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Summary

The deliverable D4.4 entitled ”Final version of the statistical wave models” is the fourth
deliverable of WP4 ”Development of the new statistical wave models and the re-estimation
of quasilinear diffusion coefficients”. The main goal of this WP is to redevelop statistical
wave models for whistler mode Chorus, hiss and equatorial magnetosonic waves, that
are parameterized by geomagnetic indices (K, Dst, Ag), solar wind velocity, density,
and interplanetary magnetic field (IMF) and accounts for the previous evolution of these
parameters.

Work Package 4 is dedicated to the development of advanced statistical wave models,
which can be used to calculate the quasi-linear diffusion coefficients within the radiation
belts. Presently, the statistical models of such waves as lower band chorus (LBC), hiss,
and equatorial magnetosonic waves (EMW), are parameterised by the location and geo-
magnetic activity indices. Therefore, prior evolution of the magnetosphere is not taken
into account in such models. However, there is no experimental basis to assume that the
spatial wave distribution is independent of the current phase of the particular storm. Also,
it is known that electron fluxes at GEO are influenced more by solar wind parameters.
Hence, previous states of the magnetosphere should be taken into account in the final
wave distribution models. New statistical wave models must depend on the parameters
that are statistically related to the fluxes of electrons in the radiation belts.

The main goal of this deliverable is to develop analytical models of VLF/ELF emis-
sions as functions of the geomagnetic activity indices and solar wind parameters that
influence on different emissions within the inner magnetosphere. The emissions that we
are concerned with for this study are LBC, hiss, and EMW. For this deliverable two space-
craft missions were selected (Cluster, THEMIS), which covered most of the key regions
of the magnetosphere: the dayside magnetospheric boundary, both at mid-latitudes and
in the cusp, the near-Earth magnetospheric tail. Our specific goal was to study prop-

erties of VLF/ELF emissions in the Earth magnetosphere, perform a reconstruction of



Project: PROGRESS Doc No:  PROGRESS_4.4
Deliverable: 4.4 Page: 5 of 68

the emissions’ distribution in the radiation belts. To achieve this aim the data from the
magnetic field measurements registered onboard of the selected spacecraft missions was
used to determine the major characteristics of VLF/ELF emissions around the equator
region, namely, wave amplitudes and wave occurrence rate for different geomagnetic ac-
tivity conditions. We performed automatic detection of LBC, hiss, and EMW to identify
occurrences and amplitudes of the corresponding emissions. New statistical wave models
were developed based on the final set of parameters and time lags identified by ERR from
deliverable 4.3 for the wave amplitudes of LBC, hiss, and EMW.

1 Introduction

Today satellites are widely used in many fields including communications, global position-
ing, meteorology, science, security, etc. During last five years the number of operational
satellites increased considerably from approximately 981 satellites in 2011 to 1381 satel-
lites in 2016 (SIA, 2016). Such a rapid growth show the importance of space industry for
the modern world and its dependence on satellite services.

Satellites carrying expensive electronic equipment are very susceptible to variations
in space weather. Energetic particles that expose the threat to satellite equipment are
trapped inside Van Allen radiation belts — two regions encircling the Earth whose dynam-
ics is controlled by solar activity. These particles can penetrate electronic components
causing noise increase, additional power consumption or even electrostatic discharge and
complete component failure. During the Halloween solar storm that occurred from mid-
October to early November 2003, 47 satellites reported malfunctions (Horne et al., 2013)
that are believed to be connected with large changes in radiation belts. Therefore fore-
casting and warning of the space radiation environment is one of the major tasks for the
geophysics community.

The Van Allen radiation belt particle populations exist in a dynamic equilibrium

between losses (mainly due to particle precipitation to the upper atmosphere) and re-
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filling due to external injections, transport, and acceleration processes. The recent results
from the Van Allen Probes support the local nature of particle acceleration (Reeves et al.,
2013), and it is now generally agreed that in-situ acceleration (and scattering) mechanisms
are important to the outer radiation belt particles dynamics.

VLF /ELF waves have shown to play a significant role in the evolution of high-energy
particle fluxes inside the radiation belts. Different approaches are used for the descrip-
tion of the scattering, trapping, and acceleration of charged particles in radiation belts.
Favoured mechanisms for driving in-situ acceleration (as well as pitch angle scattering)
are the interaction of electrons with whistler waves (chorus and hiss) (Horne et al., 2005b;
Thorne et al., 2013), EMIC waves (Blum et al., 2016; Usanova et al., 2014), magnetosonic
waves (Mourenas et al., 2013), and nonlinear time domain structures (TDS) (Mozer et al.,
2014, 2015). Since the maximum of chorus wave amplitudes is observed inside the outer
Van Allen radiation belt and the frequency is close to w.., these waves are supposed to
be one of the key factors that affect the dynamics of the outer radiation belt (Agapitov
et al., 2013; Horne et al., 2005a; Thorne, 2010).

Several forecast models developed by (Balikhin et al., 2011; Boynton et al., 2013;
Kellerman et al., 2013) to predict relativistic electron fluxes on geosynchronous orbit are
based upon solar wind parameters using nonlinear/correlation analysis. While physics-
based models are based on assumption that wave-particles interactions are well described
by quasi-linear theory (Kennel and Petschek, 1966; Trakhtengerts, 1966), this theory
is applicable for waves with small amplitudes and wide spectrum that allows to consider
wave-particle interactions as a random process characterised by a relatively slow scattering
of particles in velocity space.

A favourable approach for the calculation of dynamics of relativistic particles popula-
tion is based on the incorporation of pitch-angle and energy diffusion coefficients into the
Fokker-Plank equation. Glauert and Horne (2005) developed computer code that calcu-

lates fully relativistic quasi-linear diffusion coefficients that can be applied to any ratio
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of wpe/wee (Where wy. and w,. are plasma and cyclotron frequencies respectively). Sim-
plified code that takes into account interactions of electrons only with parallel whistler
waves, but allows to calculate the diffusion coefficients dynamically, was presented by
(Shprits et al., 2006). Albert (2007, 2008) proposed approximations that allow replacing
the integration over the wave-normal distribution by an evaluation at attentively chosen
points. Theoretical study of diffusion coefficients that accounts for both the integration
over the wave-normal distribution and the summation over all the relevant n-harmonic
resonances were made in works (Mourenas and Ripoll, 2012; Mourenas et al., 2012). All
these approaches rely on several models of the background magnetospheric environment
and the main properties of the VLF/ELF wave spectrum.

VLF/ELF are typically separated by their frequency on upper band chorus waves
with 0.5wep < W < Weep, lower band chorus waves with 0.1weq < w < 0.5weeo, hiss waves
with wry < w < 0.1wee, and below wry ~ (me/m;)1/2wee0 (I et al., 2013; Meredith
et al., 2004) (where m,/m; is the ratio of the electron mass to the effective mass of ions),
ion cyclotron waves with frequency around of gyrofrequencies of oxygen, helium, and
hydrogen.

Lower band chorus waves as the most intense emissions in the outer radiation belt are
responsible for some of the most effective wave-particle interactions (Thorne et al., 2013).
Chorus waves are right-hand polarised coherent waves, that appear as discrete elements
of rising or falling tones in frequency-time diagrams (see, e.g., Agapitov et al., 2010, 2011;
Helliwell, 1965, and references therein). These emissions are observed predominantly near
and outside the outer boundary of the plasmasphere (Gurnett and Inan, 1988; Koons and
Roeder, 1990; Sazhin and Hayakawa, 1992; Tsurutani and Smith, 1974). Chorus waves
occur typically from 00:00 to 15:00 MLT, but mostly between 06:00 and 12:00 MLT's
(Koons and Roeder, 1990; Tsurutani and Smith, 1974). Main properties of chorus waves
were studied by making use of the measurements obtained on the board of the Dynamics

Explorer 1 (André et al., 2002), CRRES (Meredith et al., 2001, 2004), Cluster (Agapitov
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et al., 2011; Agapitov et al., 2011; Pokhotelov et al., 2008), and Thermal Emission Imaging
System (THEMIS) (Cully et al., 2008; Li et al., 2011) spacecraft. It was shown that wave
intensity B,,* strongly depends on the wave frequency range, L shell, magnetic latitude,
magnetic local time (MLT), and geomagnetic activity. This dependence was approximated
in many studies by different models: stepwise functions were used by Horne et al. (2005a)
and Ni et al. (2011), polynomial fitting up to A < 15° was provided by Spasojevic and
Shprits (2013), and a polynomial fitting over a wide A range for several fixed levels of
geomagnetic activity was described by Artemyev et al. (2012) and Mourenas et al. (2014).
Since mentioned models are parameterized by the location of observations and current
values of geomagnetic indices the former state of the magnetosphere plays no role in the
current wave distribution in the magnetosphere.

In this deliverable we analyse data registered by Cluster and THEMIS missions be-
tween 2007 and 2014 to develop new and more comprehensive empirical models of VLF /ELF
emissions in equatorial region || < 20° at radial distances from 4 to 7 Rg as a function
of control parameters listed in table 1. These parameters were identified by ERR analysis
as the solar wind parameters and geomagnetic indices that have the greatest influence on
the wave distribution at a particular location and to determine the time delay between
cause and effect. Then, we present models for wave magnetic field amplitude in the form
of polynomial functions on control parameters that characterise geomagnetic activity for
different equatorial regions of the magnetosphere. Finally, we analyse the precision of an-
alytical models and define constraints on parameter values at which the models describe

amplitudes of VLF/ELF waves adequately.
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Table 1: List of control parameters from ERR analysis and its abbreviations used to
develop wave activity models of the inner magnetosphere.

Abbreviation Description

L. Vsw hourly velocity of solar wind [km/s].

2. N hourly concentration of solar wind [em=3].
3. p Flow pressure of solar wind [nPa).

4. AE hourly AE index [nT].

5. Dst hourly Dst index [nT].

6. Bt IMF factor [nT].

2 Data description

The solar wind data and geomagnetic activity indices used for this study were obtained
from OMNI website (http://cdaweb.gsfc.nasa.gov). Table 1 summarises the list of solar
wind parameters and geomagnetic activity indices used as control parameters for the wave
activity models in the inner magnetosphere. Bt is an IMF factor defined as Bja,5in®(0/2)
proposed by Balikhin et al. (2010); Boynton et al. (2011) (where Biq, = /B2 + B2 is the
tangential IMF and 6 = tan™'(B,/B,) is the clock angle of the IMF).

The wave data used in this study is registered by the search coil magnetometer instru-
ments onboard the Cluster (Escoubet et al., 2001) and THEMIS (Burch and Angelopoulos,
2009) spacecraft during the periods February 2001 to December 2010 and January 2007
to December 2014 respectively. Each of the three emission types is observed in their dis-
tinct frequency range. These frequency ranges were used to separate the different waves
into three datasets, one for each emission. The three datasets contained the LBC, hiss
and EMW wave magnitude in time, L-shell, Magnetic Local Time (MLT) and magnetic
latitude.

The next step was to determine the spatial resolutions for each of the bins or sectors.

This study only considered measurements in the vicinity of the equator for each of the
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emission types. Therefore the spatial dimensions in magnetic latitude were between —20°
and 20°. The bin size for the other two spatial dimensions was determined by data
availability. Initially, the number of data points in each spatial bin covering 1 hour MLT
and 1 Rg radially (with a range of 3-7 Rp) was determined. Data measurements in the
range 3 < L < 4 was not enough to study statistical properties of the wave activity in that
region. Therefore, spatial bins were then combined at first radially into two bins covering
4 <L <5and b < L < 7 and then by MLT such that each of the spatial bins would
contain over 1000 data points. These criteria arise because the ERR analysis requires
around 1000 data points, covering a broad range of conditions, for reliable results.

Global distributions of the occurrence rate and root-mean-square (RMS) values of
magnetic field amplitudes of whistler waves in chorus frequency range derived from THA
observations during 2008-2014 are shown for different levels of magnetic activity in Fig-
ure 1. The corresponding orbital coverages are given in the smaller panels. From left to
right, the models are presented for quiet (K, < 3), moderate (3 < K, < 5) and active
(K, > 5) conditions. The top row shows the distributions in L-shell / magnetic local
time (MLT) domain with the dawn to the right and dusk to the left, while the bottom
row shows the distributions in L-shell / magnetic latitude A domain. The data is binned
in steps of 1 L-shell, 1 h of MLT, 1° of A\. For a wide range of geomagnetic activity
0 < K, < 7 a vast amount of data is available for analysis, comprehensively covering
all MLT and L-shells in the range 2-8. At higher geomagnetic activity levels the data
coverage reduces considerably.

The occurrence rate is calculated as the ratio of a number of whistler waves with
magnetic component greater than 4 pT to the total number of measurements in each bin.
Whistler waves are observed over a broad MLT range from the midnight through dawn
to the dusk sector (01:00-20:00 MLT). Note that the occurrence rate of whistler waves
on the dayside is significantly higher than that of on the nightside that is consistent

with Li et al. (2011). However, two regions with a high occurrence rate of whistler
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Figure 1: Occurrence rate of chorus emissions in L-shell/ MLT domain for periods of low
K, <3 (a), intermediate 3 < K, <5 (c), and high geomagnetic activity K, > 5 (e). RMS
values of the magnetic component of chorus waves in L-shell/ MLT domain for same levels
of geomagnetic activity (b), (d), (f). Distributions for L-shell/\ domain are shown on
panels (g)-(1) in the same format. Corresponding orbital coverages of THA probe, colour
coded, are shown in the small panels. The distributions are obtained using measurements
of THA probe during 2008-2014.
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waves can be distinguished. One at L-shells 4 < L < 6, where whistler waves are mainly
observed at 05:00-20:00 MLT and another at L-shells 6 < L < 8, where whistler waves are
observed at 00:00-15:00 MLT. The average amplitude distribution of electric and magnetic
components of whistler waves are shown in Figure 1a, 1c, and le in L-shell/MLT domain.
The typical magnetic component amplitude of whistler waves is greater than 10 pT over
the entire region that extends from pre-midnight to the pre-noon sector (22:00-11:00 MLT)
with the maximum at 6 < L < 8. In the dusk sector (15:00-20:00 MLT) the magnetic
component amplitude is lower than that observed in the morning sector by almost an
order of magnitude. Even lower intensity waves are seen in the range 18:00-21:00 MLT at
4 < L < 6. The occurrence rate and distributions of electric and magnetic components
are in good agreement with those from previous studies by Meredith et al. (2003) based
on CRRES measurements and by Pokhotelov et al. (2008) and Agapitov et al. (2011)

based on early Cluster measurements (2001-2004).

3 Methodology

For this study, wave emission data registered by four Cluster and 3 THEMIS probes
(THA, THD, and THE) was used The dataset was formed on the basis of CDAWeb
data. Wave amplitude of particular type was calculated using measurements from six
channels of FBK instrument onboard THEMIS spacecraft or 27 channels of STAFF-SA
instrument onboard Cluster spacecraft. Signals with an amplitude less than 1 pT were
interpreted as noise and were extracted from the original dataset. Using local value of
electron cyclotron frequency f.. 3 frequency bands were determined for magnetosonic
(f < frm), hiss (fry < f < 0.1f.) and lower band chorus (0.1f.. < f < 0.5f..) waves.
Wave amplitudes were calculated using signals from channels which central frequency lied

within a particular frequency band. Resulting wave amplitude was defined as
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where n - number of channels (6 for FBK and 27 for STAFF-SA), A; - signal amplitude
of i—th channel and a; indicates whether signal of i—th channel is used for resulting wave

amplitude calculation. For example a; for lower band chorus are defined as follows:

L, fi € [0.1fee; 0.5 ]
07 fz &/ [0'1fce; 0-5fce]

where f; - central frequency for i—th channel. Resulting wave amplitudes and location

a; =

of the probes described in MLT and L-shell are taken as the input data. These mea-
surements were divided into different groups that belong to location bins for each wave
type mentioned in Section 2. For each group distribution of RMS amplitude of magnetic
wave field was built as a function of the two parameters with the greatest control over the
wave activity. The Levenberg-Marquardt algorithm of nonlinear least squares fitting was
then run for every distribution to calculate coefficients of the analytical representation
of the model. The distributions of wave amplitudes were reproduced using third order
polynomial function of control parameters:

3 3

logio(B Z Zaijcpiclﬁ (1)

i=0 j=0
where B, - RMS wave amplitude of the emission, c¢p; and cps - a pair of control param-
eters that has the greatest influence on wave activity in particular spatial bin, and a;; -

coeflicients of the model.

4 Analysis results

Results of the fitting for the three emission types at the different spatial bins can be
found in the appendix (Tables 2-32). Figures 2-44 were constructed to illustrate the
dependence of wave magnetic amplitudes of the three wave types on control parameters
in different spatial bins and to compare with the results of the fitting. For each sector,
there are two top control parameters of the emission type and corresponding time lags

between the observed wave amplitude and the control parameters according to results of
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ERR. The lags of the control parameters are indicated in brackets of the corresponding
axis of the plot and expressed in hours. Panel (a) on Figures 2-44 shows number of
measurements available at different levels of geomagnetic activity. Panel (b) illustrate a
distribution of wave magnetic field amplitude in the domain of main control parameters
for the given sector. Panel (¢) shows the results of the analytical model for wave magnetic
field amplitude obtained by fitting the polynomial function to the distribution on a panel
(b). Panel (d) gives information about the discrepancies between the analytical model and
the actual distribution. The axes of the panels(a-c) are labelled by the control parameters
defined by ERR analysis with the most significant time lags in hours between the control

parameter value and amplitude of the emission.

4.1 LBC wave models

The results show that either the AE index, Dst index or solar wind velocity have the
largest ERR in all the sectors. The AE index has the largest control over the LBC at
region 04:00-12:00 MLT and 4 < L < 7 with time delays of 1 hour while for afternoon
and dusk sectors from 12:00 to 22:00 main control parameter is Dst.

Figure 2 illustrates the model of magnetic wave amplitude of LBC for the spatial
bin that extends 5 < L < 7 and 04:00-08:00 MLT. Panel (a) shows the availability of
LBC measurements in Vg,-AE domain with time lags of 1 and 10 hours for AE and
V4, indices. The colour represents the number of LBC waves registered by spacecraft
in the current spatial bin at given geomagnetic conditions. It can clearly be seen that
there is a vast amount of data available for wide range of geomagnetic activity AE < 700
nT and 300 < V;, < 700 km/s. However, as geomagnetic activity increases, the data
coverage reduces considerably due to the rarity of such periods. The good coverage of
the low latitude region of the inner magnetosphere provides the opportunity to study
ELF/VLF emission properties during different magnetosphere activity conditions. It is
clearly seen that quiet geomagnetic conditions (AE < 100 nT) are observed more often

than disturbed. The RMS of magnetic wave amplitude on a panel (b) shows that for
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quiet conditions average LBC amplitude is about 4-5 pT while for disturbed conditions
the amplitude raises up to 20 pT. The values of RMS magnetic wave amplitude restored
from the analytical model have similar values for quiet and disturbed conditions. Panel
(d) shows a distribution of the discrepancies between the model and the observed values.

90% of model values differ from observed values less than 10%.
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Figure 2: (a) Data coverage of the Cluster STAFF-SA and THEMIS FBK measurements
in the LBC frequency range (0.1w. < w < 0.5w.) as a number of spectra captured in
Vsuw-AE domain for 5 < L < 7 and 04 : 00— 08 : 00 MLT. (b) RMS of LBC magnetic field
amplitude in Vg,-AE domain measured by Cluster and THEMIS probes. (c) RMS values
obtained from the analytical model developped using the measurements. (d) Distribution
of discrepancies between analytical model and actual measurements.

Figure 3 illustrates the model of magnetic wave amplitude of LBC for the spatial bin
that extends 4 < L < 5 and 12:00-16:00 MLT. Panel (a) shows the availability of LBC
measurements in an AE-Dst domain with time lags of 2 hours. The RMS of magnetic
wave amplitude on a panel (b) shows that average LBC amplitude for quiet geomagnetic
conditions (Dst > —40 nT) is about 3 pT, while during disturbed geomagnetic conditions
RMS wave amplitude rises to 8 pT. Distribution of the discrepancies on a panel (d) shows
91% of model values differ from observed values less than 10%. However, due to small
amount of measurements at AE > 500 nT magnetic wave amplitudes are diverse, and the
model has significant deviations from the observed values.

Figure 4 illustrates the model of magnetic wave amplitude of LBC for the spatial
bin that extends 5 < L < 7 and 16:00-22:00 MLT. Panel (a) shows the availability of

LBC measurements in V,,-Dst domain with time lags of 1 and 4 hours for V, and Dst
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Figure 3: Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in AE-Dst domain for region 4 < L < 5 and 12:00-16:00 MLT in same format as
Figure 2.

indices. The RMS of magnetic wave amplitude on a panel (b) shows that average LBC
amplitude is about 4.5-5.5 pT. Distribution of the discrepancies on a panel (d) shows 94%
of model values differ from observed values less than 10%. However, due to small amount
of measurements at Dst < —40 nT magnetic wave amplitudes are diverse and the model
exhibit significant deviations from the observed values. Therefore the model describes
adequately observed wave amplitudes for Dst > —40 nT.

Le[5,7); MLTE [16, 22]
Data coverage Measurements Model
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3
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-40 . -40

300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
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Figure 4. Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in V,-Dst domain for region 5 < L < 7 and 16:00-22:00 MLT in same format as
Figure 2.

Other figures that illustrate distributions of LBC wave amplitudes registered by space-
craft and calculated by developed models, as well as tables that contain values of the

coefficients for models, are listed in Appendix A.
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Figure 5: Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in V,-Bt domain for region 5 < L < 7 and 04:00-08:00 MLT in same format as
Figure 2.

4.2 Hiss wave models

The IMF factor has the largest influence on wave amplitudes from 22:00-08:00 MLT, with
time lags between 1 and 3 hours. Figure 5 illustrates magnetic wave amplitudes of hiss
for the spatial bin that extends 5 < L < 7 and 04:00-08:00 MLT. Panel (a) shows the
availability of hiss measurements in V,,-Bt domain with time lags of 10 and 2 hours
for Vg, and Bt indices. The RMS of magnetic wave amplitude on panel (b) shows that
for quiet conditions (Vg, < 500 km/s and Bt < 5) average hiss amplitude is about 4-
5 pT, while for disturbed conditions the amplitude raises up to 8 pT. Distribution of
the discrepancies on a panel (d) shows 85% of model values differ from observed values
less than 10%. The largest deviations from model are observed at active geomagnetic
conditions for V' > 650 km/s and Bt > 6 nT due to small amount of measurements.
Figure 6 illustrates the model of magnetic wave amplitude of hiss for the spatial bin
that extends 4 < L < 5 and 08:00-12:00 MLT. Panel (a) shows the availability of hiss
measurements in V,-AE domain with time lags of 2 and 1 hours for V,, and AE indices
respectively. The RMS of magnetic wave amplitude on a panel (b) shows that average hiss
amplitude for quiet geomagnetic conditions (AF < 300 nT) is about 4 pT, while during
disturbed geomagnetic conditions RMS wave amplitude rises to 8 pT. Distribution of

the discrepancies on a panel (d) shows 93% of model values differ from observed values
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less than 10%. However, due to small amount of measurements at AE > 400 nT and

Vsw > 500 km/s the obtained model is not reliable.

Le[4,5; MLTE [3,12

AE(t-1)

300 400 500
v(t-2)

10° 10t 107 10° 10° 10° 0.004 0.008 0.012 0.016 0.020 0.024 0.028
# of measurements RMS [nT]

Figure 6: Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in V,-AE domain for region 4 < L < 5 and 08:00-12:00 MLT in same format as
Figure 2.

The Dst index has the highest ERR in the two pre-midnight sectors, both with a
lag of 1 hour. Figure 7 illustrates magnetic wave amplitudes of hiss for the spatial bin
that extends 5 < L < 7 and 20:00-00:00 MLT. Panel (a) shows the availability of hiss
measurements in a P-Dst domain with a time lag of 1 hour for P and Dst indices. The RMS
of magnetic wave amplitude on a panel (b) shows that for quiet conditions (Dst < —40
nT and P < 4 nPa) average hiss amplitude is about 4-5 pT while for disturbed conditions
the amplitude raises up to 8 pT. Distribution of the discrepancies on a panel (d) shows
85% of model values differ from observed values less than 10%. The largest deviations
from the model are observed at active geomagnetic conditions for P > 5 due to a few
measurements.

Other figures that illustrate distributions of hiss wave amplitudes registered by space-
craft and calculated by developed models, as well as tables that contain values of the

coefficients for models, are listed in Appendix B.

4.3 EMW wave models

The Dst index has the most control of EMW waves in the inside sectors 16:00-04:00 MLT.

Figure 8 illustrates magnetic wave amplitudes of EMW for the spatial bin that extends
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LE[5,7); MLTE [20,0]

DST(t-1)

1 2 3 4 5 6
Pressure! (t-1)

10° 10" 107 10° 104 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200

Figure 7: Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in P-Dst domain for region 5 < L < 7 and 20:00-00:00 MLT in same format as
Figure 2.

Le[4,5; MLTE [16, 20]

1 2 3

5 6 7
Bt(t-1)
T

0.0048 0.0056 0.0064

Figure 8: Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in Bt-Dst domain for region 4 < L < 5 and 16:00-20:00 MLT in same format as
Figure 2.
4 < L <5 and 16:00-20:00 MLT. Panel (a) shows the availability of EMW measurements
in a Bt-Dst domain with time lags of 1 and 2 hours for Bt and Dst indices. Average
RMS of magnetic wave amplitude on a panel (b) is about 4.5 pT and doesn’t have any
pronounced dependence on control parameters. Distribution of the discrepancies on a
panel (d) shows 92% of model values differ from observed values less than 10%. The
model exhibits an artificial peak at Bt > 7 nT and Dst < —60 nT due to small amount
of measurements.

The AE index controls the pre-noon and afternoon inside sectors and the noon and
dusk outside sectors. Figure 9 illustrates magnetic wave amplitudes of EMW for the

spatial bin that extends 5 < L < 7 and 15:00-19:00 MLT. Panel (a) shows the availability
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Le[5,7); MLTE [15,19]

10 15 5
N(t-2)

0.0016 0.0024 0.0032 0.0040 0.0048 0.0056 0.0064 0.0072

Figure 9: Data coverage, measured and analytical values of RMS of magnetic field am-
plitudes in N-AE domain for region 5 < L < 7 and 15:00-19:00 MLT in same format as
Figure 2.
of EMW measurements in N-AE domain with a time lag of 2 hours. The RMS of magnetic
wave amplitude on panel (b) is about 4.5 pT and increases up to 6 pT at N > 10 em 3.
Distribution of the discrepancies on a panel (d) shows 97% of model values differ from
observed values less than 10%.

Other figures that illustrate distributions of hiss wave amplitudes registered by space-
craft and calculated by developed models as well as tables that contain values of the

coefficients for models are listed in Appendix C.

4.4 Models of simplified dependence on Kp

Many modern models of quasi-linear diffusion by whistler mode waves use parallel (or
quasi-parallel) wave propagation 6 ~ 0° approximation (Albert, 2007; Glauert and Horne,
2005; Shprits et al., 2006; Summers et al., 2007). However, it has also been shown that
whistler mode waves with very oblique 6 € [0,,6,] (where 6, and 6, are the Gendrin and
resonance cone angles (Gendrin, 1961)) could play an important role for electron resonant
pitch-angle scattering (Albert, 2012; Artemyev et al., 2012; Glauert et al., 2014; Li et al.,
2014; Ni et al., 2013; Shprits and Ni, 2009).

Early studies of the chorus wave-normal angles distribution ¢(f) by (Burton and
Holzer, 1974; Goldstein and Tsurutani, 1984; Haque et al., 2010; Hayakawa et al., 1984;

Lauben et al., 2002) has shown that values of 6 are generally less than 30° at |A| < 40°
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and it rises up to 85° at |A| > 40°. However, recent observations of ELF/VLF emissions
by THEMIS and Cluster missions have shown the existence of whistler mode waves with
0 € [60°,80°] in equatorial region (Agapitov et al., 2012; Li et al., 2011). Despite the
amplitude of quasi-perpendicular chorus waves is rather moderate, their ability for the
resonant scattering of radiation belt electrons is significant (Albert, 2012; Artemyev et al.,
2012; Glauert et al., 2014; Li et al., 2014; Ni et al., 2013; Shprits and Ni, 2009).

The ¢(6) distribution derived from Cluster spacecraft observations has been approx-
imated as a function of latitude for three geomagnetic activity ranges in the works by
Artemyev et al. (2013a) and Mourenas et al. (2014). The distribution g(#) was shown
to depend on local coordinates (L-shell, MLT, and latitude) and geomagnetic activity.
Agapitov et al. (2015) has proposed a statistical model of chorus amplitudes and oblig-
uity parameter defined as the ratio of a number of quasi-perpendicular to quasi-parallel
waves based on measurements registered during ten years of Cluster operation. Obtained
models are defined as polynomial functions of L-shell, magnetic latitude, and geomagnetic
activity.

However, previous studies used data registered by spacecraft with high inclinations
of their orbits which lead to poor coverage of equatorial region at 5 < L < 7 that is
not sufficient for statistical study. In this section, we analyse RBSP data registered
between 2012 and 2016 to develop empirical models of LBC and hiss wave parameters as
a function of magnetic latitude A and K, index in the equatorial region |A| < 20° at radial
distances from 3 to 6 Rg. Also, we present models for wave-normal and wave magnetic
field amplitude in the form of polynomial functions on L-shell, A\, and Kp for two MLT
sectors.

Pitch-angle diffusion coefficients for electrons resonantly interacting with whistler

mode waves can be written as (Glauert and Horne, 2005):

2 Omaz 32 (1) sin 03 2 o 2
Daa — 6_ Z / df Bw (WZ) sm_Hg(@) |(I)n,k| % nQCe/’Y Ww; SIn”™ « (2)
47T n emin COS 6 i N<w2) |U|| a(.U/ak” |k\|z COS ¢
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where n is the harmonic number, 7 is the number of the resonant root, 6,,;, and 6,,..
are limits determined by the model used (6,,;, = 0 and 0, is slightly below the resonance

cone 0,..; see details in Artemyev et al. (2013b)), and w;, k; are solutions of equations:
w=w(k,0)

W — kHU” = —che/’y

w = w(k,0) is the dispersion relation, « is the particle pitch angle, v = \/m,
and « is the relativistic factor. The function ®, ; describes the relation between the
wave electric and magnetic field components (Glauert and Horne, 2005). All local system
parameters (for given A) are included into functions G(6) = sin(#)g(0)/N(w;) and B2,
The latter defines the spectral distribution of wave intensity evaluated at the resonant
root wj.

ow?

B2 (w;) = Aexp (_M)

where A is the normalization constant, [“™** B2 (w)dw = B2, and B2()) is the local

w?

wave intensity. The function G(#) gives the normalised distribution of wave magnetic

energy as a function of # at a given latitude

ok -

emaz
G(0) = 2m*sin 03() ( / sin 0g(0)k* — d&)
Omin aw 0

where g(0) is the probability distribution function (PDF) at angle 6. This function

determines the amount of wave energy with a wave-normal angle 6 in the element of k?
space dk? = sinQk%dkdf. Spacecraft measurements provide a number of waves in the
elementary volume k*dkdf. Thus, measurements already provide the function g(6) =
g(0)sinf. This function g(f) can be approximated by two Gaussians (Artemyev et al.,

2013a; Mourenas et al., 2014)
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where the factor @) depends on Kp (or Dst), on L-shell, as well as on geomagnetic
latitude and MLT. Parameters 6y, 65, 060, ~ 602 are almost the same for dayside and
nightside and do not depend strongly on L-shell either. Reasonable approximations for
these parameters are ¢, ~ 15°, 0 ~ 70°, and 46, 2 ~ 10°.

Obliquity parameter @) is defined as ratio of the number of oblique waves to the total

number of waves and is calculated using following expression:

Q=2 Y a;(AF]/10)'L) Y beK}, (3)
k=0

i=0 j=0

where a;j, b - coefficients, listed in tables 33-40, A - magnetic latitude, L - L-shell,
Kp - geomagnetic index.

RMS of wave amplitudes is calculated using following expression:

By = > ai(\1/10)'L ) buKp, (4)

3
i=0 j=0 k=0

where a;;, by, - coefficients, listed in tables 41-48, A - magnetic latitude, L - L-shell,
Kp - geomagnetic index.

Figure 10 illustrates the model of obliquity parameter distribution of LBC in \-Kp
domain for four L-shell ranges and two ranges in MLT. The colour codes the value of
the obliquity parameter. Overall, obliquity parameter tends to increase with Kp from
0.01 at Kp < 1+ to 0.6 at higher values of Kp. However, the dependence of obliquity
parameter on A is more complicated. Inside the plasmasphere obliquity parameter has
one maximum around A ~ 20° and 2 < L < 3 and A = 15° at 3 < L < 4. Outside the
plasmasphere 5 < L < 7 in the night sector 15:00 - 03:00 MLT obliquity parameter has
two expressed maximums at 5° and 20°, whereas in the day sector 03:00 - 15:00 MLT the
two maximums are significantly less pronounced.

Figure 11 illustrates the model of magnetic amplitude B,, distribution of LBC in A-Kp
domain for four L-shell ranges and two ranges in MLT. Overall, magnetic amplitude B,, is

strongly dependent on L-shell, A\, and Kp. It is clearly seen that minimum and maximum
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values of B, rise with L-shell in both day and night sectors. The increase of B, with
geomagnetic activity is evident on all panels. Magnetic amplitude B,, has two maximums
at A = 5% and A = 20° in L-shell range 4 < L < 7 in both day and night sectors.
Although, the obliquity parameter for hiss waves tends to decrease with L-shell, as can
be seen from figure 12, generally the value of the obliquity parameter is considerably lower
than for LBC waves. Also, there is no significant dependence of obliquity parameter on
A and Kp. Most values of the obliquity parameter lie within range 4.0 x 1074 — 1 x 1072,
Figure 13 shows the distributions of the magnetic wave amplitude B,, of hiss waves. In
contrast to LBC waves, hiss wave amplitudes show a weak dependence on \. However, for
5 < L < 7 the maximum of hiss amplitudes is confined in the equatorial region A < 5°.
Inside the plasmasphere a weak dependence of hiss magnetic amplitude on the Kp index
is visible. The slight decline of B, for high geomagnetic conditions Kp > 7 can not be

reliable due to sparse measurements for Kp > 6+.

4.5 Hiss intensity latitudinal extent

Whistler waves of hiss type are known to be the natural phenomenon of the plasmasphere
(Malaspina et al., 2016). Plasmaspheric hiss amplitudes are dependent on L-shell, MLT
and geomagnetic activity, with two distinct latitudinal zones of peak wave activity, pri-
marily on the dayside (Agapitov et al., 2011, 2013; Agapitov et al., 2014; Green et al.,
2005; Malaspina et al., 2016; Meredith et al., 2004; Spasojevic et al., 2015). The distri-
bution of wave normal angles is mostly quasi-parallel in a vicinity of the geomagnetic
equator with a strong dependence on A with simplified dependence of the distribution
maximum 6 ~ 2.1\. Dependence of hiss amplitude on A (up to 40°) is weak (Agapitov
et al., 2011, 2013; Spasojevic et al., 2015) that shows absence of hiss source and significant
wave amplification/damping in the plasmasphere; so, the equatorial values of amplitude
can be a good estimation for hiss amplitude up to A ~ 30 — 35°. The best coverage
of middle and high latitudes by VLF measurements was from Cluster (Agapitov et al.,
2011, 2013; Pokhotelov et al., 2008), AKEBONO (Agapitov et al., 2014), and DE1 (Green
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et al., 2005) projects, and these measurements mostly confirmed a weak dependence on A
with the possible presence of high latitude (above 45°) additional separated wave source.
Results presented in (Meredith et al., 2004) with a secondary maximum at A ~ 25 — 30°
were based on CRRES data (electric field VLF measurements only) and could demonstrate

variation with A of wave normal angle distribution.
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Lower-band chorus waves
RBSP Measurements Model values
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Figure 10: Distribution of the obliquity parameter of LBC waves in A\-Kp domain accord-
ing to measurement registered by RBSP probes during 2012-2015, (two left columns), and
according to simplified models given by (3) (two right columns).
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Lower-band chorus waves

RBSP Measurements Model values
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Figure 11: Distribution of the RMS amplitude of LBC waves in A-Kp domain according
to measurement registered by RBSP probes during 2012-2015, (two left columns), and
according to simplified models given by (3) (two right columns).
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Hiss waves
RBSP Measurements Model values
Night sector (MLT from 15:00 to 3:00)
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Figure 12: Distribution of the obliquity parameter of hiss waves in A\- K p domain according
to measurement registered by RBSP probes during 2012-2015, (two left columns), and
according to simplified models given by (3) (two right columns).
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Hiss waves
RBSP Measurements Model values
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Figure 13: Distribution of the RMS amplitude of hiss waves in A\-Kp domain according
to measurement registered by RBSP probes during 2012-2015, (two left columns), and
according to simplified models given by (4) (two right columns).
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5 Database description

The database contains models of RMS values of magnetic field amplitudes for three emis-
sion types in the inner magnetosphere 4 < L < 7. The database consists of 31 ASCII-

coded files, which have following naming convention:
{waveftype}*L*{me}*{Lmax}*MLT*{MLTmm}*{MLTmam}'txta

where wave_type - type of the VLF/ELF emission {ems, hiss, lbc}, Lpin, Limin, M LT in,
MLT,,.. - designate boundaries of the spatial bin. Each file is composed of a header, spec-
ifying the spatial region, control parameters, and time lags used in the model, coefficients
required to calculate RMS values of magnetic amplitudes using equation 1.

Appendix E provides code snippets that can serve as examples of how to load models

from the files and calculate magnetic field amplitudes using some common languages.

6 Conclusions

We collected database of whistler waves observation in a vicinity of the geomagnetic
equator (chorus generation region). It is found that vast amount of data is available to
be analysed, comprehensively covering all magnetic local times (MLT) and L-shell in the
range 4 < L < 7 for a wide range of geomagnetic activity K, € [0, 6].

The new statistical wave models are built concerning the lags of the geomagnetic
indices and solar wind parameters identified by ERR and therefore account the previous
evolution of the magnetosphere’s state. New wave parameterizations obtained in present
deliverable provide such an information of the distributions of wave amplitudes on a
statistical basis, building on the very large and comprehensive database of LBC, hiss, and
EMW measurements obtained over ten years by the Cluster spacecraft and seven years
of THEMIS spacecraft. The polynomial wave models provide the needed information
as a function of geomagnetic activity, as described by two most influential parameters.

This could allow future detailed studies concerning the better relevance of one parameter
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as compared to the other in various space weather simulations or related to their likely
complementarity in some parameter ranges as regards the information provided on the
wave distribution.

Numerical calculations of wave-particle scattering on the basis of the proposed wave
models should hopefully allow an improved forecasting ability in the outer belt, while at
the same time enabling the full numerical codes, for the first time, to study the differ-
ent effects of control parameters’ disturbances (roughly corresponding to substorms and

storms) in shaping the Earths outer radiation belt.
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Figure 14: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 4 < L <5 and 22:00-04:00 MLT in same format

as Figure 2.

Table 2: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,-AE domain for region 4 < L <5 and 22:00-04:00 MLT.

i/j 0 1 2 3

-5.670e+00 2.219¢-02 -4.695¢-05 2.564¢-08
3.082e-02  -2.208e-04  4.987e-07 -3.133¢-10
-8.975¢-05  6.672e-07 -1.546e-09 1.011e-12
8.105¢-08  -6.182¢-10 1.449¢-12  -9.670¢-16

w = O

Le[4, 5]; MLT< [4,8]

700
600
500

400
|

300

200

300 400

300 400 500
v(t-7)

i

10 102 10° 10 10 0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027
RMS [nT]

s

# of measurements

Figure 15: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 4 < L <5 and 04:00-08:00 MLT in same format

as Figure 2.
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Table 3: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V4,-AE domain for region 4 < L < 5 and 04:00-08:00 MLT.

i/j 0 1 2 3

0 -2.409¢+00 -4.803¢-03  9.049¢-06 -1.102e-08
1 9.681e-04  2.499¢-05 -3.621e-09 -3.864e-12
2 -7.700e-06 1.219e-08 -2.949¢-10  3.242¢-13
3 1.431e-08 -9.539¢-11  5.193e-13  -5.162¢-16

Le[4,5; MLTE [3,12

300 400 500 600
V(t-6)

. .012 0016
# of measurements RMS [nT]

Figure 16: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 4 < L <5 and 08:00-12:00 MLT in same format

as Figure 2.

Table 4: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,,-AE domain for region 4 < L <5 and 8:00-12:00 MLT.

i/j 0 1 2 3
0 -3.097e4+00 -6.851e-03 6.254¢-05 -9.027¢-08
1 6.115e-03  5.675e-05 -4.949¢-07 6.894e-10
2 -1.249¢-05 -1.921e-07 1.372¢-09 -1.791c-12
3 2.308¢-09 2425¢-10 -1.335¢-12  1.594e-15
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Figure 17: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in AE-Dst domain for region 4 < L <5 and 12:00-16:00 MLT in same format
as Figure 2.

Table 5: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in AE-Dst domain for region 4 < L <5 and 12:00-16:00 MLT.

i/j 0 1 2 3

0 -2.830e+00 4.498¢-02 2.249¢-03  2.049¢-05
1 4.775e-03  -3.930e-04 -1.744e-05 -1.492e-07
2 -1.728e-05  9.327e-07  4.247¢-08  3.549¢-10
3 1.650e-08 -6.426e-10 -3.174e-11 -2.661e-13
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Figure 18: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-Dst domain for region 4 < L < 5 and 16:00-22:00 MLT in same format
as Figure 2.
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Table 6: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in N-Dst domain for region 4 < L < 5 and 16:00-22:00 MLT.

i/j 0 1 2 3

0 -2.310e+00 3.858e-02 6.347e-04 2.867e-06
1 1.184e-01  -2.490e-03 -1.330e-04 -1.232e-06
2 -2.338e-02 -3.606e-04 8.916e-06 1.372e-07
3 8.640e-04  1.893e-05 -2.308e-07 -4.546e-09
o coveras Le[5,7; MLTE [22,4)
Tk

100 200 300 400 500 600 700
AE(t-1)

AE(t-1)

[
10° 10* 107 107 10¢ 0.0015 0.0030 0.0045

00060  0.0075
# of measurements RMS [nT]

Figure 19: Data coverage, measured and analytical values of RMS of magnetic field

amplitudes in AE-V,, domain for region 5 < L < 7 and 22:00-04:00 MLT in same format
as Figure 2.

Table 7: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in AE-V, domain for region 5 < L < 7 and 22:00-04:00 MLT.

i/j 0 1 2 3

0 -4.265e+00 1.551e-02 -4.031e-05 3.384e-08
1 8304e-03 -7.054e-05 1.967e-07 -1.775¢-10
2 -5.895¢-06 5.512¢-08 -1.821e-10 1.988e-13
3 -6.495¢-09 4.423e-11 -7.633e-14 1.811e-17
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Figure 20: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 5 < L < 7 and 04:00-08:00 MLT in same format
as Figure 2.

Table 8: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,,-AE domain for region 5 < L < 7 and 04:00-08:00 MLT.

i/j 0 1 2 3
0 -2.065¢4+00 -3.297¢-03 6.883¢-06 -4.641e-09
1 -3.360e-03  3.731e-05 -9.704e-08  7.647e-11
1.128¢-05  -1.192¢-07  3.357¢-10  -2.723¢-13
3 -1.066e-08 1.207¢-10 -3.471e-13  2.814e-16
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Figure 21: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 5 < L < 7 and 08:00-12:00 MLT in same format
as Figure 2.
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Table 9: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V4,-AE domain for region 5 < L < 7 and 08:00-12:00 MLT.

i/j 0 1 2 3
0 -1.263e4+00 -2.183e-02 8.018¢-05 -7.790e-08
1 -7.900e-03 1.729e-04 -6.543e-07  6.390e-10
2 1.731e-05 -4.280e-07 1.681¢-09 -1.642¢-12
3 -1.067e-08  3.380e-10 -1.374e-12  1.342¢-15

Le[5,7; MLTE [12,16]

10° 10t 107 10° 10¢
# of measurements

0.010
RMS [nT]

Figure 22: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-Dst domain for region 5 < L < 7 and 12:00-16:00 MLT in same format

as Figure 2.

Table 10: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in Vg,-Dst domain for region 5 < L < 7 and 12:00-16:00 MLT.

i/j 0 1 2 3
0 -9.670e+00 -3.248¢-01 -2.924¢-03 -5.795¢-07
1 5.045e-02  2.479e-03  3.041e-05  8.383e-08
2 -1.093e-04 -5.774e-06 -8.256e-08 -3.192e-10
3 7.645¢-08  4.269¢-09 6.737e-11  3.074e-13
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Figure 23: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-Dst domain for region 5 < L < 7 and 16:00-22:00 MLT in same format
as Figure 2.

Table 11: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,,-Dst domain for region 5 < L < 7 and 16:00-22:00 MLT.

i/j 0 1 2 3

0 -3.535e+00 7.227e-02 6.6520-03  9.472¢-05
1 4.989¢-03 -3.980e-04 -3.439¢-05 -4.966¢-07
2 -6.136e-06 7.053¢-07  5.738¢-08  8.430e-10
3 2.052e-09 -3.997e-10 -3.087e-11 -4.640e-13

B Hiss models
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Figure 24: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-Bt domain for region 4 < L <5 and 22:00-04:00 MLT in same format
as Figure 2.

Table 12: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in V4,-Bt domain for region 4 < L <5 and 22:00-04:00 MLT.

i/j 0 1 2 3

0 1.617e4+00 -3.991e+00 9.089e-01 -4.076e-02
1 -3.583e-02  3.503e-02 -7.965e-03 3.763e-04
2 1.00le-04 -9.525e-05 2.160e-05 -1.075e-06
3 -8.700e-08  7.954e-08 -1.791e-08 9.170e-10
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Figure 25: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-Bt domain for region 4 < L < 5 and 04:00-08:00 MLT in same format as
Figure 2.
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Table 13: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in N-Bt domain for region 4 < L < 5 and 04:00-08:00 MLT.

i/j 0 1 2 3
0 -2.440e+00 -2.914e-03 1.342¢-02 -1.940e-03
1 6.751e-02 -2.980e-02 4.210e-03  3.908¢-05
2 -1.375¢-02  7.411¢-03 -1.727¢-03  9.133¢-05
3 4.411e-04 -2.857e-04 7.505e-05 -4.419e-06

Le[4,5; MLTE [3,12
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v(t-2)

0.016
RMS [nT]

Figure 26: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 4 < L <5 and 08:00-12:00 MLT in same format

as Figure 2.

Table 14: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,-AE domain for region 4 < L <5 and 08:00-12:00 MLT.

i/j 0 1 2 3
0 -3.097e4+00 -6.851e-03 6.254¢-05 -9.027¢-08
1 6.115e-03  5.675e-05 -4.949¢-07 6.894e-10
2 -1.249¢-05 -1.921e-07 1.372¢-09 -1.791c-12
3 2.308¢-09 2425¢-10 -1.335¢-12  1.594e-15
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Figure 27: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 4 < L <5 and 12:00-16:00 MLT in same format

as Figure 2.

Table 15: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,-AE domain for region 4 < L <5 and 12:00-16:00 MLT.

i/j 0 1 2 3

0 1.503e+01 -1.439¢-01 3.557¢-04 -2.710e-07
1 -1.454e-01 1.204¢-03 -2.952e-06  2.223e-09
2 3.768¢-04 -3.128¢-06 7.616¢-09 -5.685¢-12
3 -3.062e-07 2.554e-09 -6.204e-12 4.611e-15

Le[4,5; MLTE [16, 20]

Figure 28: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-AE domain for region 4 < L < 5 and 16:00-20:00 MLT in same format
as Figure 2.
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Table 16: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in N-AE domain for region 4 < L <5 and 16:00-20:00 MLT.

i/j 0 1 2 3

-2.347¢+00 -2.819¢-05 -7.097¢-07  1.002¢-09
-3.305e-02  1.927e-04 -2.135e-06  2.401e-09
-8.525¢-03  9.571e-05 -3.164e-08 -9.990e-11
6.480e-04  -7.015e-06 1.023¢-08 -2.449¢-12

w Nno= O

Le[5,7); MLTE [20,0)

10° 10* 102 10° 10¢ . . . 0.0100 .
# of measurements RMS [nT]

Figure 29: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in P-Dst domain for region 5 < L < 7 and 20:00-00:00 MLT in same format
as Figure 2.

Table 17: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in P-Dst domain for region 5 < L < 7 and 20:00-00:00 MLT.

i/j 0 1 2 3

0 -4.175e-01 8.954e-02 1.037e-03  2.481e-06
1 -1.600e+00 -6.973e-02 -5.916e-04 9.907e-07
2 3415¢-01  1.408e-02 7.537¢-05 -7.857e-07
3 -2.161e-02 -8.299e-04 -1.097e-06 9.009¢-08
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Le[5,7; MLTE [22,4)
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Figure 30: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-Bt domain for region 5 < L < 7 and 22:00-04:00 MLT in same format
as Figure 2.

Table 18: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V4,-Bt domain for region 5 < L < 7 and 22:00-04:00 MLT.

i/j 0 1 2 3

0 -1.631e+00 -1.117e4+00 4.723e-01 -4.569¢-02
1 -6.319¢-03  9.604c-03 -3.913¢-03  3.714¢-04
2 1.661e-05 -2.522¢-05 1.015¢-05 -9.512¢-07
3 -1.303e-08  2.044e-08  -8.305¢-09 7.756e-10

LE[5,7); MLT< [4,8]

500 600
VIt-10) V(t-10)

0.0025 0.0050 0.0075 0.0100 00125 0.0150 0.0175 0.0200
RMS [nT]

Figure 31: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-Bt domain for region 5 < L < 7 and 04:00-08:00 MLT in same format
as Figure 2.
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Table 19: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in V4,-Bt domain for region 5 < L < 7 and 04:00-08:00 MLT.

i/j 0 1 2 3
0 -2.680e+00 3.638¢-01  5.504e-04 -1.044e-02
1 6.560e-04  3.025e-04 -1.083e-03 1.783e-04
2 3.258¢-06 -8.281e-06 5.196e-06 -6.554e-07
3 -5.322e-09 1.134¢-08 -5.606e-09 6.377¢-10
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Lef5,7; MLTE[8,12)

AE(t-1)
AE(t-1)

Figure 32: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 5 < L < 7 and 08:00-12:00 MLT in same format
as Figure 2.

Table 20: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V4,-AE domain for region 5 < L < 7 and 08:00-12:00 MLT.

i/j 0 1 2 3

0 -1.263¢+00 -2.183¢-02 8.018¢-05 -7.790e-08
1 -7.900e-03  1.729¢-04 -6.543¢-07  6.390e-10
2 1.731e-05 -4.280e-07 1.681e-09 -1.642¢-12
3 -1.067e-08 3.380e-10 -1.374e-12 1.342¢-15
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Le[5,7); MLTE [12,16]

AE(t-2)

300 400 500 600 300 400 500 600
VtT) vitT)

0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0010 0.011
RMS [nT]

Figure 33: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in V,-AE domain for region 5 < L < 7 and 12:00-16:00 MLT in same format
as Figure 2.

Table 21: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in V,,-AE domain for region 5 < L < 7 and 12:00-16:00 MLT.

i/j 0 1 2 3

0 -2.596e+00 1.991e-03 -5.888¢-06 5.936e-09
1 2430e-03 -1.914e-05 5.152e-08 -4.231e-11
-7.220e-06  5.908¢-08 -1.495¢-10 1.115e-13
4757e-09  -3.744e-11 8.381e-14 -5.587e-17

[GSIE V]

Le[5,7); MLTE [16,20]
Model

AE(t-8)

5 10 15 5 10 15
N(t-2) N(t-2)

0.0016 0.0024 0.0032 0.0040 0.0048 0.0056 0.0064 0.0072
RMS [nT]

Figure 34: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-AE domain for region 5 < L < 7 and 16:00-20:00 MLT in same format
as Figure 2.
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Table 22: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in N-AE domain for region 5 < L < 7 and 16:00-20:00 MLT.

i/j 0 1 2 3

-2.307¢+00 -3.187¢-04  7.504e-07 -5.666¢-10
5.162e-03  -1.302e-04 4.755¢-07 -2.311e-10
-1.920e-03  4.379¢-05 -1.942e-07  1.295¢-10
2.928¢-05 -1.431e-06 7.111e-09 -4.221e-12

w Nno= O

Le[5,7); MLTE [20,0)

10° 10* 102 10° 10¢ . . . 0.0100 .
# of measurements RMS [nT]

Figure 35: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in P-Dst domain for region 5 < L < 7 and 20:00-00:00 MLT in same format
as Figure 2.

Table 23: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in P-Dst domain for region 5 < L < 7 and 20:00-00:00 MLT.

i/j 0 1 2 3

0 -4.175e-01 8.954e-02 1.037e-03  2.481e-06
1 -1.600e+00 -6.973e-02 -5.916e-04 9.907e-07
2 3415¢-01  1.408e-02 7.537¢-05 -7.857e-07
3 -2.161e-02 -8.299e-04 -1.097e-06 9.009¢-08
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C EMW models
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0,010
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Figure 36: Data coverage, measured and analytical values of RMS of magnetic field

amplitudes in Bt-Dst domain for region 4 < L < 5 and 00:00-04:00 MLT in same format
as Figure 2.

Table 24: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in Bt-Dst domain for region 4 < L < 5 and 00:00-04:00 MLT.

i/j 0 1 2 3

0 -2.798¢+00 7.446e-02 4.098e-03  4.100e-05
1 4.444e-01  -4.744e-02 -3.028e-03 -3.154e-05
2 -1.381e-01  9.954e-03  6.548e-04  6.781e-06
3 1.096e-02  -6.889¢-04 -4.340e-05 -4.395e-07
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Le[4,5; MLTE [12,16]

700 700

600 600
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10 5 10 15
N(t-4) N(t-4) N(t-4)
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Figure 37: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-AE domain for region 4 < L < 5 and 12:00-16:00 MLT in same format

as Figure 2.

Table 25: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in N-AE domain for region 4 < L < 5 and 12:00-16:00 MLT.

i/j 0 1 2 3
0 -2.376e4+00 1.107¢-04 -3.438¢-07 2.301e-10
1 9.563¢-03  3.998¢-05 -1.664e-06 2.068e-09
2 -5.993¢-03  3.462e-06  2.745¢-07 -3.562¢-10
3 2.734e-04 -2.072e-07 -1.100e-08 1.465¢-11

Le[4,5; MLTE [16, 20]

Measuremen
3

| "Faa™

ts
5 6 7

12 4
BH(t-1)

0.0016 0.0024 0.0032 0.0040 0.0048 0.0056 0.0064
RMS [nT]

Figure 38: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in Bt-Dst domain for region 4 < L. < 5 and 16:00-20:00 MLT in same format

as Figure 2.
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Table 26: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in Bt-Dst domain for region 4 < L <5 and 16:00-20:00 MLT.

i/j 0 1 2 3

0 -2.007e+00 1.775¢-01 5.243¢-03  4.076¢-05
1 -3.078¢-01 -1.049¢-01 -3.469¢-03 -2.942¢-05
2 3.735e-02  1.85le-02 6.910e-04 6.245¢-06
3 -4.964e-04 -9.960e-04 -4.221e-05 -4.024e-07

Le[4,5]; MLTE [20,0)

X . 0.0060
# of measurements RMS [nT]

Figure 39: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in Bt-Dst domain for region 4 < L < 5 and 20:00-00:00 MLT in same format
as Figure 2.

Table 27: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in Bt-Dst domain for region 4 < L < 5 and 20:00-00:00 MLT.

i/j 0 1 2 3

0 -1.344e+00 -3.385e-02 -2.983e-03 -3.208e-05
1 -1.047e+00 3.555e-02  2.338e-03  2.304e-05
2 2517e-01  -5.227e-03 -3.781e-04 -3.606e-06
3 -1.893e-02  3.999e¢-06 1.168¢-05  1.100e-07
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Le[5,7; MLTE [22,5)

DST(t1)

Figure 40: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in Bt-Dst domain for region 5 < L < 7 and 22:00-05:00 MLT in same format
as Figure 2.

Table 28: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in Bt-Dst domain for region 5 < L < 7 and 22:00-05:00 MLT.

i/j 0 1 2 3

0 -3.179e+00 9.193e-02 4.141e-03  3.727¢-05
1 5.273¢-01 -5.796¢-02 -2.487¢-03 -2.200e-05
2 -1.051e-01  1.087e-02 4.602c-04  4.046¢-06
3 6.739e-03 -6.301e-04 -2.682e-05 -2.359¢-07

Le[5,7; MLTE [5,11]

ol
|
B

Bt(t-6)

100 200 300 400 500 600 700 100 200 300 400 500 600 700 100 200 300 400 500 600 700
AE(t-10) AE(t-10) AE(t-10)

10° 10t 107 10° 104 10° 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 00175 0.0200 0.0225
# of measurements RMS [nT]

Figure 41: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in AE-Bt domain for region 5 < L < 7 and 05:00-11:00 MLT in same format
as Figure 2.
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Table 29: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in AE-Bt domain for region 5 < L < 7 and 05:00-11:00 MLT.

i/j 0 1 2 3

0 -2.396e+00 1.395¢-01 -4.121e-02 3.396e-03
1 7.862e-04 -2.030e-03 7.972e-04 -6.220e-05
2 -2.844c-06 8.374e-06 -3.078¢-06 2.396e-07
3 2.329¢-09 -8.149¢-09 2.961e-09 -2.367¢-10

Le[5,7; MLTE [11,15]

00075 0. 0090 00105 O .0120

RMS [nT]

Figure 42: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-AE domain for region 5 < L < 7 and 11:00-15:00 MLT in same format
as Figure 2.

Table 30: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B, in N-AE domain for region 5 < L < 7 and 11:00-15:00 MLT.

i/j 0 1 2 3

0 -2.321e+00 -2.322e-04 9.111e-07 -8.075e-10
1 2.825e-03  3.115e-04 -1.734e-06 1.894e-09
2 3.452e-03  -7.294e-05 3.543e-07 -3.905e-10
3 -2.054e-04  3.474e-06 -1.583e-08 1.729e-11
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Le[5,7); MLTE [15,19]

700 700
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Figure 43: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in N-AE domain for region 5 < L < 7 and 15:00-19:00 MLT in same format
as Figure 2.

Table 31: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
B,, in N-AE domain for region 5 < L < 7 and 15:00-19:00 MLT.

i/j 0 1 2 3

0 -2.318¢4+00 -8.320e-05 -1.809¢-08 9.691e-11
1 197802 -4.080e-04 1.587e-06 -1.366e-09
2 -2.582¢-03  6.580e-05 -3.200e-07  3.064e-10
3 -3.836c-06 -1.428¢-06 9.994¢-09 -1.048¢-11

Le[5,7); MLTE [19, 23]

12 3 45 6 7 12 3 4 5 6 7
BY(t-8) Bt(t-8)

0.0016 0.0024 0.0032 0.0040 0.0048 0.0056 0.0064 0.0072 0.0080
RMS [nT]

Figure 44: Data coverage, measured and analytical values of RMS of magnetic field
amplitudes in Bt-Dst domain for region 5 < L < 7 and 19:00-23:00 MLT in same format
as Figure 2.
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Table 32: Values of the coefficients a;; for the model of RMS magnetic wave amplitudes
By, in Bt-Dst domain for region 5 < L < 7 and 19:00-23:00 MLT.

i/j 0 1 2 3

0 -1.861e+00 2.782e-02 2.229¢-04 -5.819e-07
1 -4.708¢-01 -2.796e-02 -3.931e-04 -1.598¢-06
2 1.020e-01  6.931e-03  1.274e-04  7.645¢-07
3 -6.279e-03 -5.018e-04 -1.102e-05 -7.701e-08
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D Models with simplified dependence on Kp

Table 33: Values of the coefficients a;; for the model of the obliquity parameter of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 03 : 00—15 : 00 MLT.

i/j 0 1 2 3

0 1.613e-02 -1.343¢-02 3.497¢-03 -2.766e-04
1 3.051e-02 -3.199¢-02 1.050e-02 -9.992¢-04
2 -5.596e-02 5.255¢-02 -1.531e-02 1.318¢-03
3 2.0280-02 -1.794¢-02 4.905¢-03 -3.958¢-04

Table 34: Values of the coefficients b, for the model of the obliquity parameter of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 03 : 00—15 : 00 MLT.

i 0 1 2 3
5.926e4+00 1.643e4+01 3.666e+00 -9.124e-01

Table 35: Values of the coefficients a;; for the model of the obliquity parameter of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—03 : 00 MLT.

i/j 0 1 2 3

0  2490e-03 -2.252e-03 7.417e-04 -5.463e-05
1 5711e-02 -6.312e-02 2.142e-02 -2.152¢-03
2 -1.171e-01 1.217e-01 -3.868¢-02  3.694¢-03
3 4.599e-02 -4.620e-02 1.424e-02 -1.3286-03
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Table 36: Values of the coefficients b, for the model of the obliquity parameter of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—03 : 00 MLT.

i 0 1 2 3
3.455e+00 9.938e+00 2.147e+00 -4.175e-01

Table 37: Values of the coefficients a;; for the model of the obliquity parameter B, in
A-Kp domain for region 2 < L < 6 and 03 : 00—15 : 00 MLT.

i/j 0 1 2 3

0  3.404e-03 -2.598¢-03 6.632¢-04 -5.602¢-05
1 -2516e-03 2.291e-03 -7.378¢-04  7.973¢-05
2 3.950e-03 -2.701e-03 6.840c-04 -6.217¢-05
3 -4.024e-04 1.374e-04 -1.248¢-05 1.446e-07

Table 38: Values of the coefficients by for the model of the obliquity parameter of hiss
waves B, in \-Kp domain for region 2 < L < 6 and 03 : 00—15 : 00 MLT.

1 0 1 2 3

9.608¢+00 3.694e-01 -7.021e-01 9.496e-02

Table 39: Values of the coefficients a;; for the model of the obliquity parameter of hiss
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—03 : 00 MLT.

i/j 0 1 2 3

0  3.096e-03 -1.912e-03 3.750e-04 -2.054e-05
1 2.092e-03 -2.845e¢-03 1.090e-03 -1.278e-04
2 -1.364e-03 2.358e-03 -1.020e-03 1.329e-04
3 1.964e-03 -1.573e-03 4.667e-04 -5.097e-05

Table 40: Values of the coefficients b, for the model of the obliquity parameter of hiss
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—03 : 00 MLT.

1 0 1 2 3

6.361e+00 -2.033e+00 8.849e-01 -6.139e-02
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Table 41: Values of the coefficients a;; for the model of RMS wave amplitudes of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 3 : 00—15 : 00 MLT.

i/j 0 1 2 3

0 -5.387e-03 7.326e-03 -2.976e-03 4.128e-04
1 8.242e-02 -8.720e-02 2.861e-02 -2.777e-03
2 -1.302e-01  1.309e-01 -4.070e-02  3.759¢-03
3 5.032e-02 -4.968¢-02 1.519e-02 -1.389e-03

Table 42: Values of the coefficients by for the model of RMS wave amplitudes of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 3 : 00—15 : 00 MLT.

i 0 1 2 3
8.408e-01 -2.484e-01 5.387e-01 -6.574e-02

Table 43: Values of the coefficients a;; for the model of RMS wave amplitudes of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—3 : 00 MLT.

i/j 0 1 2 3

0 8.671e-03 -8.872e-03 2.848¢-03 -2.689¢-04
1 3.613e-03 -5.749e-03 2.599e-03 -3.138e-04
2 -1.691e-02 2.035¢-02 -7.574e-03 8.172¢-04
3 6.087¢-03 -7.417¢-03 2.781¢-03 -3.013¢-04

Table 44: Values of the coefficients b, for the model of RMS wave amplitudes of LBC
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—3 : 00 MLT.

i 0 1 2 3

3.684e400 -2.460e+00 2.828e+00 -3.018e-01

Table 45: Values of the coefficients a;; for the model of RMS wave amplitudes of hiss
waves B, in \-Kp domain for region 2 < L < 6 and 3 : 00—15 : 00 MLT.

i/j 0 1 2 3

0 -1.845¢-04 2.100e-04 -5.797e-05 6.122e-06
1 -2431e-03 2.415¢-03 -7.451e-04 7.421e-05
2 3.316e-03 -3.345¢-03 1.053e-03 -1.078¢-04
3 -1.104e-03 1.132e-03 -3.611e-04 3.759¢-05
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Table 46: Values of the coefficients by, for the model of RMS wave amplitudes of hiss waves
By, in A-Kp domain for region 2 < L < 6 and 3 : 00—15 : 00 MLT.

i 0 1 2 3
6.447e4+01 4.626e+00 2.019e4+00 -4.042e-01

Table 47: Values of the coefficients a;; for the model of RMS wave amplitudes of hiss
waves B, in \-Kp domain for region 2 < L < 6 and 15 : 00—3 : 00 MLT.

i/j 0 1 2 3

0  3.562e-04 -1.255e-04 1.039e-05 5.484e-06
1 1.844e-03 -2.415e-03 9.311e-04 -1.108e-04
2 -4.081e-03 4.866e-03 -1.764e-03  1.990e-04
3 1.423e-03 -1.755e-03 6.523e-04 -7.461e-05

Table 48: Values of the coefficients by, for the model of RMS wave amplitudes B, in \-Kp
domain for region 2 < L < 6 and 15 : 00—3 : 00 MLT.

i 0 1 2 3
1.321e+01 9.943e+00 -1.849e+00 1.062e-01
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E Examples

E.1 Python
import numpy as np

def get_magnetic_amplitude (coefficients , control_paraml, control_ param?2):

777 Returns .RMS_value_.of _.the_magnetic.field _amplitude
w...Parameters:
MMMMMMMM coefficients .—._two—dimensional _array._that_contains
MMMMMMMM model_coefficients;
________ control_paraml._—_first _control_parameter;
uuuuuuuu control_param2._—_second.control._parameter.”””

acc = (

for i in xrange(0, 4):

for j in xrange(0, 4):
acc += ali, j| % control_paraml xx i % control_param2 xx j

amplitude = 10 *x acc
return amplitude

def load_coefficients (filename ):

777 Reads.model_coefficients .from ASCII_file
coooandoreturns cas.two—dimensional _array
wo.oParameters:
ceoofilename —_full _filename_of _the _ASCII_file .”"”

coefficients = np.loadtxt (filename)

return coefficients

E.2 MATLAB

function coefficients = load_coefficients (filename)
delimiterln = "_7;
headerlinesIn = 3;
data = importdata (filename , delimiterIn, headerlinesIn);
coefficients = data.data;
end
function amplitude = get_amplitude (coefs, control_paraml, control_param?2)
acc = 0;
for i = 1:4
for j = 1:4

acc += a(i, j) % control_paraml ~ (i—1) * control_param2 ~ (j—1);

~

amplitude = 10 acc
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end



