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Abstract

Since its launch in 2000, the Cluster fleet visited a vast domain of the circum-terrestrial environment, from upstream solar wind
and distant tail, down to the plasmasphere, scanning in detail all magnetospheric regions during almost two solar cycles. This
led to an unprecedented rich data collection of multi-point measurements which will be used for years to come to decipher the
mechanisms of Solar-Terrestrial interactions.

The large volume of the data gathered by Cluster requires special strategies to make efficient use of it. To address this issue we
constructed a browsable database containing ULF waves and spacecraft formation parameters. Recently, we made this database
accessible at http://plasma.spacescience.ro/cluster.html. Here we present the newly developed tool, discuss the methods used

to derive the parameters and give practical examples.
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Key Points:

e The Cluster Virtual Observatory is an on-line archive of low frequency wave
parameters based on Cluster fluxgate magnetometers measurements.

¢ The Cluster Virtual Observatory also provides the tetrahedron geometrical con-
figuration parameters.

« The waves and geometrical parameters are available as quick-plots as well as
binary Hierarchical Data Format data.
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Abstract

Since its launch in 2000, the Cluster fleet visited a vast domain of the circum-terrestrial
environment, from upstream solar wind and distant tail, down to the plasmasphere,
scanning in detail all magnetospheric regions during over two solar cycles. This led to
an unprecedented rich data collection of multi-point measurements which will be used
for years to come to decipher the mechanisms of Solar-Terrestrial interactions.

The large volume of the data gathered by Cluster requires special strategies to
make efficient use of it. To address this issue we constructed a browsable database
containing ULF waves and spacecraft formation parameters. Recently, we made this
database accessible at http://plasma.spacescience.ro/cluster.html. Here we
present the newly developed tool, discuss the methods used to derive the parameters
and give practical examples.

1 Introduction

The Cluster mission (Escoubet et al., 1997), consisting of four identical spacecraft
flying in formation around the Earth, is the first multi-spacecraft mission to study the
Earth’s magnetosphere and the near Earth solar wind. Simultaneous measurements
allowed for the first time to separate spatial from temporal fluctuations and to in-
vestigate the three-dimensional structures in the Earth’s plasma environment. Each
spacecraft caries 11 state-of-the-art instruments to measure the surrounding plasma
properties. One of the key quantities is the magnetic field which is measured by two
instruments: a searching coil magnetometer (Cornilleau-Wehrlin et al., 1997) to mea-
sure high frequency fluctuations of the magnetic field and a flux gate magnetometer
(FGM) (Balogh et al., 1997) to measure low frequency fluctuations. The spacecraft
were launched in July and August 2000 on polar orbits and they will likely deliver
science data at least until 2024 when the first spacecraft in the formation enters the
Earth’s upper atmosphere.

ULF waves are oscillations of the electromagnetic field occurring in the magne-
tised plasma around the Earth at frequencies in the order of mHz to Hz, e.g. Glassmeier
(1995); Pilipenko (1990); Keiling et al. (2016). They play a crucial role in the transfer
and distribution of the energy coming from the Sun by energising particles, triggering
reconnection, storing and propagating energy, modifying distribution functions, and
carrying information between distant regions of the magnetosphere and the solar wind.
Various wave modes are excited, depending on the local plasma parameters as well as
on the solar wind conditions, and each wave mode has its particular way of interacting
with the magnetosphere.

Estimating the wave parameters is crucial for the wave mode identification and
for understanding the part played by the waves in the Solar-Terrestrial interaction.
Many of these parameters, such as the power spectral density, coherency, ellipticity,
propagation direction can be determined using the magnetic field alone. Other param-
eters such as the Poynting vector and the phase relation between the magnetic field
and the particle density, require additional measurements of other physical quantities.

Until the end of the mission, Cluster will gather the equivalent of over one century
of single spacecraft data from each instrument. Managing this amount of data poses
challenges in computing, storing, and searching for relevant events. For instance, only
obtaining the 2000 to 2018 ULF waves parameters discussed in the following sections
required more than two months of continuous computing time on the eight threads of a
3.1 GHz Intel processor. A searchable archive of pre-computed ULF waves parameters
has the potential to enable event-based and statistical studies otherwise difficult to
conduct.
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The multipoint capabilities of the Cluster fleet set it apart from most other
spacecraft probing the Earth’s magnetosphere and the solar wind. While even merely
comparing the measurements from two spacecraft is useful in many investigations,
more sophisticated techniques, such as the wave telescope / k-filtering (Motschmann
et al., 1996; Pincon & Motschmann, 1998; Glassmeier et al., 2001) or the curlometer
(Dunlop et al., 2002) require specific shapes and sizes of the spacecraft formation, and
their accuracy depends on the geometric parameters of the spacecraft tetrahedron.
Even though computing these parameters is not as resource-demanding as computing
the ULF waves parameters, a tool allowing quick estimation of the Cluster tetrahedron
shape and size represents a useful instrument.

The remainder of this work is organized as follows: Section 2 discusses the deriva-
tion of the ULF waves parameters and provides the relations used to compute them
later. Similarly, section 3 discusses the tetrahedron geometric parameters. Section 4
is dedicated to the Cluster Virtual Observatory and describes in detail the archived
data and the capabilities of the online tool. Section 5 summarises this work.

2 Derivation of the ULF waves parameters

Among the fundamental properties of the waves in magnetized plasma are the
polarization parameters: the polarization degree, the ellipticity, and the orientation of
the variance ellipsoid. The first step in finding these parameters is finding the principal
component system of the magnetic field. Though this can be done in various ways, the
most common approach is based on the analysis of the spectral matrix obtained from
the Fourier components corresponding to the analysed frequency. For the magnetic
field B with components B;, i = 1,..., 3, the spectral matrix elements are:

Sij(w) = <Bz-(w)B]*-(w)> ij=1,...,3

where (---) denotes the average and * denotes the complex conjugate. The Fourier
component
Bi(w) = i/Bi(t)e*i‘“tc‘lt
27
is approximated by the discrete Fourier transform usually through the Fast Fourier
Transform (FFT) method.

Arthur et al. (1976) discuss three methods which can be used to determine the
polarization parameters of plasma waves. One of those was proposed by Samson
(1973). This method is based on the decomposition of the spectral matrix in three
terms: one corresponding to the total polarized part of the wave, one corresponding to
the partial polarized part of the wave and one corresponding to the non polarized part
of the wave. From this decomposition, the relative powers of the three polarization
components of the wave result:

A=A A2 — A3 A3
== =92z 72

where A1 > Ay > A3 are the eigenvalues of the complex spectral matrix S and A =
A1 + A2 + A3. The polarization degree is given by

Pr

3
1
2 _ 1 v 2

3,7=1

i<j
This method has the advantage of decomposing the data into quantities with clear
physical meaning. One drawback which could become significant in the context of
processing large quantities of data is the need of solving the eigenvalue problem for a
complex matrix, which is more resource demanding than for a real matrix.
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Santolik et al. (2003) applies singular value decomposition (SVD) to the complex
spectral matrix to derive many wave parameters. The SVD is much easier on resources
and in addition the proposed method is generalized to naturally include the electric
field vector, providing more information.

Other methods discard either the real or the imaginary part of the spectral
matrix. An example, discussed by Arthur et al. (1976) is the direct determination of
the direction of the k vector from the imaginary part of the spectral matrix (Means,
1972):

l;:l::t%(Smn)/p Immn=1,...,3; l#n#*m

where p? = Zijzl $(S;;)? and the sign is given by the polarization sign.

Once the direction of the wave vector is determined, the spectral matrix is rotated
in a coordinate system with the x axis along k. This is relatively easy to implement
numerically and requires less CPU time than needed for the diagonalization of the
spectral matrix. However, since only the minimum variance direction is provided by
k, the polarization information in incomplete. Also, purely linear polarized waves
cannot be treated because in this case the spectral matrix is real.

The third technique considered by Arthur et al. (1976) was proposed by McPher-
ron et al. (1972) and, in contrast with the Means (1972) method, implies the diagonal-
ization of the real part of the spectral matrix. The rotation matrix 7 can be derived
from the eigenvectors of the real part of the spectral matrix R(S):

T = [v1,v2, V3] AL > A2 > A3

The numerical implementation of the Means (1972) method is relatively straightfor-
ward and no additional assumptions about the analysed waves are necessary. The
spectral matrix rotated into the principal variance system becomes:

J =T8T
where T denotes the Hermitic conjugate (complex conjugate transpose).

The polarization degree is defined as the ratio between the wave coherent power
and the total power of the wave (Fowler et al., 1967)

B 4det(J)

2 _
Pe=1 ()2

For a plane wave described by

B.(t)=1b,
the spectral matrix J becomes
b2 ibyb, 0
J = | —ibzby bi 0
0 0 0

The ellipticity is defined as the ratio between the two axes of the polarization

ellipsoid:
23(Jay) )}
VTr(J)2 — 4det(J)

1 .
€ = tan [5 arcsm(

The orientation of the maximum variance axis is given by the azimuth angle:

2R (Jay)

tan(2¢) = 7
zx — Jyy
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The variance analysis alone only provides the direction of the wave vector up to
the sign. Therefore the sign of the ellipticity in relation to the propagation direction
remains undetermined as well. However, for waves in magnetized plasma, the the
convention is to use the magnetic field direction instead of the propagation direction
as reference for the sign of ellipticity. This is because rotations to the right or to
the left with respect to the magnetic field bear the physical significance. With this
convention, the sign of ellipticity is determined from the imaginary part of the spectral
matrix (Means, 1972).

The coherency is defined using the spectral matrix elements (Rankin & Kurtz,
1970):
77|LWQA

while, following Song & Russell (1999), the intensity of the coherent part of the wave
is

Any wave can be decomposed into a sum of left hand polarized and right hand
polarized waves (Kodera et al., 1977) with the amplitudes given by:

VA= 3

Ap =T

(1+e)
From these, the amplitudes of the linear polarized part of the wave and the amplitude
of the circular polarized part of the wave can be determined

Ajin = /2A_A,

Acirc = |A3_ - A2_|

Another important wave parameter determined using the magnetic field alone
is the compression ratio, i.e. the ratio between the power spectral density of the
oscillations orthogonal to the mean magnetic field (transverse power) and the total
power spectral density. In a coordinate system with the z axis aligned with the mean
magnetic field, the compression ratio is

P, + P,

C=——2_"v_
P+ Py + P,

where P; is the power spectral density of the component j. The power spectral densities
for the components are determined from the diagonal elements of the spectral matrix.

All the parameters discussed above are derived solely from the magnetic field.
However, the time varying magnetic field of the waves propagating into the plasma is
coupled with the electric field, and in addition the waves also disturb and are influenced
by the plasma particle distributions. To analyse the coupling between these physical
quantities one must generalize the spectral matrix Eq (1) to the cross-spectral matrix
of two time series, u(t) and v(t):

Guv(w) = (U(w)v" (w))

From the cross-spectral matrix, a number of fundamental quantities characterizing
the relation between the u(t) and v(¢) time series can be derived. One of the most
important is the phase shift between uw and v, for instance between the magnetic field
module and the particle density:

Puv = arctan(Gy,)

(13)

(18)
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The coherency between w(t) and wv(t) gives the similarity degree of two time
series. The more stable the phase difference and the amplitude ratio of two signals
are, the more coherent they are.

o |gu1J|2
guug'uv

For a single time series, the coherency Eq. (13) is a particular case Eq. (21).

Yo (W)

The co-spectrum, equal to the real part of the extra-diagonal elements, R(Gy. ),
represents the in-phase and opposite-phase part of the signals. The quad-spectrum,
equal to the imaginary part of the extra-diagonal elements, (G, ), represents phase-
quadrature (£7/2 phase difference, advanced/retarded) part of the signals.

Finally, a key parameter of the ULF waves is the Poynting vector which provides
the electromagnetic energy flux:

1 -
S(w) = —R(E x B*
(@) = 5 - R(E X BY)
Knowledge of the Poynting vector supports the identification of stationary waves, and
of energy source and sink regions.

3 Derivation of the geometric parameters

All multipoint data analysing techniques depend on the geometric properties of
the sensor network. The minimum number of measuring points required for deriv-
ing three dimensional quantities and to differentiate between spatial and temporal
fluctuations is four, the number of spacecraft in the Cluster fleet. However, not any
configuration of four spacecraft is appropriate for three dimensional analysis. The
dimensionality is reduced to 2 if all spacecraft are contained in a plane and to 1 if
they are aligned along a line. To characterize the configurations lying in between
these extremes one may use the elongation and planarity parameters derived from the
volumetric tensor which is defined as (Robert, Roux, et al., 1998):

1 N
Rij = N ZT?T?
a=1

where 7} is the component %k of the position vector r* of spacecraft « relative to the
baricenter of the formation, 25:1 r® =0.

The characteristic dimensions of the tetrahedron are given by the eigenvalues of
the volumetric tensor R, while the eigenvectors give the orientation of the volumetric
ellipsoid. For Cluster, N = 4 and the volume of the tetrahedron is given by the
determinant of the volumetric tensor V = (8/3)y/|R|. Therefore when |R| = 0, the
formation is either flattened into a 2D plane or elongated into a 1D line.

If a1 > as > asz are the eigenvalues, and R;, Ry, R3 are the corresponding
eigenvectors of the volumetric tensor R, the elongation is defined as
a
e=1-— 22
a
with the direction given by the eigenvector R; corresponding to the maximum eigen-
value. When the elongation approaches 0, the spacecraft tend to be equally distanced
from each other, when the elongation approaches 1, the tetrahedron shape degenerates
to a string.

The planarity is defined as

(21)

(22)

(23)

(25)
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with the normal to the flattening given by the eigenvector Rj3 corresponding to the
minimum eigenvalue. When the planarity approaches 1, all spacecraft are contained
in a plane.

The pair (e, p) gives the shape of the formation and determines its dimensionality
which is of key importance for multi-spacecraft analysis methods.

The size of the constellation also matters. The characteristic size of the tetrahe-
dron is the largest dimension of the volumetric ellipsoid

L=2ya

If the distances between the spacecraft are larger than the correlation length of the phe-
nomenon being studied, then the measurements become just a collection of unrelated
single point measurements and can be combined only in a statistical sense. Within the
correlation length, if the distances between spacecraft are larger than the wavelength
/ scale of the phenomenon being investigated, spatial aliasing will occur (Sahraoui et
al., 2010). If the distances between the spacecraft become too small compared with
the scale of the phenomenon being studied, then the measurements become identical
and the constellation becomes equivalent with a single point measurement.

4 The online virtual observatory

The almost two solar cycles covered by Cluster multipoint magnetospheric mea-
surements are a valuable resource offering opportunities for unprecedented statistical
studies, as well as for case studies of common phenomena in extreme or unusual con-
ditions. For the study of plasma waves over individual time intervals one could use
dedicated analysing tools such as PRASSADCO (Cornilleau-Wehrlin et al., 2005) to
compute and visualize the key waves parameters. However, the sheer size of the data
collected by Cluster over two decades poses new challenges in managing and filtering
the data. This is why a database containing high level data is essential to make these
studies possible. The more resource-demanding the computation of the high level
data is, the more valuable the database becomes. The parameters of the ULF waves
discussed in Sec. 2 are among the best candidates for such database.

To take full advantage of the multipoint measurements offered by Cluster, one
must employ specialised multipoint techniques, such as the curlometer (Robert, Dun-
lop, et al., 1998; Dunlop et al., 2002) or the wave telescope (Glassmeier et al., 2001)
which work only for specific geometric configurations of the Cluster tetrahedron. A
database allowing quick retrieval of these parameters can substantially ease the search
for (or confirmation of) suitable configurations.

The magnetic field data used to compute the ULF waves parameters is obtained
by calibrating locally stored level 0 FGM data using daily calibration parameters pro-
duced by the TUBS team. Other data such as the electric field and the particle density
are obtained from the ESA Cluster Science Archive (https://cosmos.esa.int/web/
csa).

4.1 ULF waves parameters

Using measurements of the magnetic field B, electric field E and the spacecraft
potential (to derive the electron density n (Lybekk et al., 2012) ), 47 parameters char-
acterising the ULF waves are computed, saved in the database and plotted to enable
quick browsing. A list of the computed parameters can be found in the Supporting
Information.

Before computing the ULF waves parameters, the magnetic field data is prepro-
cessed to identify data gaps and bad data, and resampled to one vector per second rate.
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When available, high resolution (25 or 450 vect/s) electric field data are downloaded
from the CSA. These are also resampled to one vector per second and synchronized
with the magnetic field data. For the time intervals without high resolution electric
field data available, low resolution (one vector per 4 seconds) are used. In this case the
resulting frequency domain is more restricted. The electron density is obtained from
the spacecraft potential following Lybekk et al. (2012). The advantage over using the
density delivered by the dedicated particle instruments is the much higher temporal
resolution and data availability.

The computed parameters are valid only under certain conditions. For instance,
all the parameters involving the magnetic field lose their validity when the magnetic
field variations decrease towards the noise level. A binary mask based on the power
spectral density is constructed to mark the invalid time-frequency regions. Similarly,
binary masks are constructed based on the PSDs of the electric field and of the Poynting
vector, on the polarization degree, on the spectral matrix eigenvalues ratio, on the
coherency between the magnetic field and the density variations, and on the angle
between the wave vector and the mean magnetic field direction. Not all masks are
applied to all parameters, for instance, the last mask (kB) is only used to mark as
bad the computed ellipticity when the wave vector is nearly parallel to the mean
magnetic field. The masks are saved together with the computed parameters and are
used to remove the bad values from the plots.

4.1.1 Plots archive

The heart of the ULF Observatory is the browsable archive of plots represent-
ing the wave parameters as daily spectrograms. While all parameters enumerated in
Sec. 4.1 are saved in the data archive, only a subset of them are part of the plots
archive. The plots are organized into six sets of seven parameters each. To facilitate
visual analysis, the first panel for all plot sets shows the time series of the magnetic field
together with condensed information about the orbit. In addition, the magnetospheric
regions crossed by the spacecraft and the location of the magnetic foot points when the
spacecraft orbit intersects closed field lines are encoded by horizontal coloured bars.
The information about the magnetospheric regions and foot points is obtained from
the Goddard SSCWeb interface http://sscweb.gsfc.nasa.gov using IGRF internal
and Tsyganenko 89C external model and is only meant as a rough guide. Many pa-
rameters appear in multiple sets, therefore the total number of distinct parameters in
the plots archive is 29. We briefly describe below the default parameter set in the plots
archive. The other five sets are shown and discussed in the Supporting Information.

The basic parameters set is illustrated in Fig. 1. The top panel shows the time
series for the three components of the magnetic field in GSE coordinates. The plotted
magnetic field is high-pass filtered to exclude periods larger than one hour. To differ-
entiate between the three components, an offset of 5nT is added to the x component
and subtracted from the y component. The three insets on the left show the projec-
tions of the spacecraft orbit on the GSE (z,z), (y,2) and (x,y) planes with the starting
point marked by the magenta circle. The coloured bar at the top of the panel indi-
cates the magnetospheric regions crossed by the spacecraft according to Tsyganenko
89C (Tsyganenko, 1989) with K, = 3, in this case dayside magnetosheath during the
entire interval. Because of departures of the actual K, index from the constant index
used, and because of the dynamics of the magnetospheric boundaries, one can clearly
see from the data that in fact the spacecraft finds itself in the solar wind at the be-
ginning of the interval and the bowshock moves back and forth several times until
the spacecraft moves deeper into the magnetosheath. If the spacecraft reaches further
into the magnetosphere into the closed field lines region, then the foot points in the
northern and southern hemisphere would be indicated by two coloured bars stacked
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Figure 1. The basic parameters plot set for C1 on 20th May 2005. From top to bottom: GSE
components of the magnetic field, HP filtered. The insets show the orbit in GSE, the top bar
shows the magnetospheric region; Sum of the PSD of the magnetic field components. The white
lines show the gyrofrequencies of H, He, and O; Azimuth and elevation directions of the wave
vector in GSE; Colour encodes the frequency, grey thick line shows the mean field direction;
Ratio between intermediate and minimum eigenvalue; Polarization degree; Angle between wave

vector and mean field; Ellipticity.
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at the bottom of the panel, not present in this figure, but visible in Fig. S10 showing
the web interface.

The first parameter in the set is the total power spectral density of the magnetic
field fluctuations, defined as the sum of the power spectral densities of the three GSE
components computed — as all other parameters — using 1s resolution data and a
sliding window W of 2048 s with a step At of 256s. The PSD per Hz per s in the
time-frequency cell (v — Av/2 to v + Av/2,t — At/2 to t + At/2) for the component
7 is computed as

t+
Py(v,t) = 2W|B;(v)|?
-
where W is the window length in seconds, Av = 1/W is the FFT frequency resolution
in Hz, At is the sliding step in seconds and B;(v) is the Fourier transform Eq. (2) of
the magnetic field evaluated in the time interval (t — W/2,¢t + W/2). The total wave
energy contained in the (Av, At) cell is equal with the PSD multiplied by the cell area,
AvAt: Eeen(v,t) = 248 B;(v, ).

The gyrofrequencies of the H, He and O computed from the magnetic field
smoothed using a boxcar average of 1024s are plotted on top of the spectrogram
with white solid, dotted and again solid lines, respectively. The position of the space-
craft relative to the GSE (x,y) (equatorial) and (z, z) (noon-midnight meridian plane)
planes is marked at the top of this panel by coloured bars as follows: Red if the angle
between the position vector and the equatorial plane is less than 10°. Yellow if the
angle between the position vector and the noon-midnight meridian plane is less than
10° and the z coordinate is positive (dayside). Green if the angle between the position
vector and the noon-midnight meridian plane is less than 10° and the x coordinate is
negative (nightside). None of these conditions occurred during 20th May 2005 there-
fore no coloured bars are present in Fig. 1 PSD panel. Fig. S10 shows an example when
the spacecraft orbit intersects both planes.

The next two panels show the orientation of the wave vector k Eq. (5) as given by
the azimuth ¢ and by the elevation 6 angles in GSE coordinates. The corresponding
frequencies are colour coded. In both panels the mean magnetic field direction is
represented with a thick grey line in the background. Because of the uncertainty
in the sign of k, frequent jumps between opposite directions of the k vector can be
noticed in the azimuth angle. We could have limited the representation to half-space
without losing any information, however, in order to show the mean field direction
together with the wave vector we choose to represent the entire space. Nevertheless,
we changed the elevation angle to correspond to anti-sunward propagation (|| < 90).
With this convention inside the magnetosheath the waves propagate anti-parallel to
the magnetic field at the beginning and parallel to the magnetic field towards the end.
Outside the magnetosheath the propagation direction is less well defined. During this
day the wave propagation direction does not depend on frequency.

To remove from the plot low power fluctuations we discarded the time-frequency
cells corresponding to total PSD less than 102 nT2 Hz 's~!. We applied this power
mask to all parameters derived from the magnetic field, except the other power spectral
densities. Moreover, to reduce the noise in the plot we discarded the time-frequency
cells corresponding to polarization degree below 70%. Finally, because a low eigenvalue
ratio leads to large errors in the determined wave vector direction we also discarded
the time-frequency cells corresponding to eigenvalue ratios less than 5.

The ratio between the intermediate and the minimum eigenvalues of the spectral
matrix Eq. (1) plotted in the next panel provides useful information about how well the
wave propagation direction is defined. To properly represent the range of eigenvalue
ratios we use a logarithmic base 4 representation. All cells below the threshold ratio
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(equal to 5) are masked out (white) and all values above 80 are plotted with red. Other
masks applied: PSD.

The polarization degree Eq. (8) is shown in the next panel. Only the PSD mask
is applied here. Note that the high polarization domain resembles the large eigenvalue
ratio domain in the previous panel. Here and in the next two panels the gyrofrequencies
of H, He and O are plotted with black lines on top of the spectrogram.

The penultimate panel shows the wave normal angle, i.e. the angle between
the wave vector and the mean magnetic field computed over the window length W.
Because of the sign uncertainty we reduced the angles to the [0°,90°] interval. For this
panel we applied the masks for PSD, polarization degree and eigenvalue ratios with the
thresholds mentioned above. One can see that during this day most of the waves with
high polarization and power in the magnetosheath propagate either parallel or anti-
parallel to the mean magnetic field. In front of the magnetosheath the waves do not
seem to have a preferred direction with the exception of a short time interval around
04 UT when the wave vector is orthogonal to the magnetic field for all frequencies.

The last panel in this set shows the waves ellipticity Eq. (11). For this panel
we applied the same masks as for the wave normal angle. In addition we masked out
the time-frequency cells with near orthogonal propagation (axp > 80°) because for
orthogonal propagation the ellipticity is undefined. Most of the parallel propagating
waves are circularly polarized to the left with some exceptions in the lower frequency
range close to the bowshock crossings when the polarization is to the right. In front
of the bowshock no preferred ellipticity is observed with the exception of the waves
around 04 UT showing linear polarization.

4.1.2 Data archive

The daily 330 x 1025 time-frequency matrix for each parameter is saved using
the Hierarchical Data Format (HDF) standard (Poinot, 2010), together with a low
resolution plot for quick reference. The corresponding time and frequency vectors,
details on how the parameter was computed, the reference system, and the units used
are saved as well in the same HDF file. The total size of the archived parameters is
over 2 TB. This high level database can be used to automatically search for events
satisfying certain imposed conditions for case or statistical studies.

A subset of the low resolution plots meant for quick visual inspection of the
database content are presented in the Supporting Information. To avoid obscuring po-
tential significant features, no masks are applied, therefore one should exercise caution
when interpreting these plots.

4.2 Geometric parameters

The geometric parameters characterize the shape and the size of the Cluster
tetrahedron. They are essential for determining the applicability and for the error
evaluation of multi-point analysis techniques. In Sec.3 we introduced the elongation
and the planarity which condense the shape information for a tetrahedron in an in-
tuitive fashion. Since both can only take values between 0 and 1, any tetrahedron
shape corresponds to one point in the unit square of the elongation-planarity diagram.
Table 1 summarises the possible shapes in the (e,p) space.

For a long term overview of the geometric parameters of the Cluster tetrahedron
we produced plots such as the one shown in Fig.2. Each plot consists of four panels,
each panel showing the mean inter-spacecraft distance during one year. The shape of
the formation is encoded in the colour of the plot line, with a colour-key in the upper
right corner. The colour-key is a representation of the (e,p) space, with the origin
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Table 1. Shapes in the planarity-ellipticity domain. Adapted from Robert, Roux, et al. (1998).

N 0 low intermediate large 1
1 circle ellipse
large pancake elongated pancake knife blade
intermediate | ellipsoid thick pancake potato flat cigar = line
low pseudo sphere short cigar cigar
0 sphere rugby ball

(0,0) at the lower left corner, and maximum value (1,1) at the upper right corner.
The red colour near origin indicates a nearly regular tetrahedron. The yellow colour
(large elongation, low planarity) indicates cigar shapes. The green colour indicates
shapes resembling a long, flat knife blade. The blue colour indicates nearly circular
flattened pancake shaped formations. The grey colour in the centre indicates irregular
“potato” shapes. The function chosen to map the (e,p) space to the (r,g,b) space is
bijective, therefore one can estimate the shape of the tetrahedron at a given moment
in time from the colour of the corresponding line in the plot.

Yearly, monthly and daily plots are also provided. Detailed descriptions and
example plots are included in the Supporting Information.

4.3 The web interface

The Cluster virtual observatory for ULF waves is organized into three main
sections. The ULF quickplots (Fig.S10, http://plasma.spacescience.ro/waves/
index.html) section offers access to the plots archive discussed in sec.4.1.1. The
spacecraft, date, and plot set can be selected using the buttons above the image.
Below the image, there are links to high resolution JPG or pdf formats of the plots,
to a catalogue containing the plots for the entire year, and to a text file with details
about how the plots were produced. This text file is embedded both in the JPG image
header and in the pdf file.

The ULF data (Fig.S11, http://plasma.spacescience.ro/waves/spectra-data/)

section offers access to the ULF waves parameters data archive discussed in sec. 4.1.2.
The spacecraft, year, month and parameter are selected using the buttons at the top
of the page. The “go” button displays the low resolution images of the selected pa-
rameter for the selected month together with links to the HDF files containing the
archived data.

The Tetrahedron geometry (Fig.S12, http://plasma.spacescience.ro/waves/
geometry.html) section offers access to the plots of the geometric parameters of the
Cluster fleet discussed in sec. 4.2. From the buttons at the top of the page, the desired
plot can be selected and displayed. Links to high resolution JPG and pdf files as well
as to a yearly catalogue are provided at the bottom of the page.

5 Summary and conclusions

The large volume of data accumulated by the Cluster mission in the last two
decades is both a valuable resource and a challenge to digest in an efficient manner.
The many parameters characterizing the low frequency plasma waves are a good ex-
ample of high level data whose availability have the potential to significantly reduce
the effort needed to select relevant events or to conduct large statistical studies. If
multipoint analyses are performed, a possibility to quickly find appropriate spacecraft
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configurations is highly desirable as well. The Cluster Virtual Observatory (CVO)
offers both the high level ULF waves parameters and an optimized interface to graph-
ical representations of the spacecraft configuration. A browsable database of daily
plots of the ULF waves parameters allows for a rapid search for significant events and
provides publication quality images. The main data used to build the CVO database
is the magnetic field delivered by the Cluster FGM instruments. Additionally, the
spacecraft potential and the electric field from the EFW instrument are used to com-
pute specific parameters. For a rough positioning within the magnetospheric regions,
data from the Goddard SSCWeb is utilised. The Cluster Virtual Observatory can be
accessed without restrictions at http://plasma.spacescience.ro/cluster.html.
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Introduction

Here we list all the waves and geometric configuration parameters made available
through the CVO and we present examples of plots archive and screenshoots of the CVO
web interface.

All the parameters are computed in the time frequency domain using (directly or indi-
rectly) a sliding window of 2048 s (34 min and 8s). The sliding step of 256 (4 min and
16s) is one eighth of the window length. For a 24h interval, 330 evaluations are thus
performed on the time axis. A sample rate of one second results in a Nyquist frequency
of 0.5Hz. The frequency resolution from the Fast Fourier Transform (FFT) method is
equal to the inverse of the window length (1.025 mHz), while the number of frequencies
for which each parameter is computed is equal to half of the window size plus one (1025

frequencies). Therefore, for one day interval of data, each parameter is computed for
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each cell of a 330 x 1025 domain in the time-frequency space. To reduce the statistical
fluctuations a 5 points boxcar (two points to the left and two points to the right) average
over frequency domain is performed for all parameters.
List of ULF parameters available through the CVO

The parameters can be grouped as follows:

e parameters derived from a single physical quantity

* Power spectral densities (PSD)

o magnetic field (B)
> PSD of the coherent part
> PSD of distinct components
- x,y, 2z in the GSE coordinate system
- orthogonal and parallel components in the MFA coordinate system
> PSD corresponding to distinct polarization modes
- linear polarized
- circular polarized
- right hand polarized
- left hand polarized
o electric field (E)
> total Power spectral density (sum of the PSDs of the three components)
o electron density (n)

> Power spectral density of the electron density fluctuations

* polarization parameters (B)
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o coherency between the two principal components

o compression ratio

o ellipticity

o ratio between the intermediate and minimum eigenvalues

o polarization degree
* directions obtained from magnetic field variance analysis (B)

o angle between the wave vector and the mean magnetic field direction

o angle between the wave vector and the poloidal direction in SM coordinates
o angle between the wave vector and the radial direction in SM coordinates

o angle between the wave vector and the toroidal direction in SM coordinates
o azimuth angle of the wave vector in GSE coordinate system

o elevation angle of the wave vector in GSE coordinate system

o azimuth angle of the maximum variance direction in GSE

o elevation angle of the maximum variance direction in GSE

e parameters derived from more physical quantities

* magnetic field - electron density (B,n)
o coherency between the magnetic field and density variations
o phase shift between the magnetic field module and density variations
o co-spectrum between the magnetic field module and density variations
o quad-spectrum between the magnetic field module and density variations

* magnetic field - electric field (B, E)

o Poynting vector module (.S)
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o components of the Poynting vector (S)
> x,y, 2z in GSE coordinate system
> parallel and orthogonal components on the mean B
o direction of the Poynting vector
> angle between the Poynting vector and the wave vector
> angle between the Poynting vector and the mean magnetic field
> angle between the Poynting vector and the poloidal direction in SM
> angle between the Poynting vector and the radial direction in SM
> angle between the Poynting vector and the toroidal direction in SM
> azimuth angle of the Poynting vector in GSE

> elevation angle of the Poynting vector in GSE
Description of the wave vector direction set

The first and the last two panels in this set illustrated in Fig. S1 are the same with the
corresponding ones in the Basic parameters set. The total PSD is replaced in the second
panel by the PSD of the coherent part of the fluctuations computed from the coherent
intensity Eq. (14): Peon = 2W .

The two panels in the third row show the direction of the wave vector as scatter plots
in the (6, ¢) domain. The time is colour coded. The directions corresponding to 30° cones
around the positive and negative directions of the coordinate system axes are plotted
as ellipses for the x and y axes and as horizontal lines for the z axis. The coordinate
system used for the left hand side panel is a Local Magnetic Coordinate (LMC) system
defined starting from the position vector of the spacecraft in the Solar Magnetic (SM)

coordinate system (Laundal & Richmond, 2017): The z axis is defined as the geocentric
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radial direction, the y axis is defined by the cross product of the z axis of the SM coordinate

. . . N ~SM o ~SM A . . .
system and the radial direction: &, = &3™ x & /|e5™ x &|. This axis points eastward

in the toroidal direction. The z axis completes the right handed system and points
southward in the poloidal direction: &, = &) x €. The LMC system is useful in the inner
magnetosphere where the dipole field dominates. The right hand side panel uses the GSE
coordinate system with the x axis pointed towards the Sun and the y axis in the ecliptic
plane. In accord with the conclusions drawn from the previous plot set, the propagation
direction is not well defined in front of the bowshock (black and cyan colours). Inside
the bowshock it seems that the waves prefer to propagate in the poloidal-toroidal plane,
avoiding radial propagation. Together with the position in the dayside magnetosheath,
this suggests that in this case the waves propagate more along the magnetosheath than
in the cross-magnetosheath direction. Considering the (anti)parallel to the magnetic field
propagation found previously, this reflects the draping of the magnetic field lines around
the magnetopause.

The parallel propagation can also be observed in the next two panels which are similar
with the panels showing the wave vector direction in the previous plot set. The difference
is the coordinate system which now is the LMC system. The # angle made with the radial
direction shows a preference towards 90°. The ¢ angle made with the poloidal-toroidal
plane is reduced to angles corresponding to inward propagation (6 > 90°).

Description of the B MFA set

Mean Field Aligned (MFA) related parameters are shown in Fig. S2. The top panel is

similar with the top panels from the previous discussed plot sets but now the magnetic

field time series are represented in the MFA coordinate system. This system has the z axis
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aligned with the mean magnetic field vector. The mean magnetic field vector is computed
using a boxcar average with the width equal to the sliding step W/8 = 256 used to

compute the PSD. The y axis is orthogonal to the mean magnetic field - position vector

MFA

SE  ,MFA /1 ,GSE _, , MFA
y 2 /e 2

plane: e = ég X e e,”" x e, | and in the inner magnetosphere points roughly

in the westward azimuthal direction. The x axis completes the right-handed system:

FA ~MFA

= é}f x e, , roughly radial in the inner magnetosphere. The x and y directions

s MFA
€ z

xT

can substantially deviate from the azimuthal and radial directions in the vicinity of the
cusp regions and outside the dipolar field and they take more or less arbitrary directions
outside the magnetosphere and in disturbed regions.

The three panels below the time series panel show the power spectral densities for
the three components of the magnetic field in the MFA system. In our case, x and y
(radial and azimuthal) directions concentrate most of the wave energy, while little energy
is contained in the fluctuations parallel to the mean magnetic field. This is made more
obvious by the next panel which illustrates the compression ratio C' Eq. (18). Most of
the magnetic field fluctuations are clearly perpendicular, with the exception of some low
frequency fluctuations close to the bowshock crossings and of the waves around 04 UT.

Though the parameters shown in the last three panels are not directly related to the
MFA coordinate system, we coose to include them in this set. The wave normal angle and
ellipticity were discussed above. The coherence Eq. (13) is equivalent with the polarization
degree Eq. (4) only when the noise contribution is isotropic. See e.g. Jones (1979).
Description of the B — density set

This set, illustrated in Fig. S3, shows the parameters related to the electron density

fluctuations. Because of time resolution and data availability restrictions of the particle
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instruments we derive the electron density from the spacecraft potential using the relations
provided by Lybekk et al. (2012). The exact parameters used to derive the electron density
were only determined up to 2010. From 2010 on we use the 2010 parameters. This means
that the estimated electron density can deviate from the real one. However, the most
important density related parameters, the coherence and the phase difference between
the magnetic field and density fluctuations are independent on eventual offset or scaling
errors in the density. Therefore these parameters are also reliable after 2010. The co- and
quad-spectrum values are affected by these errors, but they still describe qualitatively the
relation between the magnetic field and the density.

The black line in the top panel shows the magnetic field magnitude smoothed using a
sliding window of 1024 s. The red line shows the density. The total PSD of the magnetic
field in the next panel is the same as the one in Fig. 1 with the addition of the electron
density over-plotted with the yellow line using logarithmic scale. The power spectral
density of the density fluctuations computed using the same procedure as for the PSD of
the magnetic field is shown in the next panel.

The coherency between the magnetic field fluctuations and the density fluctuations , vz,
computed from Eq. (13) is plotted in the next panel, with values below 0.6 masked out.
The power and polarization masks are applied as well. The coherency is mostly low inside
the magnetosheath ;, but somewhat larger in front of the magnetosheath. Even for these
relatively low values, there is still coherent interaction between the field and the particles as
reflected by the magnetic field - density phase differences plotted in the panel below. The
colours are assigned to the phase difference Aypg, = v — ¢, as follows: red for opposite

phase (—180,° —135°) and (135°,180°), blue for in phase oscillations (—45°,45°), yellow for
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retarded magnetic field oscillations (45°, 135°), and green for retarded density oscillations
(—135°,—45°). In addition to the power and polarization masks, a mask for coherency
vBn < 0.5 was applied. The larger coherency in front of the magnetosheath is reflected
in much more stable phase differences across the time-frequency domain as inside the
magnetosheath. Here, the field oscillate in opposition to the density, indicating consistent
coupling between field and particles. Inside the high polarization time-frequency domains
in the magnetosheath, the density fluctuations seem to be retarded from the magnetic
field fluctuations, suggesting that the magnetic field drives the density and not the other
way around.

The last three panels in this set are the same as those in the basic parameters set in
Fig. 1.
Description of the Poynting vector direction set

This set, illustrated in Fig.S4, aims to show the direction in which the waves energy
flows. The magnetic field time series in the first panel is the same as in Fig.1. The
next panel shows the module of the Poynting vector Eq. (22), with no mask applied. The
electric field measured by the Electric Field and Wave Experiment (EFW) (Gustafsson
et al., 1997) is downloaded from the CSA at a resolution of 25 vectors per second when
available, otherwise a much lower resolution of one vector each 4s is used. One should
consider the caveats of the electric field instrument before interpreting these plots. For
instance since the end of 2001 only three probes are functional on Cluster 1, same applies
to Cluster 3 after mid 2002, and to Cluster 2 after mid 2007. The v x B electric field is

removed and no field-aligned electric field is allowed.
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The four panels below, showing the direction of the Poynting vector, are similar and
use the same coordinate system as for the wave vector direction in Fig.S1. However,
in contrast with the wave vector direction, no sign uncertainty exists, and the Poynting
vector direction is much more confined indicating a clear anti-sunward flow of the energy
in the GSE (0, ¢) right hand side plot and a westward toroidal flow in the left hand
side plot. Remarkably, the energy flows in this direction during the entire day, despite
increasing distance to the equatorial plane. Data points with the Poynting vector module
below 0.5 pW km =2 Hz~! were discarded, and power and polarization masks were applied.

The penultimate panel shows the angle between the Poynting vector and the mean mag-
netic field in the time-frequency domain. Unlike the wave normal angle plotted in Fig. S1,
which for the polarized waves inside the magnetosheath keeps a constant (anti)parallel
direction to the magnetic field, the Poynting vector changes from anti-parallel near the
bowshock to parallel towards the end of the interval reaching in the process large angles
to the magnetic field.

Description of the Poynting vector MFA set

The first two panels of this last set of plots shown in Fig. S5, are the same as the first two
panels in Fig. S1, and the last panel is the same as the Poynting vector - mean magnetic
field angle panel in Fig. S4. The remaining panels show the total power spectral density of
the electric field, the components of the Poynting vector in the mean field aligned system
defined for the B MFA plot set, and the angle between the wave vector and the Poynting
vector, reduced to (0°,90°) due to the sign uncertainty.

Description of the yearly, monthly and daily configuration plots
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Yearly overview plots for the entire mission duration are provided, an example being
shown in Fig. S6. These are similar with the four years plots but are separated on months
and in addition the trajectories in the (e,p) domain are also plotted inside the right hand
side colour keys.

A more detailed view of the tetrahedron geometry is offered by the monthly plots. The
plot for January 2005 is shown in Fig.S7. The projections of the orbit of the formation
barycentre on the three GSE planes allow for a quick estimation of the tetrahedron shape
for different magnetospheric regions, while the size of the tetrahedron together with the
corresponding colour encoded shape is shown in the fourth panel. To aid linking of the
line colour with the (e,p) space and to give a better overview of which regions of the (e,p)
space are being visited during the month, the trajectory in the shape space is plotted with
white in the colour-key.

The most detailed view of the geometric parameters is given by the daily plots. Fig. S8
is an example for 1st of January 2005. To give an overview of the magnetic field measure-
ments the top panel shows the magnetic field magnitudes measured by the four spacecraft
(C1 - black, C2 - red, C3 - green, C4 - blue). The magnetospheric regions in which each
spacecraft finds itself are represented by the coloured bars at the bottom of the panel.
Top bar for C1, bottom bar for C4. The magnetospheric regions are determined from the
Goddard SSCWeb interface http://sscweb.gsfc.nasa.gov using IGRF internal and
Tsyganenko 89C external model. The six inter-spacecraft distances are presented in the
next panel, followed by the geocentric distances for all spacecraft an for the barycentre
of the formation. The fourth panel shows the degeneration degree, defined as the radial

coordinate in the (e, p) domain: 0 < /€2 +p? < V2. A small degeneration indicates a
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near regular tetrahedron. The degeneration increases as the tetrahedron departs from the
regular shape. The bottom left plot shows the trajectory in the (e,p) domain with the
time colour coded. The projections of the orbit on the GSE (z,y), (z,2), and (y,z) planes

and the geocentric distance of the barycentre are shown in the four bottom right plots.
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Figure S1. The wave vector direction plot set for C1 on 20th May 2005. The top and bottom
two panels are the same as in Fig. 1. The second panel shows the PSD of the coherent part of
the magnetic field. The third raw shows the wave vector orientation in the LMC system (left)
and in GSE (right). The two panels below show the wave vector orientation in the LMC system.

The mean magnetic field is plotted with the thick grey line.
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Figure S2. The B MFA plot set for C1 on 20th May 2005. The top panel is similar with
the top panel in Fig. 1. The three panels below show the PSD of the magnetic field in the MFA
system. The next two panels show the compression ratio and the coherency. The last two panels

are the same as in Fig. 1.
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Figure S3. The B - density plot set for C1 on 20th May 2005. The top panel shows the module

of the magnetic field (black) and the plasma density (red), both smoothed with a 512s window;
The second panel is the same as the second panel in Fig. 1 with the addition of the plasma density
shown by the yellow line; The third panel shows the PSD of the density fluctuations; The fourth
panel shows the coherency between the magnetic field and the plasma density fluctuations; The
fifth panel shows the phase difference between the magnetic field and the density fluctuations.

The bottom three panels are the same as in Fig. 1.
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Figure S4. The Poynting vector direction plot set for C1 on 20th May 2005. The top and
bottom panels are same as in Fig. 1. The second panel shows the PSD of the Poynting vector
module and the gyrofrequencies of H, He, and O. The two panels in the third raw are similar
with those in Fig. S1 but instead of the wave vector direction show the Poynting vector direction.
The next two panels show the Poynting vector direction in the LMC system. The second panel

from bottom shows the angle between the Poynting vector and the mean magnetic field.
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Figure S5.
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The Poynting vector MFA plot set for C1 on 20th May 2005. From top to bottom:

Magnetic field in MFA system; PSD of the coherent part of magnetic field fluctuations; Sum

of the PSD of the electric field components; Radial, azimuthal, and parallel components of the

Poynting vector in the MFA system; The angle between the Poynting vector and the wave vector;

The angle between the Poynting vector and the mean magnetic field.
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Figure S6.
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Yearly overview of the mean separation and tetrahedron shape for 2005.

The

tetrahedron shape is colour encoded and the trajectories in the (e,p) domain are plotted with

white in the colour-keys for each month.

April 13, 2021, 3:34pm



CONSTANTINESCU ET AL.: THE CLUSTER VIRTUAL OBSERVATORY FOR ULF WAVES

Cluster orbit (GSE) and Tetrahedron configuration May 2005
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Figure S7.  Orbit and geometric parameters of the Cluster tetrahedron during May 2005.

The orbits of the formation barycentre are plotted in GSE coordinates and colour codded for the

shape with the colour-key in the lower left. The trajectory in the (e,p) plane is shown with white

in the colour-key.

April 13, 2021, 3:34pm



X -20 CONSTANTINESCU ET AL.: THE CLUSTER VIRTUAL OBSERVATORY FOR ULF WAVES

Cluster orbit configuration, 2005-05-20
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Figure S8. Daily plot for 20th May 2005. From top to bottom: Magnetic field module for
the four spacecraft and the magnetospheric regions from SSCWeb. Inter-spacecraft distances.
Radial distances for the spacecraft and for the formation barycentre. Degeneration degree of the
tetrahedron. Bottom left plot: trajectory in the (e,p) domain, colour encodes the time. Bottom

right four plots: barycentre orbit in GSE and barycentre radial distance.
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Figure S9. Subset of low resolution quick-view plots for the HDF data archive. No masks are
applied. The first panel shows the power spectral density of the linear polarized part of the waves,
Py, = 2A% , with the amplitude of the linear part, Ay, from Eq.(16). The PSD of the circular
polarized part of the waves is shown next. The circular polarized waves are further divided into
the left Per = 2(Afy — AZu)l>0 and the right Pigne = 2(Afg, — Afg)l>0 polarization in the
following two panels. The co- and quad-spectrum of the magnetic field - density fluctuations
are shown in the next row. The following three rows show the directions of the magnetic field
maximum variance, wave propagation direction, and Poynting vector in GSE coordinates. The

last two panels show the maximum and the minimum eigenvalues of the magnetic field spectral

matrix. April 13, 2021, 3:34pm



X-22 CONSTANTINESCU ET AL.: THE CLUSTER VIRTUAL OBSERVATORY FOR ULF WAVES

Cluster virtual observatory for ULF waves
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Figure S10. The plots section of the CVO.
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Figure S11.

rvatory for ULF waves

Cluster virtual observator
ot (2005 v][05 7 k-Bange  v]lgol[< [>]

[HR plots]

2005 05-01

2005-05-02

2005-05-06

2005-05-11

2005-05-27

2005-05-31

Produced by the TUNED-PLAY team

¥
!
i
—_ =

3 N B

2005-05-04

Ly

2005-05-09

2005-05-22 2005-05-23 2005-05-24
i i
I I

2005-05-28 2005-05-29

The data section of the CVO.

April 13, 2021, 3:34pm

"_}F

2005-05-05

= [
ik
Ie
I
R ‘\
2005-05-25
N
|
¥
I

2005 05-30

X-23



X-24 CONSTANTINESCU ET AL.: THE CLUSTER VIRTUAL OBSERVATORY FOR ULF WAVES

Cluster virtual observatory for ULF waves

12003 v/ all v|[all v [ go |[ <[> ] | 01-04 || 05-08 | 09-12 || 13-16 | 1720 |

Cluster tetrahedron configuration 2003

2 2 2 N 2 % A A A O O

<D> (km)
= 3
S 9
S o
S S
T T
vud 1Ml
&
o
I
]

04 08 12 16 20 24 28

EE N NN N Feb
A
& 1000k

01 05 09 13 17 21 25
é‘°°°°ii/\/\/\/\/\/\/\/\/\/ ~ A
A C .
& 1000f 1

01 05 09 13 17 21 25 29
EE NN\ NG
= F A
& 1000f- E

02 06 10 14 18 22 26 30
§‘°°°°E\/\/\/V\/\/V\/\/\/\/\/\E
= E A
& 1000f- =
04 08 12 16 20 24

g 10000% " S~ ’\JV\/V‘\, ‘f.‘ Lf.\ V2
A 1000E
v E

01 05 09 13 17 21
- 3 g
£ 3 ' Jul
A |
9 _!

15 19 23 27 31

E 10000 - g
£ E 3 Aug
4 1000E- —E"
v E el

04 08 12 16 20 24 28

<D> (km)
- 2
o o
o o
o o
o [T T
el 1ol s
f|~\

»

[}

el

ANNNANNNNNNNI
05 9 13 17 21 2! 29

0 5

<D> (km)
= 3
S S
S o
3 3
T
ST
\\
-

[e]

Q

AAASS ANANANNNNNN.\/

03 07 " 15 19 23 27

@

T T

<D> (km)

04 08 12 16

N
15}
N
=
N
®

(A T

|

(

(

(

(

(

(

(

(

:

(
L L

<D> (km)

Hi res JPG | PDF | year catalog

Figure S12. The tetrahedron geometry section of the CVO.
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