenumber kp = (1ϕ/1r)×

2π/360◦ = (2.5±0.28)×10−5 m−1 from the measured phase
decrease presented above. From this we calculate a projected
wavelength λp = 2π/kp = (251± 31) km.

A more detailed wavelength study can be performed us-
ing not only the global estimated phase gradient 1ϕ/1r but
the actual phase shifts1ϕj at all possible distance1rj . This
leads to a distribution of all calculated projected wavelengths
(λp)j = (360◦/1ϕj )×1rj , presented in the histogram in
Fig. 12. It exhibits a broad distribution of a few hundred
kilometres. with a calculated mean wavelength of < λp >=

278± 19 km as the most probable wavelength. The related
mean wavenumber is < kp >= (2.3± 0.2)× 10−5 m−1. The
computed wavelengths in dependency of the orbiter-lander
distance are presented in Fig. 13.

The larger wavelengths and smaller wavenumbers, being
exhibited at larger distances are related to lower frequencies
at larger distances as can be seen in Fig. 8. This interrelation-
ship suggests a systematical dispersion relation between kp
and ω being discussed now.

5.6 The dispersion relation

The combination of frequencies and wavelengths (respec-
tively angular frequencies and wavenumber) in a common

Figure 13. The estimated wavelengths, projected on the orbiter-
lander connecting line, are plotted versus the orbiter-lander dis-
tance.

diagram, as exhibited in the plot of the calculated disper-
sion relation in Fig. 14, eliminates any direct spatio-temporal
dependency discussed above, and reveals a statement about
the wave velocities. From the observations (blue) we de-
rive the angular frequency ω = 2πf and the related mod-
ulus of the projected wavenumber kp = 2π/λp. As the an-
gular frequency shows a linear behaviour with respect to
the wavenumber, a linear fit (red) is added as well. The
slope of the straight line, representing the group velocity
vg = ∂ω/∂kp, has a constant value of (1.2±0.3) km s−1 (de-
rived from a linear fit).

The phase velocity vp = ω/k varies with the wavenumber
as the data are not represented by a straight line through the
origin. For the most probable wavelength of λp = 278 km a
phase velocity vp = 6.1 km s−1 results. For, e.g. λp = 500 km
we derive a phase velocity of vp = 10.2 km s−1. These ve-
locities are in the order of the values obtained from the
plasma simulations in Koenders et al. (2016). For com-
parison the Alfvén-velocity computes as vA = B0/

√
µ0ρ =

(2.23± 0.47) km s−1, under the assumption of an average
background magnetic field of B0 = (5.3± 0.1) nT, a mass
density ρ = n×mH2O of water ions, and a number den-
sity of n≈ (150± 30) cm−3, taken as a rough estimate from
RPCLAP measurements in October 2014 (Edberg et al.,
2015). Thus, the Alfvén-velocity is in the same order of mag-
nitude as the velocity of the “singing comet” waves.

5.7 Additional wave properties derived from variance
analyses

Using the minimum- and maximum-variance analysis
(MVA) additional wave properties have been obtained to
complete the knowledge of the “singing comet” waves
(Senfft, 2014). The analysis has been performed using mov-
ing windows of 300 s length with an overlap of 60 s for
the complete SDL phase. RPCMAG and ROMAP datasets
have been treated in the same way, only the flywheel distur-
bances at ∼ 15–18 mHz in ROMAP data have been damped
using a bandpass with a lower corner frequency of 15 mHz
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Figure 14. Derived dispersion relation (blue) including a linear fit
(red). For the calculation the projected wavelength on the orbiter-
lander connecting line and the related angular frequencies at which
the maximum cross-power occurs have been used.

rather than 10 mHz as applied to the RPCMAG data. The re-
sulting maximum variance directions are shown in Fig. 15,
the minimum variance directions are plotted in Fig. 16. In
both figures RPCMAG results are displayed in the top panels
whereas ROMAP results are shown at the bottom. The az-
imuth represents the direction angle in degrees and the length
of the lines visualizes the eigenvalue ratios. The plots are
colour-coded in the following way: the blue lines represent
the results of the complete MVA. The red lines mark ellip-
tically or more complex polarized waves only, because the
eigenvalue ratios for this subset are limited to λmax/λmed ≥ 2
and λmed/λmin ≥ 3. The yellow lines finally are related to cir-
cular polarized waves as the used eigenvalue ratios are con-
fined by λmax/λmed ≤ 1.3 and λmed/λmin ≥ 3. The limiting
ratio λmed/λmin ≥ 3 has been chosen as a compromise in or-
der to avoid any interpretation of misleading noise patterns
and to keep an adequate amount of datapoints.

From the two columns of Fig. 15 qualitatively the same
directions of maximum variance can be deduced in both
planes. Due to less usable ROMAP observations the ROMAP
results are more sparse. However, the common maximum
variance direction is centered at ∼±45◦ around 90◦ to the
CSEQ-z direction. This means the magnetic field oscilla-
tions mainly occur in the CSEQ-xy-plane. The left column
of Fig. 15 shows the distribution of the projected variance
direction in the CSEQ-xy plane with the x axis as a refer-
ence line. The blue pattern, representing results regardless
of any eigenvalue constraints, is characterized by a quasi-
homogeneous distribution, whereas the maximum variance
of the elliptically or more complex polarized waves (red pat-
tern) seems to have a weakly pronounced predominant di-
rection at∼ 140◦±10◦. Also circular waves (yellow), which
are characterized by an eigenvalue ratio of λmax/λmed ∼ 1,
seem to be present. But as the amount of events is very low,
they are not considered as a predominant phenomenon in this
context.

The temporal behaviour of the maximum variance direc-
tions (not shown here), however, does not exhibit any striking

Figure 15. Distribution of maximum variance directions derived
from RPCMAG (top) and ROMAP (bottom) data for the complete
descent. Colour coding – blue: all MVA results, red: elliptical/more
complex polarization (λmax/λmed ≥ 2 and λmed/λmin ≥ 3), yel-
low: circular polarization (λmax/λmed ≤ 1.3 and λmed/λmin ≥ 3).
The radial component represents the eigenvalue ratios.

feature, neither for ROMAP nor for the RPCMAG measure-
ments.

The angle distribution of minimum variance directions,
representing the wave propagation directions, can be ob-
tained from Fig. 16. Also here a qualitative accordance be-
tween RPCMAG and ROMAP results can be seen. From
RPCMAG we retrieve a projected angle of the most promi-
nent elliptically or more complex polarized waves (red)
onto the CSEQ-XY planes (left column) of about 20–40◦

and 200–220◦ (the MVA only yields directional informa-
tion modulo ±180◦). The analysis of ROMAP data yields
a projected azimuth of about 165–180◦. Thus, there is a di-
rectional deviation of ∼ 30◦ between both sets of observa-
tions. For the projected minimum variance direction onto the
CSEQ-z axis (Fig. 16, right column) we find angles of about
105–120◦ for RPCMAG detected waves and about 30–45◦

for ROMAP observations. Considering that the angles are lo-
cated on a cone-shaped shell around the z axis this results in a
deviation of elevation between both datasets of roughly 20◦.

From these findings we calculate (0.68, 0.44, 0.34) as the
average minimum variance direction in the CSEQ-System.
Only eigenvalue ratios of λmed/λmin ≥ 3 have been used for
this estimation.

This means that the main wave propagating direction dur-
ing the descent points approximately in the diagonal in space
direction from+x+y+z-Octant to the−x−y−z-Octant (or
vice versa). Comparing this with the orbiter-lander connect-
ing line shown in Fig. 4 we see that this direction is quasi per-
pendicular to the wave propagation direction. This explains
why sometimes the wave-packets are seen first at ROMAP
and sometimes first at RPCMAG.
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Figure 16. Distribution of minimum variance directions derived
from RPCMAG (top) and ROMAP (bottom) data for the complete
descent. Colour coding – blue: all MVA results, red: elliptical/more
complex polarization (λmax/λmed ≥ 2 and λmed/λmin ≥ 3), yel-
low: circular polarization (λmax/λmed ≤ 1.3 and λmed/λmin ≥ 3).
The radial component represents the eigenvalue ratios.

Furthermore the propagation direction can be com-
pared with the mean direction of the background mag-
netic field. From the three major magnetic field configura-
tions stated in the “joint observations section” we calculate
the mean directions of the magnetic field as < B0/B0 >=

(−0.77,−0.02,0.64) for the interval 10:20–12:40 UTC,
as < B0/B0 >= (−0.35,−0.52,0.78) between 12:50 and
16:00 UTC and as < B0/B0 >= (−0.36,−0.82,0.45) for
the period 16:00–18:00 UTC. The conjunction of these find-
ings with the results of the minimum variance analysis leads
to angles between the mean magnetic field direction and
the wave propagation direction of (111◦± 13◦), (69◦± 10◦),
(147◦±4◦) for the three time intervals above. This means that
the major wave propagation direction is roughly perpendicu-
lar to the main magnetic field direction.

The polarization analysis yields that elliptical or more
complex modes are prevailing for all transversal waves
showing a significant propagation direction defined by
λmed/λmin ≥ 3. The hodograms of these waves, however, do
not show any prominent characteristics. There are neither
purely left-handed not right-handed elliptical polarization
patterns. Circular modes are present as well, but the amount
of these events is too low to be able to extract reliable state-
ments. Also the rotational sense of this polarization is highly
variable and does not seem to follow any global principle.

6 Error estimation

As completion of the parameter discussion an error estima-
tion shall be given finally. We are concentrating on wave

properties only, therefore neither instrument offsets nor the
s/c bias fields play any role. The influences of the orbiter re-
action wheels have been eliminated, the disturbance of the
lander fly wheels was recognized but does not influence the
analyses as it is outside the frequency band of interest. Am-
plitudes and frequencies have been derived by the means of
power spectral density analyses using moving time windows
and averaging over sub-windows as described above. Thus,
we have seven degrees of freedom in our spectral calcula-
tions, which is for sure not ideal, but a suitable compromise,
in order to get a reasonable frequency resolution under the
given circumstances.

The crucial point is the phase and wavelength calculation.
For this the relative timing of both magnetometer datasets
has to be precise. With our knowledge of the data handling
onboard ROSETTA and PHILAE, we know that the tim-
ing accuracy is better than ±1 s (conservative assessment).
Translating this into a phase error at 25 mHz yields an un-
certainty of ±9◦. A calculation of the most probable wave-
lengths derived from distributions taking ±9◦ phase offsets
into account yields wavelengths of 223 and 313 km accord-
ingly.

Furthermore, a conservative guess of the relative posi-
tion error of 100 m would cause an additional uncertainty in
wavelength of 1 % at 10 km distance.

As a final result we therefore obtain an assured value
for projected wavelength in the order of about 300 km, de-
rived from the joint RPCMAG/ROMAP measurements. This
clearly proves the assumption made earlier that the consid-
ered region of observation is small in relation to the occurring
wavelengths.

The considered phase error of ±9◦ causes also an uncer-
tainty in the derived wave velocities. The nominal group ve-
locity of 1.2 km s−1 would vary between 1.1 and 1.4 km s−1

under the influence of the stated phase error.
A final remark on the variability of the obtained parame-

ters shall be made here. During the considered descent and
landing phase of PHILAE, which lasted about 9 h, the comet
performed a 3/4-rotation. From long-term measurements it is
known that, e.g. the outgassing rate, and also the particle den-
sity, is modulated not only with the comet rotation period but
also with the half period of 6.2 h (Hässig et al., 2015). This
means that also the close cometary environment is influenced
by this variability. Furthermore, there is an asymmetry in
outgassing between the Northern and Southern Hemisphere.
Typical outflow velocities of the cometary neutrals are in the
order of ∼1 km s−1 (as a snapshot measurement 0.68 km s−1

is reported by Gulkis et al., 2015). A typical velocity of the
undisturbed solar wind is in the order of 400 km s−1. It will
be slowed down in the close vicinity of the comet due to ion
pickup and mass-loading. All these processes vary on differ-
ent spatial and temporal scales leading to variations seen in
our separated observations and in the derived parameters.

The limitations originated in the equipment available has
to be considered as well. We have only two spacecraft at
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our disposal. Both are permanently moving, one is approach-
ing a rotating comet with unknown properties. This situation
complicates the interpretation of those results, which have to
be derived from joint measurements, i.e. phase shifts, wave-
lengths and velocities. Hence the distinction between spa-
tial and temporal effects stays ambiguous for these parame-
ters. For proper determination of the real wavelength meth-
ods like the wave-telescope (Glassmeier et al., 2001) using
four spacecraft would be needed, in order to remove the pro-
jection bias.

7 Conclusions

With the ROSETTA mission we were able to perform long-
term magnetic field measurements during the long approach
phase to 67P/C-G, and at 67P/C-G during landing of PHI-
LAE. During SDL we had the unique opportunity to con-
duct a joint measurement with two magnetometers, RPC-
MAG and ROMAP, at different, varying locations. These
joint measurements confirm the detection of low-frequency
waves with frequencies around∼ 20–50 mHz, amplitudes up
to ∼ 3 nT, and the estimated wavelength of Richter et al.
(2015) in the order of a few hundred kilometres. Further-
more, we estimate an upper extension limit of the source re-
gion as about 100 km diameter and calculate the coherence
length as roughly 48 km. Due to the small extension of the
source region with respect to the wavelength we conclude
that the wave source can be considered as quasi point-shaped.

The joint measurements also allowed to calculate the mean
projected wavenumber (< kp >= (2.3± 0.2)× 10−5 m−1)
and the dispersion relation – the relationship between ob-
served pulsatances and wavenumbers. From this linear dis-
persion relation we were able to derive a constant group ve-
locity vg = (1.2± 0.3) km s−1 and the phase velocity vp =

(6.1± 0.8) km s−1 for a wave of 278 km wavelength.
According to the general antenna theory (Wheeler, 1959),

the near field region of a radiator is located inside a sphere
of rnf = λ, whereas the far field region is located at out-
side r � 2λ. This condition applies for short antennas with
dimensions D ≤ λ/2, whereas for larger antennas the bor-
der of near field region is given by the Fraunhofer length
rf = 2D2/λ. In the present case the extension of the source
region is in the order of half of the wavelength. Thus, the
transition region between near field and far field is some-
where between 71 and 278 km for a mean wavelength of
278 km. This implies that all observations during SDL were
made in the near field region.

The dominating wave propagation direction can be found
roughly along the diagonal in space direction from the CSEQ
(+x+y+z)-Octant to the CSEQ (−x−y−z)-Octant (or vice
versa, due to the MVA-ambiguity). Furthermore, the mean
propagation direction of the low-frequency waves is roughly
perpendicular to the local magnetic background field.

It has been demonstrated in Fig. 2 that the “singing comet”
waves could be observed from August 2014 until March
2015, corresponding to heliocentric distances between 3.6
and 2.0 AU and to outgassing rates between (1.5− 4.5)×
1026 s−1 accordingly. Afterwards the waves vanished at still
decreasing heliocentric distances. The perihelion at 1.3 AU
was reached in August 2015. The waves reappeared finally
in Spring 2016 at a distance of roughly 2.6 AU. A detailed
long-term investigation of the temporal and spatial proper-
ties of the “singing comet” is not part of this work as we
intentionally concentrated on the SDL phase. Such a study
is, however, already in preparation by Goetz et al. (2016).

The comprehensive wave analysis presented in our work
took advantage of the availability of the unique two point
measurements during SDL, which were required to reveal the
obtained wave properties.

We are heading to the end of the successful ROSETTA
mission in September 2016, where final RPCMAG observa-
tions will be made along the planned and controlled descent
of the ROSETTA orbiter down to 67P/C-G.

8 Data availability

The data used have been publictaed in the Plane-
tary Science Archive (PSA) provided by ESA and
the Planetary Data System (PDS) operated by NASA.
PSA is accessible via: ftp://psa.esac.esa.int/pub/mirror/
INTERNATIONAL-ROSETTA-MISSION/.

Used RPCMAG data can be found in the so called cali-
brated Prelanding-dataset:

RO-SS-RPCMAG-3-PRL-CALIBRATED-V6.0: Glass-
meier, K.-H., Richter, I., Koenders, C., Goetz, C.,
Eichelberger, H., and Cupido, E.: ROSETTA RPCMAG
PRELANDING PHASE (PRL) CALIBRATED DATA
RECORD V6.0, RO-SS-RPCMAG-3-PRL-CALIBRATED-
V6.0, ESA Planetary Science Archive and NASA Planetary
Data System, 2016.

Used ROMAP data have been submitted to PSA but are
still under review. They will be acessilbe in three different
datasets:

RL-C-ROMAP-3-SDL-MAG-V1.0: Auster, H. U., Apa-
thy, I., Berghofer, G., Remizov, A., and Roll, R.: ROSETTA-
LANDER 67P ROMAP 3 SDL MAG V1.0, ESA Planetary
Science Archive and NASA Planetary Data System, 2015.

RL-C-ROMAP-3-RBD-MAG-V1.0: Auster, H. U., Apa-
thy, I., Berghofer, G., Remizov, A., and Roll, R.: ROSETTA-
LANDER 67P ROMAP 3 RBD MAG V1.0, ESA Planetary
Science Archive and NASA Planetary Data System, 2015.

RL-C-ROMAP-3-FSS-MAG-V1.0: Auster, H. U., Apathy,
I., Berghofer, G., Remizov, A., and Roll, R.: ROSETTA-
LANDER 67P ROMAP 3 FSS MAG V1.0, ESA Planetary
Science Archive and NASA Planetary Data System, 2015.
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