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We study the propagation and attenuation of lightning-generated whistler (LGW) waves in near-Earth space (L ≤ 3) through the statistical study of three specific quantities extracted from data recorded by NASA’s Van Allen Probes mission, from 2012 to 2019: the LGW electric and magnetic power attenuation with respect to distance from a given lightning stroke, the LGW wave normal angle in space, and the frequency-integrated LGW refractive index. We find that LGW electric field wave power decays with distance mostly quadratically in space, with a power varying between -1 and -2, while the magnetic field wave power decays mostly linearly in space, with a power varying between 0 and -1. At night only, the electric wave power decays as a quadratic law and the magnetic power as a linear law, which is consistent with electric and magnetic ground measurements. Complexity of the dependence of the various quantities is maximal at the lowest L-shells (L < 1.5) and around noon, for which LGW are the rarest in Van Allen Probes measurements. In-space near-equatorial LGW wave normal angle statistics are shown for the first time with respect to magnetic local time (MLT), L-shell (L), geographic longitude, and season. A distribution of predominantly electrostatic waves is peaked at large wave normal angle. Conversely, the distribution of electromagnetic waves with large magnetic component and small electric component is peaked at small wave normal angle. Outside these limits, we show that, as the LGW electric power increases, the LGW wave normal angle increases. But, as the LGW magnetic power increases, the LGW wave normal angle distribution becomes peaked at small wave normal angle with a secondary peak at large wave normal angle. The LGW mean wave-normal angle computed over the whole data set is 41.6° with a ∼24° standard deviation. There is a strong MLT-dependence, with the wave normal angle smaller for daytime (34.4° on average at day and 46.7° at night). There is an absence of strong seasonal and continental dependences of the wave-normal angle. The statistics of the LGW refractive index show a mean LGW refractive index is 32 with a standard deviation of ∼26. There is a strong MLT-dependence, with larger refractive index for daytime 36) than for nighttime (28). Smaller refractive index is found during Northern hemisphere summer for L-shells above 1.8, which is inconsistent with Chapman ionization theory and consistent with the so-called winter/seasonal anomaly. Local minima of the mean refractive index are observed over the three continents. Cross-correlation of these wave parameters in fixed (MLT, L) bins shows that the wave normal angle and refractive index are anti-correlated; large (small) wave normal angles correspond with small (large) refractive indexes. High power attenuation during LGW propagation from the lightning source to the spacecraft is correlated with large refractive index and anti-correlated with small wave normal angle. Correlation and anti-correlation show a smooth and continuous path from one regime (i.e. large wave normal angle, small refractive index, low attenuation) to its opposite (i.e. small wave normal angle, large refractive index, large attenuation), supporting consistency of the results.
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INTRODUCTION
Cloud-to-ground lightning flashes emit powerful electromagnetic radiation over a broad spectrum of electromagnetic waves, including waves in very low frequency (VLF) band (∼100 Hz - ∼20 kHz), which propagates with successive reflections within the Earth-ionosphere waveguide. Some of this power escapes into the magnetosphere in the form of VLF lightning-generated whistlers (LGW) (e.g. [1,2]). These waves travel in the magnetosphere from their injection point to the satellite location along different paths, with or without one or more magnetospheric reflections at the northern and/or southern hemisphere [3]. Lightning-generated whistlers interact through resonant wave-particle interactions with the trapped electrons in the inner magnetosphere (L ≤ 3), causing pitch angle diffusion and ultimately the scattering of those electrons into the atmosphere (e.g. [4–7]; [8,9, 51]). In doing so, LGW diminish the radiation levels encountered by satellites in low Earth orbits. Pitch angle diffusion is quantified through quasi-linear diffusion coefficients (e.g. [10]), which are directly proportional to the wave (electric or magnetic) power (defined as the square of the wave amplitude). Dependence of pitch angle diffusion coefficients on parameters treated in this article, including wave power but also wave-normal angle are discussed in Albert [11] (see also [12]). Recent derivation of LGW diffusion coefficients was carried by Albert et al. [9] based on the low Earth orbit (LEO) Detection of Electro-Magnetic Emissions Transmitted from Earth-quake Regions (DEMETER) micro-satellite [13, 14] measured LGW power in Colman and Starks [15] and the computation by ray-and-power tracing of the propagation of LGW through the ionosphere and into the magnetosphere [16]. Our work attempts to bypass the numerical complexity and cost of ray tracing simulation through the derivation of empirical attenuation laws (cf. section Electric and Magnetic Wave Power Attenuation Laws). More references on radiation belt physics and wave-particle interactions can be found in the review of Ripoll et al. [17].
The first detailed knowledge and variation of the LGW power in space [6] originates from measurements from the Combined release and Radiation Effects Satellite (CRRES), which sampled a limited range of magnetic local times. At that time, conversion from electric to magnetic field was made assuming a zero wave-normal angle (Eq. 3 of [6]) due to lack of knowledge of the LGW wave-normal angle. Our study will show that, in reality, LGW mean wave-normal angle is 42° with a standard deviation of 24°.There exists a strong and complex dependence of LGW properties including wave normal angle with respect to L-shell, magnetic local time (MLT), longitude and seasons. Median power spectral density measured by both the DEMETER satellite and the Van Allen Probes are discussed in Zahlava et al. [18]. Electric and magnetic field wave amplitudes of LGW measured by the two probes of the NASA Van Allen Probes mission (initially named the Radiation Belt Storm Probes (RBSP) mission) in the near-equatorial magnetic region during their entire mission, from 2012 to 2019, have been analyzed in Ripoll et al. [19]. Their study revealed strong dayside ionospheric damping of the LGW electric field. LGW amplitudes drop below L = 2, contrary to the Earth’s intense equatorial lightning activity (e.g [20, 21]) when mapped onto the projection of the Earth’s magnetic field lines at 100 km [22]. A related study focuses on the quantification of the electromagnetic power radiated on Earth and in space by extremely powerful lightning strokes, called superbolts [23].
In this study, we focus on LGW electromagnetic power propagation and attenuation in the near-Earth space, defined here as L < 3 within ± 20°degrees of the magnetic equator. We use observations from the two Van Allen Probes over their entire mission in order to assess LGW electric and magnetic wave power, similarly to Ripoll et al. [19, 23], although here we increase the planarity threshold criteria for the selected LGW in order to improve the accuracy of the wave-normal angle computation. Our analysis uses the World-Wide Lightning Location Network (WWLLN) databases (e.g. Dowden et al., 2002; [24–26]) established using ground VLF receiver stations. WWLLN provides the location and estimated VLF energy of the lightning source for waves later sensed in space by the Van Allen Probes, as is commonly done (19, 23, 27, 28, 50). Combining both datasets, we generate empirical electric and magnetic attenuation laws according to the distance (between the lightning source on Earth and the closest magnetic footprint of the spacecraft) and energy of the lightning source identified by WWLLN. We also present and discuss, for the first time, LGW wave-normal angle statistics from Van Allen Probes and their variation with respect to L-shell, magnetic local time (MLT), longitude and season. From the knowledge of the electric and magnetic field amplitudes as well as the wave-normal angle, we are able to generate statistics of the measured (frequency-integrated) LGW refractive index as defined from the ratio of the magnetic amplitude with the electric amplitude. Correlations between attenuation law parameters, wave normal angles and refractive index are also determined.
MATERIALS AND METHODS
Van Allen Probes Data
Data from the Van Allen Probes mission [29] are used in this study. The Van Allen Probes are twin spin-stabilized spacecraft (A and B) that orbited Earth in similar geotransfer orbits (nominal perigee and apogee altitudes of ∼618 km and ∼5.8 Earth radii, respectively). The spacecraft launched in August of 2012. Probes A and B were decommissioned in July 2019 and October 2019, respectively. During their mission, they completed more than three full precessions about MLT. Their orbital period was ∼9 h, and spin period ∼11 s. Their orbits stayed within ∼20° of the geomagnetic equator.
This study makes use of data from the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument suite [30] and the Electric Fields and Waves (EFW) instrument [31]. The specific data used include the DC-coupled magnetic field from the Fluxgate Magnetometer (FGM) and AC-coupled magnetic fields from the Search Coil Magnetometer (SCM). EMFISIS calculates spectra and cross-spectra on-board using the SCM magnetic field data and electric field data from the EFW sensors as inputs. Differential electric field measurements are used. Specifically, we use the sum of the power spectra from the two spin-plane axes (orientated within ∼15°degrees of to perpendicular to the spacecraft-Sun line). Spin-axis electric field data are not used because of contamination by broadband spikes due to frequent shadowing of the anti-sunward sensor by spacecraft structures. All three orthogonal axes of SCM data are used. The survey spectral data consist of power spectral densities averaged over the first 0.5 s of every 6 s. The native sample rate of these data is 35,000 Samples/s. The on-board calculated spectra and cross-spectra span ∼2 Hz to ∼11 kHz, distributed in 65 pseudo-logarithmically spaced frequency bins.
Data Processing
The Van Allen Probes’ data described above are processed to isolate signatures of VLF plasma waves associated with lightning. This processing has several steps that are described in detail in Ripoll et al. [19] and only briefly summarized here: 1) noise floors are derived following a similar procedure to Malaspina et al. [32], 2) a signal to noise ratio (SNR) metric is used to determine whether or not it is possible to conclusively identify VLF plasma waves in a given frequency bin at a given time, 3) VLF wave observations are considered possible for SNR ≥5 magnetic field wave power spectral density data and SNR ≥13 electric field wave power spectral density data, 4) contaminated measurements of electric fields on Probe A by spacecraft-generated noise in several frequency bins (e.g. 2,243, 3555, 3988, 5633, and 7,956 Hz) are not used in this study.
To quantify the power of lightning-related VLF waves, we integrate the electric (magnetic) wave power spectral density between ∼2 kHz and ∼11 kHz, multiplied by the frequency bandwidth in each bin, to obtain a single frequency-integrated electric (magnetic) power for each sample. All wave data beyond L = 3 are excluded from consideration due to lower lightning activity and a decay of the lightning power as ∼1/L [22]. This study uses electric and magnetic field measurements made after October 1, 2012. We do not use magnetic power spectra after May 31, 2018 on Probe B and after June 30, 2018 on Probe A. We do not use electric power spectra data after June 30, 2019 for Probe B and after June 30, 2016 for Probe A. Data from thruster firings, intense spacecraft charging, and EFW calibration bias sweeps are always excluded.
Method for Associating Lightning-Generated Whistlers Observed by Van Allen Probes With Lightning Sources on Earth
We use the WWLLN database (e.g Dowden et al., 2002; [24–26,33]) to obtain the lightning location on Earth and its estimated energy. For each measurement {i} of the Van Allen Probes (abbreviated RBSP in the following equation subscripts) survey spectral database for which both the electric and magnetic power are defined, we seek all lightning strokes in the WWLLN files that existed during dt around their time of occurrence, tRBSP{i}, and could have caused the wave, with dt defined by:
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The expression of tdelay as a function of the Van Allen Probes L-shell, [image: image] , of event {i} is taken from time delays that are observed when receiving superbolt wave signals, for which there is high confidence of the signal source due to the extreme power and low occurrence of superbolts on Earth [23]. We then only retain in the statistics the Van Allen Probes measurements for which there is a single lightning stroke identified within dt in order to guarantee a unique source. For every lightning stroke that is retained, we compute d that is the distance between the lightning stroke location on Earth given by WWLLN and the closest (North or South) magnetic footprint (MFP) of the satellite. We also store WWLLN energy for the {i} event. Events for which d > 7,000 km are disregarded. Later in the document (cf. Table 1 and related discussion), we will explain why the maximal distance needs to also be defined as a function of (L, MLT) and further reduced.
TABLE 1 | Maximal distance, dmax (in km) used for fitting the (M) magnetic power distribution and the (E) electric power distribution for a given L-MLT bin (for all seasons).
[image: Table 1]The full Van Allen Probes VLF wave database has 9,561 997 (8,346 691) survey measurements, but a large number of them fall below the SNR thresholds. Among these measurements, we find ∼2.5 M (∼1.4 M) electric (magnetic) measurements that exceed the respective SNR threshold and allow a power to be defined. Of these ∼1.8 M (∼0.9 M) are associated with a unique WWLLN source satisfying [image: image].
RESULTS
Electric and Magnetic Wave Power Attenuation Laws
We assume that the wave power (normalized by the lightning energy) follows a decaying power law as it travels from its source to the satellite footprint. Two applications of these empirical attenuation laws are 1) to provide a predictive law for the electric and magnetic VLF wave power that will be sensed in space (near the equator) at a given L-shell and MLT (equivalently LT) for a given season from a source of energy (W in kJ) located at d km from the magnetic footprint and 2) to provide a way to rescale lightning power at a given location in space from WWLLN activity to derive the mean lightning magnetic power over a drift period and to be able to compute mean LGW effects on trapped electrons [22].
Such a power law with respect to the distance from the stroke to the closest spacecraft magnetic footprint 4) was derived by Burkholder et al. [28] based on the measurements of the electric wave power by the Communication/Navigation Outage Forecast System satellite (C/NOFS). The power law derived by Burkholder et al. [28], with power, −2.34, is valid for nighttime MLT (see also [27]). Similar power laws have been also derived from DEMETER observations for daytime and nighttime in [50], with a power of −1.76 (less attenuation than Burkholder’s law). Ripoll et al. [23] derived specifically attenuation power laws of superbolt electric power both on the ground (power of −2) and in space (power of −1.7) from Van Allen Probes as well as an attenuation power law for superbolt magnetic power in space from Van Allen Probes (power between −1.2 and −1.6).
The Burkholder et al. [28] power law is used in Ripoll et al. [22] to connect the total lightning power on Earth (see a world-wide map in their Figure 1(top)) with an estimation of the electromagnetic power that should be sensed by the Van Allen Probes (see the map in their Figure 1(middle)). One parameter of this law was later modified in Ripoll et al. [19] to include MLT dependence extracted from the day/night differences observed in Van Allen Probes LGW measurements in order to better agree with these observations and to account for the strong effect of the dayside ionosphere on lightning wave attenuation (e.g. [34]). None of these aforementioned laws had a dependence on L-shell while the L-shell dependence of both the electric and magnetic power is anticipated to be strong and complex (e.g. [35]). None of the previously derived empirical power laws had either a fine MLT (or LT) resolution or a seasonal variation, while both parameters have a significant importance on the wave amplitude [19]. Fiser’s and Burkholder’s attenuation laws also concern only the electric wave power but not the magnetic power (not measured by C/NOFS, for instance). Current understanding is that VLF wave magnetic power decays linearly on Earth [36], while VLF wave electric power decays quadratically both on Earth and in space (23, 27, 28, 50).
[image: Figure 1]FIGURE 1 | (top left) Statistics of LGW Electric power (V/m)2 (in log10 of number of events), rescaled by WWLLN lightning energy (kJ) and plotted versus distance between the lightning location (from WWLLN) and the spacecraft for the full database of Van Allen Probe A and B mission (2012–2019), with full distribution and distribution per season. The distribution is spread over many orders of magnitude due to the different behaviors in (L, MLT) (top right) Number of events (in log10) sorted by (L, MLT) and (season, L, MLT) (bottom) Same statistics (in log10) as top left but limited to (left) a night bin of at MLT = [3,6] and L = [2.5,2.7] and [1.5,1.7] and (right) a day bin at MLT = [12,15] and L = [2.5,2.7] and [1.5,1.7]. White line plots represent linear regression (left bottom panels only). Line plots represent (black) the median, (grey) the upper (84%) and lower (16%) quartiles defining one sigma, (red) the mean, (blue) the linear regression which equates the median. We find the mean equates the median plus one sigma. The vertical blue dashed line indicates the maximal distance used for the fits given in Table 1.
The goal of this article is thus to derive empirical electric and magnetic LGW attenuation laws with a dependence on local time, L-shell, and seasons from Van Allen Probes and WWLN measurements. The Van Allen Probes measurements are near-equatorial measurements, within ±20° latitude, so that the attenuation laws may differ from the ones derived from LEO satellites due to the propagation between the footprint and the satellite position at the magnetic equator. Attenuation laws are taken to have the common form
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with a law for each of the electric or magnetic power, [image: image] (in µV2/m2 or pT2), and with the energy of the WWLLN-identified stroke, W in kJ, the distance between WWLLN lightning stroke location and the nearest probe MFP of the Van Allen Probes, d (in km). The α and [image: image] main parameters are, for the first time, dependent on L, MLT, and the season, s.
Figures 1, 2 (top left) give the global distribution of E2/W and B2/W with respect to the distance d to the WWLLN lightning location. The distribution is spread over many orders of magnitude, too many to make the mean or any regression law to be relevant. This is in agreement with the wide standard deviation shown in Burkholder et al. [28]. The wide spread is caused by mixing measurements taken at all (L, MLT, s) and indicates that there is too much variation if a single law is derived without differentiating for L-shell, MLT, and seasons. When separation in (L, MLT) is applied, as shown in the bottom row of Figures 1, 2, the variability is reduced significantly. The top-right panels of Figures 1, 2 confirm that the resolution (i.e. number of events per bin) remains sufficient for relevant statistics. The smallest data set (few hundreds of events) is found at the lowest L-shells (L < 1.5) and around noon, for which LGW are the rarest in Van Allen Probes measurements [19].
[image: Figure 2]FIGURE 2 | Same as Figure 1 for the LGW magnetic power (in nT2).
Interestingly, these statistics show that the mean (red line plot in Figures 1, 2 bottom) of the distribution is equal to the median (black line plot) plus one standard deviation (grey line plot) at a given distance for all (L, MLT) bins (only shown for four bins in Figures 1, 2 bottom row). This is a property of log-normal distributions and could thus indicate the distribution follows a log-normal law. The regressions with respect to distance in log-log space (blue line plot) generally agree with and fit with the median of the distribution. Regressions are performed up to a maximal distance, dmax (L,MLT) (vertical dashed line in Figures 1, 2) after which we see the distribution becomes flat (as visible in Figures 1, 2).
Statistics are binned by (L, MLT, s) and a power law following Eq. 1 is fitted for each bin, yielding the α(L, MLT, s) and [image: image] (L, MLT, s) fitted values in Figure 3, with the electric (magnetic) attenuation law parameters shown on the top (bottom). Table 1 gives the dmax that is used for fitting the power law in each (L, MLT) bin. For daytime (defined as MLT = 6–18) and low L-shell bins this distance is as low as 1,500 km, while it could exceed 7,000 km for nighttime and 1.3 < L < 2.5, though we limit dmax to 5,000 km. As a comparison, Fiser et al. (50) used 2000 km, Burkholder et al. [28] and Ripoll et al. [19, 22]) used 10,000 km, and Ripoll et al. [23] used 7,000 km. Here, we found that using a constant value of dmax for all (L, MLT) bins was causing unjustifiable variability of the α and [image: image] parameters. A careful inspection of the distribution for each bin was required to perform an accurate fit. Low value of dmax are already indicative of the most complex bins, i.e. the lowest and highest L-shell bins (L < 1.5 and L > 2.5) and during the daytime (MLT = 9–12 and 12–15). Seasons are differentiated in the smaller figures. We find the electric power decays mostly quadratically in space, with α(L, MLT, s) varying between -1 and -2 (from blue to green), while the magnetic power decays mostly linearly in space, with α(L, MLT, s) varying between 0 and -1 (from green to red). Variation with seasons is visible in Figure 3 but is not too strong so we perform the remainder of the analysis with data from all seasons combined together for simplicity. This choice reduces the complexity by one dimension but conversely introduces more variability of the (α, β) parameters. The strong attenuation of the power during daytime (MLT = 6–18) (due to the denser ionosphere) is demonstrated by the 2D color plots of Figure 3. The mean value with respect to all (L, MLT, s) of α is −1.4 for the electric field power (−1.3 for day and −1.5 for night only) and −1.1 for the magnetic field power (−0.95 for day only and −1.2 for night only). On average over all (L, MLT, s), we find a decay of the [image: image] (L, MLT, s) parameter by one order of magnitude but local variation at fixed L-shell is greater, with orders of magnitude variations. We also see a change of regime in the α power. The α power could have been expected to be lower during daytime–more attenuation–but the opposite occurs, both for E2 and B2 (with the α power increasing from ∼−2 at night to ∼ −1 at day for E2 and from ∼−1 at night to ∼0 at day for B2). However, the [image: image] scaling factor falls down by one to two order of magnitude during daytime compared with nighttime (Figures 3E,K). In these laws, the [image: image] scaling factor plays thus the main role of causing strong attenuation during daytime. Figures 3C,E,I,K show the opposite behavior of α and β with respect to MLT. Values of the α power for both E2 and B2 are however consistent with ground measurements only at night, during which E2 decays as a quadratic law (e.g. [28]) and B2 as a linear law [36].
[image: Figure 3]FIGURE 3 | (A–F) Electric and (G-I) magnetic attenuation law parameters (A,G) α and (B,H) β parameters of the attenuation laws for (A,B) (E2/W) (D) and (G,H) (B2/W) (D) attenuation laws. Unidimentional plots show the average with respect to (C,E,I,K) L-shell and (D,F,J,L) MLT of the (C,D,I,J) α and (E,F,K,L) β parameters. Decay of E2/W follows more a quadric law, with ∼−2<α<∼−1 (blue to green in a). Decay of B2/W follows more a linear law, with ∼−1<α<∼0 (green to red in g). Day/night difference is well-marked. The α and β parameters behave oppositely in MLT as shown in C,E,I,K.
Statistics of the Wave-Normal Angle of Lightning-Generated Whistlers Observed by the Van Allen Probes
The wave normal angle is the angle between the wave vector of a given emitted LGW at a frequency, f, and the magnetic field vector at the point of observation. In a homogeneous/isotropic medium, the wave normal angle points in the direction of propagation of the wave energy. In the magnetosphere, which is an inhomogeneous/anisotropic medium, the wave energy propagates in the ray direction, which differs from the direction pointed by the wave normal angle (e.g. [3]).
LGW wave normal angles are taken from Level 4 EMFISIS data. Their computation relies on the Singular Value Decomposition method [37, 38], which requires high wave planarity, applied on on-board calculated cross-spectral data. Data described in section Materials and Methods 2 and in the subsection Electric and Magnetic Wave Power Attenuation Laws of the section Results 3 are thus down-selected such that the LGW planarity, P(f), remains above 0.5 for each frequency bin. This leads to a slightly reduced set of 9,324,651 values compared with the database used in section Electric and Magnetic Wave Power Attenuation Laws. In order to compute the wave normal angle, both electric and magnetic components have to be defined simultaneously and be above their respective SNR thresholds. This reduces the time period of the data to November 1, 2012 to May 31, 2018 for Probe B and to November 1, 2012 to June 30, 2016 for Probe A. Taking then both electric and magnetic power above SNR reduces the data to 1,781,179 measurements (∼20% of the wave power database). Such a large reduction in number is expected due to the low number of lightning-generated VLF waves in space caused by their natural occurrence rate on Earth, explaining the large number of values having low SNR. Lightning occurrence rate is seven stroke per second according to WWLLN (e.g. [22]), which measures the strongest strokes reaching space, and ∼7 times more (∼50 #/s) observed by the Lightning Imaging Sensor on board the TRMM satellite (e.g., [20, 39]). The mean amplitude of the electric field measurements that pass the planarity and SNR thresholds is 48.1 μV/m, with a standard deviation of 132 μV/m and median of 28.5 μV/m. The minimum (threshold) electric field amplitude associated with the noise level is 2 μV/m (cf [32]. for the noise floor definition). The sample mean of the magnetic field distribution is 3.77 pT with a standard deviation of 6.23 pT and the median is 2.16 pT. The minimum (threshold) magnetic field amplitude associated with the noise level is 0.5 pT. Differences between these sample statistics and the ones in Ripoll et al. [19] are due to 1-the change of planarity threshold from 0.2 to 0.5 (without great impact), two- the absence of considering the zeros (measurements with data below the SNR threshold) for both E and B (i.e. the sample statistics in this article are conditioned on the signals passing the SNR threshold whereas the statistics in the previous work are not) in order to be able to compute the wave-normal angle. The last change causes the mean magnetic power to be ∼3 times larger on average than in Ripoll et al. [19]. Percentile and associated values of the statistics are given in Table 2.
TABLE 2 | electric and magnetic field threshold values and number of electric and magnetic field data for a given percentile of the data.
[image: Table 2]The wave normal angle as a function of frequency for a single wave is further processed by integration over frequency, from fmin = 2 kHz to fmax = 12 kHz, using a power weighted integral, [image: image], with [image: image] the LGW magnetic power spectral density (e.g. [40]).
Figure 4 bins the power-averaged wave normal angle ([image: image]) statistics sorted per bins of both by the root-mean-square (rms) electric and magnetic field amplitude for all ([image: image], low ([image: image], moderate ([image: image], and large ([image: image] wave normal angle. The mean of the distribution (computed at all times and all [image: image]) is shown with a white dashed line. The peak of the distribution is always far from the noise level. There is a shift up of the diagonal of the distribution toward higher E for higher wave normal angle compared with the lower wave normal angle distribution that we will comment on more below. Waves with larger E are more numerous at large wave normal angle. The distributions indicate a similar behavior during day and night, with two competing effects. Propagation is facilitated during nighttime due to the lower local electron density but lightning activity is reduced (the maximum of lightning activity is from 14 to 19 local time). Propagation is reduced during daytime but lightning activity is maximal (e.g. [15]). For instance, WWLLN total lightning energy for the 2018 years is reparteed in 38% for nighttime and 62% for daytime, with a similar averaged energy per flash ratio during the day. Further analysis is required to better understand the trends of these distributions. Figure 5 shows the wave normal angle ([image: image]) distributions sorted by bins of (left) electric and (right) magnetic amplitudes. This is equivalent to the sum of the values of Figure 4 along one axis, while increasing wave normal angle resolution to 1°. The peak distribution is reached for amplitudes that are much larger than the noise level. Figure 5(left) shows LGW with large electric amplitudes have a large wave normal angle and LGW with small electric amplitudes have a rather small wave normal angle. This means the wave becomes more electrostatic as its wave normal angle increases, which is consistent with expected whistler-mode wave behavior in cold plasma wave theory [41]. The situation with the magnetic amplitude is not as simple. LGW with small magnetic amplitudes were expected to be quasi-parallel or less oblique. We do see a main peak of small wave normal angle for the small magnetic amplitude waves. However, the distribution also shows a second peak of oblique waves for small magnetic amplitudes. The first peak is centered at 5–20° while the second peak is centered at 75°. Conversely, LGW with large magnetic amplitudes were expected to have a small wave normal angle. They rather have a distribution spread toward a broad range of wave normal angles. Thus, as the wave becomes electromagnetic, the wave normal angle distribution is peaked at small wave normal angle but also has a second peak at large wave normal angle.
[image: Figure 4]FIGURE 4 | Distributions of the wave-normal angle with respect to electric field and magnetic field amplitudes for (column 1) all ([image: image], (column 2) low ([image: image], (column 3) moderate ([image: image], and (column 4) large ([image: image] wave normal angles and for (row 1) all times, (row 2) nighttime only, and (row 3) daytime only. (1 column) numbers of data is plotted while (two to four columns) the percentage of data is shown. While lines indicate the mean of the all times and all wave normal angle data in the top left corner. These white lines are replicated on all plots for facilitating the comparisons.
[image: Figure 5]FIGURE 5 | Distribution (log10) of wave normal angle values sorted with respect to (left) the electric amplitude and (right) the magnetic amplitude for different bins of amplitude.
To further investigate the variation of the wave normal angle with respect to the wave properties, we determine the statistics of electrostatic waves, defined such that their electric amplitude is large, i.e. values are above the 50 percentile (cf. Table 1), and their magnetic amplitude is small, i.e. values are below the 50 percentile. Similarly, we define a subpart of electromagnetic waves such that they have a large magnetic amplitude (above the 50 percentile) and a small electric amplitude (below the 50 percentile). These two double conditioned distributions are presented in Figure 6. Note also for the discussion on the refractive index in section 3.3 that the electrostatic limit implies a low refractive index (low B/E ratio) and the electromagnetic waves with both large/small magnetic/electric amplitudes implies a high refractive index (large B/E ratio). Figure 6 unambiguously shows large wave-normal angles are preferred for electrostatic waves. Conversely, electromagnetic waves with a large magnetic amplitude and small electric amplitude primarily have small wave-normal angles. However, the plots in Figure 6 represent only a small portion of the total data: 11% of the waves are electrostatic and 13% are electromagnetic waves using the definition above. The distributions of Figure 5 are thus made more complex by inclusion of data for which E and B are both of the same order (as shown in Figure 4). In other words, electrostatic LGW are more oblique and electromagnetic LWG are more field aligned. Another quantity to explore is the proportion of electrostatic waves at day and night. The dashed-line distributions of Figure 6 show 75% of electrostatic waves occur for nighttime and 43% of the electromagnetic waves with a large magnetic power and small electric power occur for daytime. These nighttime distributions determine the shape of the total distribution with respect to wave-normal angle. For daytime (not shown), and although either the electric or magnetic component are above the average value, the distribution develops a small tail of the opposite behavior with respect to wave normal angle. This signifies the dense daytime atmosphere complicates the distributions. With about twice more lightning for daytime than for nighttime, one reason could be that more different waves are locally mixed and sensed.
[image: Figure 6]FIGURE 6 | Distribution (log10) of wave normal angle values for (red) electrostatic and (blue) electromagnetic waves. Electrostatic (electromagnetic) waves are more oblique (field-aligned). Dashed line is the distribution for nighttime only.
Full statistics are presented in Figure 7 with a column table of graphic duos. Each duo has a large map depicting the Van Allen Probes mean wave normal angle and a lower right auxiliary map depicting data coverage. Columns correspond to four seasons, and rows show the Van Allen Probes mean wave normal angle marginalized over MLT (i.e., plotted versus longitude and L-shell), longitude, and L-shell, respectively. Statistics are generated per 10° longitude, 0.1L, 3 months, and 0.25 MLT. Such statistics can directly be used in the computation of pitch angle diffusion coefficients (e.g. [7]; [40]; [49]) that are used afterward in Fokker-Planck codes for space weather predictions. Although Figure 7 presents average values, the high (L, MLT, s) resolution of Figure 7 is auspicious for event-driven simulations of pitch angle diffusion (e.g. [40, 42, 51]) as one can choose the average conditions for an event occurring at a given (L, MLT) for a given season.
[image: Figure 7]FIGURE 7 | Column table of graphic pairs. Each pair has a large map depicting the Van Allen Probes mean wave-normal angle ([image: image]) of lightning-generated whistlers (in °), a lower right auxiliary map depicting the Probes coverage in number of observations. Columns correspond to four seasons (with M/A/M for March/April/May, etc.), and rows show the wave normal angle marginalized over MLT (i.e. plotted versus longitude and L-shell), longitude, and L-shell respectively.
Wave normal angles cover the whole range from 0 to 90° in Figure 7. White regions are the rare regions not covered during the ∼7 years of the Van Allen Probes mission. Assuming a zero wave-normal angle (as in Eq. (3) of [6]) in the conversion from CRRES electric to magnetic field to generate LGW magnetic power cannot be justified from the simple observation point of view. Larger wave-normal angles are found at lower L-shells (but not only), with an overall complex L-shell dependence. Larger wave-normal angles at lower L-shells seem to be consistent with the magnetic field being more oblique to the ionospheric density gradient at lower L. Over America (90 W°), the wave normal angle is rather field aligned, mostly below 40° for L > 1.5, with smaller values in winter and larger in summer (Figure 7 top row). On the contrary, wave normal angles are large over Africa (20 E°) and Asia (120 E°) in winter. The strong diurnal dependence with the wave normal angle smaller for daytime is the most apparent variation (Figure 7 middle and bottom rows). This is confirmed in Figure 8 in which more global averages are plotted. Daytime LGW (6–17 MLT) are more field-aligned and nighttime LGW (18–5 MLT) are more oblique, by up to 20° on average. The statistics is oriented toward smaller wave normal angle on average for daytime since we just showed (cf. Figure 5) that small electric amplitude of LGW are predominantly field aligned. Wave normal angles of LGW are similarly larger during nighttime because larger electric amplitude are propagated in space during the night (cf. Figure 1 in [19]), which shifts the wave normal angle statistics toward large wave normal angles (from Figure 5). Next section will address the variation of B/E. The fact that the LGW wave normal distribution sorted by magnetic amplitude has two peaks seems to indicate that the magnetic amplitude does not strongly correspond to the value of the wave-normal angle. The LGW mean wave-normal angle computed over the whole data set is 41.6° (34.4° at day and 46.7° at night), a ∼12° difference between day and night on average, and its median is 39.1° (29.7° at day and 47.3° at night). The standard deviation is: 24.5° (22.8° at day and 24.6° at night).
[image: Figure 8]FIGURE 8 | (first panel) Distributions of the wave normal angle ([image: image]) (in °) at (red) day (6–17 MLT), (blue) night (18–5 MLT), (black) all times. Wave normal angle is plotted versus (second panel) MLT and (third panel) longitude. The day/night differences appear clearly but not the continental dependence. (fourth panel) Monthly and (fifth panel) total average of wave normal angle versus L-shell. No simple seasonal dependence is found.
There is an absence of strong seasonal dependence of the wave-normal angle in Figures 7, 8. This should be compared with the dependence of E (and B) shown in Figure 1 (and 2) of Ripoll et al. [19], where it was shown that a seasonal dependence is evident for the electric amplitude, with larger electric amplitude during Northern hemisphere summer. This earlier work might lead one to expect larger wave normal angles in Northern hemisphere summer. We do see larger wave normal angle in Northern hemisphere summer at some L-shells (L ≤ 1.4 and for L ≥ 2.7), but not all of them. The seasonal dependence of the magnetic amplitude is much weaker than the electric amplitude, with only a slight increase in Northern hemisphere summer (cf. Figure 2 in [19]). The combination of both leads to wave-normal angle statistics without an emerging clear seasonal dependence.
The continental dependence is well marked for both the LGW electric and magnetic amplitudes with larger amplitudes over the American (90 W°), African (20 E°), and Asian/Australian continents (120 E°) (Figures 1, 2 of [19]). Both electric and magnetic amplitudes being large over continents, this cannot skew the wave-normal angle statistics predominantly toward either large or small wave-normal angles. This causes an undetermined behavior of the wave normal angle statistics over continents in Figure 7 with LGW wave normal angle that can be as large over seas than over land.
Statistics of the Refractive Index of Near-Equatorial Magnetospheric Plasma When Lightning-Generated Whistlers are Observed by the Van Allen Probe
The refractive index, µ, is defined by µ(ω, θ, L) = c×k (ω, θ, L)/ω, where θ is the wave normal angle, c is the speed of light, k is the wave number, and ω = 2πf is the wave pulsation for a frequency f [41]. In general and using cold plasma theory, the refractive index is only expressed in terms of the ambient plasma density, Ne(L), in which a wave of frequency, f, travels with a wave normal angle θ(f) within a given background magnetic field. That way µ = µ(f, θ, Ne(L)) with µ that is proportional to Ne(L). The refractive index is then determined from the ambient media only and whistler-mode wave electric and magnetic components can be computed, for instance, by ray tracing (e.g. [3]). Thanks to cold plasma theory, the refractive index of whistler-mode waves can also be written as a function of E and B when the wave is known. Such refractive index becomes then a probe of the local environment. For parallel waves, [image: image], the refractive index can simply and equivalently be computed as µ(f)∼B(f)/E(f) (in cgs units), with B (in G) = 10−5 B (in pT) and E (in statvolt/cm) = 1/3 × 104 E (µV/m).
Here, we will compute [image: image] in which [image: image] and [image: image] are the LGW electric and magnetic amplitude used in the computation of the wave-normal angle, i.e. the electric (magnetic) power spectral density of a given LGW integrated from 2 to 12 kHz. The variation with respect to frequency is thus removed. Therefore, the refractive index we discuss here is representative of mean LGW, with a mean frequency between 2 and 12 kHz. If readers are uncomfortable with this approximation, they can simply consider that this section discusses the ratio of B with E of the LGW studied in section 3.1 and 3.2 in order to establish how/why/when this ratio evolves and correlates with the variation of wave normal angle and the propagation parameters α and β. In order to guarantee the validity of the parallel approximation in the [image: image] expression, we also filter the previous E and B distributions to select only the (frequency-integrated) wave normal angle, [image: image], below 30°, for which [image: image] is appropriate. This lowers the number of measurements to 688,613, which remains high enough to produce statistics.
The advantages of selecting only field aligned waves is double. First, the law is significantly more complex for general wave-normal angles as it involves the full dispersion relation [41]. Second, the validity of the SVD method requires the plane wave approximation, which does not apply for large wave normal angle [38]. This leads to the choice of computing the refractive index only for small wave normal angles. The refractive index statistics presented and discussed in Figures 9, 10 below constitute an improvement of the refractive index published in the Supplementary Information of Ripoll et al. [19] (Figures S4 and S5) in which the refractive index was also computed with the use of µ∼B/E but without filtering for small wave-normal angle because wave-normal data was unavailable at that time. Comparing both allows to understand the bias caused by large wave-normal angle in the statistics of Figures S4 and S5 of Ripoll et al. [19].
[image: Figure 9]FIGURE 9 | Column table of graphic pairs. Each pair has a large map depicting the Van Allen Probes refractive index, [image: image], and a lower right auxiliary map depicting the probes coverage in number of observations. Columns correspond to four seasons (with M/A/M for March/April/May, etc.), and rows show the Van Allen Probes refractive index marginalized over MLT (i.e., plotted versus longitude and L-shell), longitude, and L-shell, respectively.
[image: Figure 10]FIGURE 10 | (first panel) Distributions of the refractive index ([image: image]) at (red) day, (blue) night, (black) all times. Refractive index is plotted versus (second panel) MLT and (third panel) longitude (fourth panel) Monthly and (fifth panel) total average of wave normal angle versus L-shell.
Refractive index statistics are presented with respect to (L, MLT, Longitude, seasons) in Figure 9 (same format as Figure 7). The most apparent difference is the diurnal dependence. There is larger refractive index for daytime than for nighttime (Figure 9, middle/bottom rows), with highest indexes in Northern hemisphere Fall for daytime. This is consistent with µ∼Ne(L) and a higher electron density for daytime. There is no clear continental dependence visible in Figure 9 (both E and B that are large over continents). Largest refractive indexes are found over the continental North America and its coastal regions (20–120 W) during winter (Figure 9 first row) and smallest refractive index are found over the same geographic region during summer. If one expects higher electron density in Northern hemisphere summer than in Northern hemisphere winter from Chapman ionization theory, this result is inconsistent with µ∼Ne(L). However, this result becomes consistent with what is referred as the winter anomaly. The winter (a.k.a seasonal) anomaly occurs when the electron density in the F2 layer of the ionosphere is not controlled by the solar zenith angle, which leads to an electron density abnormally greater in winter than in summer, as we observe. This anomaly is widely reported in the literature (e.g. [43] and references in it; [44, 45]). The winter anomaly is stronger during solar maximum period and almost nonexistent at solar minimum [46], with our data (2012–2018) covering indistinctly a range of solar activity (solar maximum from 2012 to 2016).
Figure 10 presents more global statistics (same format as Figure 8). The mean refractive index of LGW varies between 25–30 at night and 40–45 at day, consistent with µ∼Ne(L). For comparison, refractive indexes between 10 and 100 are considered for LGW in Bortnik et al. [3]. There is a well-marked seasonal variation with smaller refractive index (by a factor ∼1.5–2) during summer for L-shells above 1.8. An extremum in summer is consistent with the LGW electromagnetic power which peaks in August (L ≥ 1.8) and Earth lightning activity. However, a minimum of refractive index during summer is only consistent with the seasonal anomaly discussed above. The mean continental dependence remains complex but it shows local minima, between ∼30 and ∼35 are reached over the three continents, at 90W°, 20 E° and 120°E. The mean annual refractive index shows two regimes of variation with respect to L-shell. There is first a decay with respect to L-shell decreasing for L-shells below 2. This decay has to be related to the observed decay of both E and B at L < 2 (Figure 3 in [19]) that is attributed to a difficulty of lightning VLF waves to penetrate, or/and to propagate, or/and to remain at low L-shells. The mean refractive index also decays with respect to L-shell increasing from L = 2 to L = 3 as both E and B do [19]. Mean refractive index computed over the whole data set is 32.2 (35.7 at day and 28.0 at night) with a standard deviation of 26 (27.3 at day and 23.6 at night). Median refractive index is 30.1 (34.9 at day and 26.2 at night).
DISCUSSION
This section is devoted to the cross-comparison of the above quantities based on the recognition that both L and MLT are determinant parameters in order to perform a synthesis of the various observations. Figure 11 represents the wave normal angle and the refractive index on a (MLT,L) grid similarly to the attenuation laws shown in Figure 3. Plotting the refractive index as a function of the wave normal angle for a given (MLT,L) bin in Figure 11 (bottom) shows a distinct high anti-correlation between both, with a high Pearson correlation coefficient R2 = -80% (-89% if waves below L = 1.3 are excluded), with small wave normal angle found at large refractive index (or equivalently large ratio of B over E) and vise-versa. This is consistent with the limits discussed in section Electric and Magnetic Wave Power Attenuation Laws: the electrostatic limit implies a low refractive index and had a distribution peaked at large wave-normal and the limit of electromagnetic waves with both large/small magnetic/electric amplitudes implies a high refractive index and had a distribution peaked at large wave-normal (cf. Figure 6). This means the peak of distribution of electrostatic waves will fall in the lower right corner (small [image: image], large [image: image]) of Figure 11 while the peak of distribution of electromagnetic waves with both large/small magnetic/electric amplitudes falls in the upper left corner (large [image: image], small [image: image]) of Figure 11. The coloring by MLT or L-shell shows that data are better organized with MLT than with L-shell. Figure 11 also shows the LGW energy density defined as [image: image], with higher energy density at night and at low L-shell. There is a high correlation (-80%) between [image: image] and [image: image] with small wave normal angle at low energy density and vise-versa, therefore an anti-correlation of [image: image] and [image: image]. The coloring by L-shell indicates lowest L-shell have preferably high wave-normal angle and high energy density.
[image: Figure 11]FIGURE 11 | (top, left) Wave normal angle ([image: image]), (top, center) refractive index ([image: image]), and (top, right) wave energy density (U) binned by (MLT, L) (bottom) refractive index as a function of wave normal angle (for a given (MLT, L) bin colored by (left) MLT and (center) L-shell. Dark colors (blue and black) are used for night sectors and low L-shells. There is a high anti-correlation (-80%) between [image: image] and [image: image], with small wave normal angle at large refractive index and vise-versa. The peak of distribution of electromagnetic waves with both large/low magnetic/electric amplitudes will fall in the upper left corner. The peak of distribution of electrostatic waves will fall in the lower right corner (bottom, right) LGW energy density as a function of wave normal angle for a given (MLT, L) bin colored by L-shell. There is a high correlation (-80%) between [image: image] and [image: image], with small wave normal angle at low energy density and vise-versa.
Figure 12 shows the α and β parameters of the power law attenuation generated in section 3.1 plotted with respect of wave-normal and the refractive index, with the Pearson correlation coefficient given. The two first row of Figure 12 show the same data as the two last rows of Figure 12, with only the color code changing to illustrate the (top) L-shell and (bottom) MLT dependence.
[image: Figure 12]FIGURE 12 | (four left of two first rows) Electric and (four right of two first rows) magnetic α-β-parameters of the attenuation laws plotted with respect to (first row) the wave normal angle and (second row) the refractive index colored by (2 first row) MLT. (2 last rows) Figures of the two first rows are repeated but colored by L-shell. Pearson correlation coefficient R2 is given for each figure. Colored codes are given in Figure 10 with dark colors for night sectors and small L-shells.
Some correlations and anti-correlations are visible although the Pearson coefficients are much smaller. On average, the Pearson correlation in Figure 12 is 45%. Limiting the data to above L = 1.3 and below 2.7, the mean Pearson correlation between the α and β parameters and the wave normal angle increases to 53% but it remains at 42% for the refractive index. The correlation coefficients therefore deteriorate below L = 1.3, which have their own regime, and by the winter anomaly affecting the refractive index. Limiting the refractive index to low wave normal angle may also deteriorate the correlations. These overall low correlation factors indicate no direct and strict correlations between the (α, β) parameters and the ([image: image], [image: image]). However, the consistent behavior of these quantities with both MLT and L-shell make them related and with apparent trends visible in Figure 12.
Figure 12 shows large absolute values of the β scaling factor occurring for daytime (more attenuation) are correlated with large refractive index and anti-correlated with small wave normal angles. Small absolute values of the β scaling factor occurring for nighttime (less attenuation) are correlated with small refractive index and anti-correlated with large wave normal angles.
The α power factor, which attenuates more the wave for large absolute values, shows opposite correlations to the β scaling factor. The large absolute values of the α power factor occurring for nighttime (more attenuation) are correlated large refractive index and anti-correlated with small wave normal angles. Small absolute values of the α power factor occurring for daytime (less attenuation) are correlated with small refractive index and anti-correlated with large wave normal angles. As discussed above, the α power factor behave inversely to what could be expected with more attenuation at night than at day, but with a law that matches the attenuation behavior on Earth at night. Nevertheless, we can conclude high attenuation (regardless if caused from large absolute values of either the β scaling factor for daytime or the α power factor for nighttime) is more correlated with large refractive index and more anti-correlated with small wave normal angles. Correspondence between large (low) refractive index with large (low) attenuation is consistent with µ∼Ne(L). This means the winter anomaly, which exists in our statistics (cf. section 3.3), is not strong enough in order to reverse the global dependence (but likely contributes to lower the Pearson correlation coefficients). Interestingly, using a single constant dmax of 5,000 km or 7,000 km (results not shown) causes to include a flat tail (more pronounced for complex (L, MLT) regions) which lowers the slope of the fits and increases the role of (L, MLT). As a consequence, the (α, β) parameters vary more within their respective range and all the Pearson correlation coefficients of Figure 12 increase by +10% on average. This confirms the correlation coefficients only illustrate the consistent dependence of all quantities with respect to (L, MLT). Finally, deducing an effective ambient plasma density from the computed refractive index is possible. First attempts show the obtained density falls in the range of commonly known values (e.g. [47, 48]) and this subject is left for another contribution.
CONCLUSION
We presented the analysis of propagation, attenuation, and dispersion of lightning-generated whistlers (LGW) observed from the two spacecraft of the NASA Van Allen Probes mission, from 2012 to 2019, through the statistic of three specific quantities; the (electric and magnetic) LGW power decay with distance from the lightning source, the LGW wave-normal angle, and the LGW refractive index.
Attenuation (power) laws of both the electric and magnetic field power of LGW, E2/W and B2/W, rescaled by the WWLLN-estimated lightning energy, W, are derived. We conserve the L-shell, magnetic local time (with MLT ∼ LT), and seasonal dependences in these laws as these parameters are highly influential, which generalizes existing global laws (23, 27, 28, 50). The derived attenuation laws (Eq. (2) with parameters given in Figure 3) can serve to provide a prediction of LGW power present in space (near the equator) for a source of energy (W in kJ) located at d km away from the closest satellite magnetic footprint. These laws are also useful to derive the mean lightning power in space over a drift period at constant L-shell as done with Burkholder’s law in [22]. We find that the LGW electric power decays mostly quadratically in space, with α(L, MLT, s) in Eq. 2 varying between α = -1 and α = -2, while the magnetic power decays mostly linearly in space, with α(L, MLT, s) varying between α = 0 and α = -1. At night, E2 decays as a quadratic law and B2 as a linear law, which is consistent with ground measurements (cf. section Electric and Magnetic Wave Power Attenuation Laws). This is the first time, to our knowledge, that the characterization of the magnetic power decay in space is performed. There is a strong attenuation of the (electric and magnetic) power during daytime (MLT = 9–18) due to the denser ionosphere, with a strong decay of the scaling factor of the power law (i.e. [image: image] in Eq. (2)). Power law complexity is maximal at the lowest L-shells (L < 1.5) and around noon, for which LGW are the rarest in Van Allen Probes measurements [19].
Statistics of the LGW wave-normal angle, i.e. the angle between the emitted wave and the Earth magnetic field line, which is a key parameter in the computation of pitch angle diffusion coefficients for radiation belt physics, are presented for the first time. We find that, as the wave becomes more electrostatic its wave normal angle increases. As the wave becomes electromagnetic, the wave normal angle distribution is peaked at small wave normal angle but also has a second peak at large wave normal angle. Predominantly electrostatic waves and electromagnetic waves with large magnetic amplitude and small electric amplitude are both well-identified at night. The distribution of electrostatic waves is peaked at large wave normal angle while the distribution of electromagnetic waves with large/small magnetic/electric amplitudes is peaked at small wave normal angle. LGW wave normal angles cover the whole range from 0 to 90°. The LGW mean wave-normal angle computed over the whole data set is 41.6° (34.4° at day and 46.7° at night) with a ∼24° standard deviation. The strong diurnal dependence is the clearest dependence, with the wave normal angle smaller for daytime. There is an absence of strong seasonal and continental dependences of the wave-normal angle in comparison with the well-marked dependence of both the Van Allen Probes electric and magnetic amplitude with seasons/continents.
We also analyze the statistics of an approximated LGW refractive index (frequency integrated), with this quantity computed for the first time with the knowledge of the wave-normal angle, which allows to compute [image: image] only where this expression is valid, i.e. for small wave normal angles (<30°). Mean LGW refractive index is 32 with a standard deviation of ∼26. The most apparent difference is the diurnal dependence, with larger refractive index for daytime (36 on average) than for nighttime (28 on average), consistent with a refractive index proportional to the ambient electron density. However, there is a well-marked seasonal variation, with smaller refractive index (by a factor ∼1.5–2) during summer for L-shells above 1.8, which is inconsistent with Chapman ionization theory and consistent with the so-called winter/seasonal anomaly. The mean continental dependence remains complex but it shows local minima, between ∼30 and ∼35 are reached over the three continents.
Cross-correlation established at fixed (MLT, L) bins shows that there is a direct high anti-correlation between wave normal angle and refractive index; large (small) wave normal angle anti-correlates with small (large) refractive index. We find overall low Pearson correlation factors (∼50%) between the (α, β) parameters of the attenuation laws and the ([image: image], [image: image]), which indicate no direct and strict correlations between attenuation and a given value of ([image: image], [image: image]). However, there is a consistent behavior of (α, β, [image: image], [image: image]) with both MLT and L-shell, which make them well related and with apparent trends. The MLT-coloring in Figure 12 (dark colors for night) is, for instance, explicit of the different comportment we observe for daytime and nighttime. High attenuation (regardless whether it is caused by large absolute values of either the β scaling factor for daytime or the α power factor for nighttime in Eq. (2)) is correlated with large refractive index and anti-correlated with small wave normal angles. Correlation and anti-correlation show a smooth and continuous path from one regime (i.e. large wave normal angle, small refractive index, low attenuation) to its opposite (i.e. small wave normal angle, large refractive index, high attenuation), attesting of the great consistency of the variation, the data, and ultimately indicative of the measurements’ quality from both probes of the Van Allen Probes over 7 years.
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