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[1] Nonthermal continuum (NTC) electromagnetic radiation is generated within the Earth’s magnetosphere and radiated to the outer space. We present cases of a specific type of NTC, which appears as multiple wide bands on the spectrograms recorded by the Cluster spacecraft just outside the plasmapause. This NTC comes from several sources located in the plasmapause density gradient where the local upper hybrid frequency is close to the harmonics of the electron cyclotron frequency. Analysis of one of these events at the eighth harmonic frequency indicates that, in the vicinity of the source, the electric field fluctuations are polarized in the plane perpendicular to the magnetic field line. Hot‐plasma dispersion relation based on the measured electron distribution shows that the observed polarization excludes the presence the Langmuir mode and the ordinary mode. This analysis suggests that the observed waves can propagate in the L mode or, for perpendicular wave vectors, in the extraordinary Z mode or on a complex structure of hot‐plasma Bernstein modes coupled to the Z mode at the upper hybrid frequency. Citation: Grimald, S., and O. Santolík (2010), Possible wave modes of wideband nonthermal continuum radiation in its source region, J. Geophys. Res., 115, A06209, doi:10.1029/2009JA014997.



1. Introduction [2] Nonthermal continuum (NTC) radiation is a narrow band electromagnetic radiation with low intensity and long duration, in the frequency range from a few 100 Hz to several 100 kHz. NTC radiation is, with auroral kilometric radiation, one of the two electromagnetic emissions generated within the Earth’s magnetosphere and radiated to the outer space. It has been observed in the Earth environment [Gurnett, 1975; Kurth et al., 1981; Etcheto et al., 1982; Morgan and Gurnett, 1991; Kasaba et al., 1998; Décréau et al., 2004] as well as in the environment of other magnetized planets [Kurth, 1992]. The free propagating NTC polarization has been shown to be the left ordinary mode (L‐O) [Gurnett et al., 1988; Shaw and Gurnett, 1980]. Terrestrial NTC is widely believed to be generated at the equatorial plasmapause [Morgan and Gurnett, 1991], a region of strong density gradients, by conversion of electrostatic waves at the upper hybrid frequency ( fUH) to electromagnetic waves propagating in the left‐hand‐polarized/ordinary (L‐O) free space mode. This process usually takes place when fUH ≈ (n + 1/2) fce [Kurth et al., 1981], where fce is the electron cyclotron frequency. [3] Recently, Grimald et al. [2008] presented a particular NTC event appearing in the frequency‐time spectrograms as 1 Mullard Space Science Laboratory, University College London, London, UK. 2 Department of Space Physics, Institute of Atmospheric Physics, Prague, Czech Republic. 3 Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic.
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wide bands with bandwidths of about 3 kHz, as opposed to usual narrowband NTC cases with bandwidths of ≈1 kHz. These wideband signatures, recorded by the WHISPER instrument [Décréau et al., 2004] onboard the Cluster spacefleet are rarely seen; they have been detected in only 0.6% of NTC events observed in 2003. Grimald et al. [2008] found that the waves in an analyzed NTC case came from a small source region, located inside the density gradient, close to the position where the spacecraft crossed the plasmapause. For that case, the source was located at a medium magnetic latitude (about −20°). Analysis of the wave intensity at a given frequency as a function of time allowed Grimald et al. [2008] to show that the downward frequency shift of a given band is not a result of the source motion in the density gradient, but that it rather occurs because several sources illuminate the spacecraft as it travels along its orbit. Evolution of the frequency for which the intensity is maximum in a given band shows that the sources illuminating a given part of the orbit are located at the same geocentric distance, in a strong density gradient where the plasma frequency ( fpe) is close to the cyclotron frequency harmonics, fpe ≈ nfce. Since fce is small compared to fpe in the plasmapause region, fUH ≈ fpe and thus fUH ≈ nfce. This is different compared to the relation obtained by Kurth et al. [1981]. Different source wave modes and generation mechanisms thus could lead to different types of NTC, and we need to analyze them separately for the usual narrowband NTC waves, and for the rare wideband NTC events. [4] In this paper, we first discuss the characteristics of wide band NTC comparing different perigee passes and present an interesting wideband NTC event similar to the case analyzed by Grimald et al. [2008]. For the latter event, the satellites
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cross the plasmapause in the source region and we use measurements of waves and electron distributions to analyze the wave polarization and possible wave modes in the source. In section 2, we present the observations and wave polarization analysis based on data of the WHISPER instrument. In section 3, we introduce observations of the electron distribution function, and solve the hot‐plasma dispersion relation for possible linear wave modes. Finally, a brief discussion and summary of results and are presented in section 4.



2. Wave Observations 2.1. Spectral Structure of Selected NTC Events [5] The Cluster mission consists of four identical satellites (which we denote here C1, C2, C3 and C4). They orbit in a tetrahedral configuration on a near‐polar orbit with a perigee located close to the ecliptic plane at a radial distance of ≈4.5 RE. Observations presented in this paper are derived mainly from the Waves of High frequency and Sounder for Probing of Electron density by Relaxation (WHISPER) instruments. Each WHISPER instrument is a relaxation sounder [Décréau et al., 1997, 2001] using for reception one of the two long double sphere antennas of the Electric Field and Wave (EFW) instrument [Gustafsson et al., 1997]. The receiving antenna has a sphere‐to‐sphere separation of 88 m and rotates in the spin plane, which is close to the xGSE‐yGSE plane (where GSE refers to geocentric solar ecliptic system), at a 4 s period. The waveform is acquired and a FFT (Fast Fourier Transform) performed every 13.33 ms. Accumulated frequency spectra are delivered every 2 s [Décréau et al., 2001]. [6] Sounding operations provide us with estimates of the electron plasma frequency ( fpe) and the electron cyclotron frequency ( fce) at a recurrence of 52 s or 104 s. Spectral signatures on natural emissions offer a better resolution. Figure 1 presents data from the WHISPER instruments on board C1 and C2 for three plasmapause crossings: on 3 January 2006 (Figure 1a), 17 January 2006 (Figure 1b), and 15 February 2006 (Figure 1c). Each panel presents a frequency‐time spectrogram of electric field measured by WHISPER in its passive mode. The time intervals shown include the phenomenon of interest, i.e., NTC wide bands emissions visible outside the plasmasphere with a similar spectral signature as during the event reported by Grimald et al. [2008]. [7] All the bands decrease in frequency when the satellite travels to the plasmasphere. The position of the source of a wave with a particular frequency f is anticipated where f ≈ fpe ≈ fUH. Similar to the case of Grimald et al. [2008] our analysis of the evolution of the intensity at a given frequency allows us to show that the decrease in frequency of a given band comes not from a moving source in the density gradient, but from several still sources which are located deeper in the density gradient. However, the bands observed from one event to another have different frequency gradients and bandwidths. In each spectrogram, the plasmapause is identified by the increasing lower cutoff of free space emissions at the local fpe (schematically indicated by a white arrow in each panel), in agreement with measurements in the active mode of the WHISPER instrument. As in the case of Grimald et al. [2008], the plasmapause crossings appear
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extended (L = 5 to 7 RE) and very structured with very strong density gradients. [8] The same analysis that has been done by Grimald et al. [2008] has also been used for the measurements presented here with very similar conclusions, namely, (1) The difference in frequency between consecutive bands Df is constant at a given time; (2) the bands appear at exact multiples of Df; and (3) in the source region (where f ≈ fpe ≈ fUH, so where the band intercepts the plasmapause), f ≈ nfce, where n is integer and fce is the local electron cyclotron frequency. [9] In Figure 1, the bands are annotated by nfces where fces is equal to the local fce at the source position, and n is the harmonic number. In all cases, the first band is observed at 3 fces which suggests that the generation mechanism is not effective below the third harmonic. However, it appears there is no upper limit, and the number of bands could be different from one event to another as 5 bands are visible on 3 January 2006, only two bands on 17 January 2006 and at least 7 bands on 15 February 2006. This spectral structure of multiple bands resembles the diffuse ionospheric emissions discussed by Benson and Osherovich [1992]. 2.2. Multipoint Analysis of the NTC Event on 15 February 2006 [10] We now focus on the plasmapause crossing on 15 February 2006. In this case, the interspacecraft separation distance is 10,000 km. The perigee pass occurs between 10:35 and 11:20 UT at about 2h MLT. Figure 2 presents the WHISPER data from C1 (Figure 2b), C2 (Figure 2c) and C3 (Figure 2d) between 09:05 and 11:15, in the order of the satellites in their orbits (Figure 2a). Note that there are no data from C4. As in Figure 1, the plasmapause is identified by the increase of fpe. In Figure 2b, the bottom of the density gradient, indicated by a yellow arrow, is observed at L ≈ 5.7 RE, which indicates an extended plasmasphere. The event under study occurs during a period of low magnetic activity indicated by smooth variations of the Dst index. During the days before the observation, the Kp index is low (less than 3), which normally indicates that the plasmapause is far from Earth (see Pierrard and Lemaire [2004] for a link between the plasmapause position and the Kp index). [11] The NTC event in Figure 2 is observed outside the plasmasphere at frequencies between 30 and 80 kHz. The plasmapause crossing starts on C2 at a magnetic latitude of ≈ −20° after 0952:30 UT, as it is reflected by the increasing lower cutoff of free space emissions at the local fpe (schematically indicated by a yellow arrow), in agreement with measurements in the active mode of the WHISPER instrument. [12] While it is very easy to localize the density gradient on C2, the existence of density structures and strong electrostatic waves (annotated ES in Figure 2c and 2d) on C1 (Figure 2c) and C3 (Figure 2d) make the localization very difficult. The density structures are usually observed before the plasmapause crossing. They are observed at L≈5.3 RE on C1 and L≈4.5 RE on C3, indicating a compression of the plasmasphere occurring between 09:05 and 11:15. A strong decrease of the AL index at about 07:20 indicates an increase of the magnetopause’s currents which may be responsible of a compression of the magnetosphere. In that case, the convection electric field increases and the plasmapause, as it is observed in the spectrograms, moves closer to the Earth. This observation is consistent with the variations of the magnetic
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Figure 1. Frequency‐time spectrograms of natural emissions observed on (a) 3 January 2006, (b) 17 January 2006, and (c) 15 February 2006 by the WHISPER instrument on board the Cluster 1 (C1), and Cluster 2 (C2) spacecraft. Wave amplitude between 2–80 kHz is given in dB above 10−7 Vrms Hz−1/2. NTC radiation appears as wide frequency bands outside the plasmasphere. field observed during the perigee pass and could be responsible for disturbances in the plasma which may generate the strong electrostatic waves observed on C1 and C3. [13] This observation of the wideband NTC might be related to previous reports of the continuum enhancement. The latter appears on the nightside during a magnetospheric substorm. It is linked to injections of electrons in the midnight sector [Gough, 1982] and correlated with increasing AKR activity [Kasaba et al., 1998]. Note, however, that during the 15 February 2006 event, we do not observe an increased AKR intensity and that another case of the wideband NTC observed on 3 January 2006 (see Figure 1a) is shifted far from the midnight sector toward local morning. Therefore, there is no direct relation of the wideband NTC to the continuum enhancement as is described by Gough [1982]. [14] Wideband NTC appears in the spectrograms of the three satellites outside the plasmasphere and above fpe. In



each spectrogram, two groups of bands could be observed: a first one composed of two bands (in the white circles) observed at 3 and 4 fces, and a second one composed of 7 bands observed between 3 and 9 fces. We will focus here on the second group of bands. On the three spectrograms, the first band observed at 3 fces has a very low intensity and is very difficult to localize. This observation could be explained by a very small efficiency of the generation mechanism at this harmonic for this event. The first band with a significant intensity is the band observed at 4 fces. Comparing the observations made by the three satellites, the bands are the most intense on C2 and the least intense on C3. As discussed earlier, the plasmasphere is being compressed during the observation. This compression implies that the distance between the source position and the position where the satellite crosses the beam increases between C2 and C3 and the intensity decreases.
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Figure 2. (a) Position of Cluster 1, Cluster 2, and Cluster 3 spacecraft during the NTC event observed on 15 February 2006. Frequency‐time spectrograms of natural emissions observed by the WHISPER instrument on board (b) the Cluster 1, (c) Cluster 2, and (d) Cluster 3 spacecraft. Wave amplitude between 2– 80 kHz is given in dB above 10−7 Vrms Hz−1/2.



[15] Focusing on C2 data, the higher‐frequency bands are observed closer to the plasmasphere than the lower‐ frequency bands. At 0957:13, the band denoted “8fces” is observed when the spacecraft crosses the plasmapause. The waves have a frequency of approximately 63 kHz that is at the 8th harmonic frequency of the local fce, and that is also close to both local fUH and fpe. Following the arguments of Grimald et al. [2008], we assume that the satellite crosses the plasmapause at the location of the emission source for this band. This assumption is supported by an increase of the maximum



intensity in the band when the satellite travels to the plasmapause (see Figure 3). The intensity decreases in a plasmaspheric plume but then rapidly increases as the satellite approaches the anticipated source of the wideband NTC in the plasmapause density gradient. From the timescale of this gradient of the wave amplitude (≈30 s) and from the spacecraft orbital velocity (3.5 km/s) we obtain an upper bound on the distance to the source of the order of 100 km. Obviously, the uncertainty of this rough estimate is large, at least tens of percent. The condition of having the wave frequency close
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Figure 3. Maximum root‐mean‐square amplitude of the electric field measured by Cluster 2 on 15 February 2006 in the frequency band around 8 fces. The amplitude decreases around 9:56:10 UT where a plasmaspheric plume is encountered and then it rapidly increases toward the anticipated source in plasmapause density gradient. Grey rectangle shows the time interval where the PEACE data are analyzed in Figure 4. to fUH and fpe gives a position much closer to the source region, with an upper limit on the distance from the source of the order of a few tens of km. The measurements of waves and particles collected during this passage thus allow us to study the wave polarization and mode structure close to the anticipated source region of NTC radiation. 2.3. Polarization of the “8fces” NTC Emissions [16] The WHISPER instrument provides us with measurements of two components of the electric field in the plane perpendicular to the spin axis of the spacecraft. The spin modulation of the received electric fields can be used to determine (1) the angle a between the direction of the projection of the static magnetic field B0 onto the spin plane and the direction where the electric field fluctuations in the spin plane are maximum and (2) the modulation index factor, m = (E2max − E2min)/(E2max + E2min), where Emax and Emin are defined as the maximum and the minimum values of the electric field measured during several spin periods. [17] Close to the anticipated source region of NTC radiation at 8fce, we obtain a ≈ 90° and m ≈ 0.8 at the frequency where the maximum of wave intensity is detected. The obtained value of m means that the electric field fluctuations form an elongated ellipse after their projection on the spin plane, with 9 times more power along its major axis compared to the power along its minor axis. The obtained value of a then means that the major axis of this ellipse is perpendicular to the projection of B0 on the spin plane. The data of the FGM instrument [Balogh et al., 2001] show that, in that moment, the B0 direction is nearly in the spin plane, tilted from it by an angle of 18°. [18] These results help us to identify the mode in which the wideband NTC waves propagate close to their source. For example, an O mode wave (with a wave vector perpendicular to B0) would have linearly polarized electric field fluctuations parallel to B0. This would give a ≈ 0°, which evidently does
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not fit our observations. On the other hand, an L mode wave (with a wave vector parallel to B0) is circularly polarized in the plane perpendicular to B0. The projection onto the spin plane will modify the originally circular polarization into a polarization ellipse whose shape depends on the tilt angle of B0. For the observed 18° tilt angle, we will obtain an elongated ellipse which corresponds to m = 0.82. Our observations thus can be in agreement with the propagation in the cold‐plasma L mode. [19] Our observations can also be consistent with the cold‐ plasma extraordinary (X) mode having the wave vector perpendicular to B0, and with electrostatic hot plasma modes (for instance the upper hybrid or Bernstein modes) with perpendicular wave vectors. To examine all these possibilities we need to solve the hot plasma dispersion relation and calculate polarization properties of all wave modes that can exist in the observed frequency band of NTC radiation.



3. Hot Plasma Dispersion Relation in the Source Region [20] The resolution of the hot plasma dispersion relation will necessarily rely on a model of the particle distribution function in the source region. Our model is entirely based on measurements that have been done onboard Cluster at the same time as the observations of NTC radiation. We will therefore first describe the model of the distribution function and then use it for solving the hot plasma dispersion relation. 3.1. Observed Electron Distribution Function [21] As the observed frequencies of the NTC radiation are much higher than characteristic ion frequencies, possible wave modes in the source region and their polarization will predominantly depend on the electron phase space distribution function. Figure 4a presents the electron distribution measured by the PEACE/HEEA instrument [Johnstone et al., 1997] between 0957:09 and 0957:13 UT, in the energy range 40 eV–26 keV. The plasma distribution appears to be slightly pancake shaped with a loss cone. It has been shown that the loss cone is a very important parameter for the generation of waves at fce harmonics [Wu and Lee, 1979] and that a pancake distribution can be unstable to the cyclotron instability [Melrose, 1976] leading to the direct generation of the L‐O mode. [22] We characterize the plasma as a sum of three electron populations: core and warm populations with bi‐Maxwellian distributions, and a hot electron population having a bi‐ Maxwellian distribution with a subtracted loss cone. Cold ions are used as a neutralizing background. As the PEACE/ HEEA instrument does not measure the electron distribution below 40 eV, the density of the core electron population is adjusted using the total electron density measured by the WHISPER instrument to obtain fUH = 8fce. In this case, pﬃﬃﬃﬃﬃ fpe = 63 fce ≈ 7.94fce. [23] The model electron distribution function is shown in Figure 4b. Comparison of Figures 4a and 4b shows that the model provides us with a good fit to the data. Figure 4c gives the density, the parallel temperature (Tk), the temperature anisotropy (T?/Tk = a1 using the same variables as Rönnmark [1983]), and the loss cone depth (D = 1 − D) and its width (W = a2/a1) for each population.
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Figure 4. Electron phase space distribution function inside the source region. (a) Electron distribution measured by the PEACE/HEEA instrument in the energy range from 40 eV to 26 keV, between 0956:57 and 0957:18 UT. (b) Electron distribution function obtained by a least squares fit of model parameters to the measured phase space density (c) parameters of the model (see text) of the electron distribution presented in Figure 2b.



3.2. Solution to the Dispersion Relation [24] To determine roots of the dispersion equation, we use a nonrelativistic warm plasma dispersion solver “Waves in homogeneous, anisotropic multicomponent plasmas” (WHAMP) [Rönnmark, 1982, 1983]. Using the plasma model from Figure 4c, this numerical method provides us with results summarized in Figure 5. We examine the wave mode structure for wave vectors parallel to B0 (solid line) and perpendicular to B0 (dotted line). [25] Figure 5 shows the real part of the normalized wave frequency f/fce versus the wave number k = 2p/l, where l is the wavelength. The long‐wavelength cold‐plasma modes are on the left‐hand side, and the hot‐plasma modes are on the right‐hand side of Figure 5, where l becomes lower than the electron Larmor radius (rL). For electrons at the thermal speed of the hot population, this happens at k > 1.2 × 10−2m−1. [26] Now, we will focus on the waves which appear around 8fce. For parallel wave vectors, we obtain the cold‐plasma left‐handed mode (L), the hot‐plasma Langmuir mode, and the cold‐plasma right‐handed mode (R) at higher frequencies. Since the Langmuir mode has a linear polarization along B0, only the L mode has the polarization consistent with the observations at frequencies close to 8fce for the case of parallel propagation. For perpendicular wave vectors, we obtain the cold‐plasma extraordinary mode (X), the ordinary mode (O) and a complex structure of hot‐plasma Bernstein modes coupled to the extraordinary Z mode at fUH = 8fce. As we have described in section 2.3, the presence of the O mode is excluded by our measurements of the electric field polarization in the spacecraft spin plane. The X mode has a circular



polarization in the plane perpendicular to B0 which is consistent with our observations. The Bernstein modes have a linear polarization along the wave vector, i.e., perpendicular to B0. This is also consistent with the observed polarization. [27] We thus have several candidates for the typical wave modes in which the NTC radiation can propagate close to its source region. We have used the results of the same analysis as it is presented in Figure 5 to verify the linear stability of these wave modes in the hot plasma. No wave growth is possible for the strictly perpendicular Bernstein/upper hybrid modes, and our analysis doesn’t show any positively unstable parallel propagating waves using the measured electron distribution function and a nonrelativistic theory of homogeneous plasmas. A more detailed parametric analysis of the hot plasma dispersion relation is underway but is beyond the scope of this paper.



4. Discussion and Conclusions [28] In this paper, we have presented three NTC events observed during different plasmapause crossings. In all cases, wide bands appear outside of the plasmapause. In the three cases, the first band appears at 3 fces which implies that the generation mechanism is not effective below the third harmonic band. The bands decrease in frequency when the satellites travel to the plasmapause. The plasmapause appears to be extended and very structured with very strong density gradients. Thirty six wideband events has been observed between 2002 and 2006. The decreasing frequency of the bands and the structured plasmapause has been observed in all these cases. These characteristics also appear to be
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Figure 5. Results of a numerical analysis of the dispersion relation obtained for parallel and perpendicular wave vectors with respect to B0. The real part of the normalized wave frequency is plotted with respect to the wave number. A shaded rectangle shows a 3 kHz frequency interval around 8fce and different wave modes are labeled (see text). The cold plasma Z mode with the L‐X polarization and the free space R‐X and L‐O modes are shown on the left‐hand side. Langmuir waves and a system of hot‐plasma Bernstein modes coupled to the upper hybrid waves and X polarized Z mode are shown on the right‐hand side. inherent to all wideband NTC events and need to be taken into account in future studies of their generation mechanism. [29] As the second step, we have analyzed a wideband NTC event observed on the night side close to the plasmapause, at a magnetic latitude of 20°. We have obtained new results on the wave polarization in the vicinity of the source. As the spacecraft crossed the plasmapause where fpe ≈ fUH = 8 fce, it detected an NTC band for which it is possible to analyze the polarization characteristics in the spin plane of the spacecraft. We show that the electric field fluctuations are predominantly perpendicular to B0 and that, after the projection to the spin plane, the electric field fluctuations form a very elongated polarization ellipse. We conclude that this is consistent with waves propagating in the free space L mode with parallel wave vectors with respect to B0 or with the cold‐ plasma Z mode with L‐X polarization below the local fpe for both parallel and perpendicular wave vectors. [30] We show that the observed frequency band and polarization can be also consistent with electrostatic waves observed at the upper hybrid frequency or at the electron Bernstein modes. A least squares modeling of three electron populations based on the measured electron distribution gives us a possibility to analyze dispersion and polarization properties of these hot‐plasma modes. Numerical solution of the linear dispersion relation shows that two Bernstein modes (at 7fce and at 8fce in the short‐wavelength limit) are coupled to the upper hybrid and Z mode waves. [31] The O mode predicted by several theories and observed in the past [Gurnett et al., 1988; Shaw and Gurnett, 1980; Gurnett and Shaw, 1973] does not appear to be present in the source region, but possibly appears after the waves propagate further from the source and refract from the parallel



free space L mode. This evolution of the wave polarization is for example described in the linear theory [Jones, 1981, 1982, 1983, 1986; Jones and Leblanc, 1987]. Our results on wave stability, based on a nonrelativistic linear theory of homogeneous plasmas, however, indicate that no parallel‐ propagating wave modes can grow in the plasma observed when Cluster 2 crosses the source region. [32] Several hypotheses may explain this result: a possible explanation could be that, according to Etcheto et al. [1982], the sources are very narrow. The satellite therefore can cross the plasmapause very close to the source, but not inside the source. In this case, the observed distribution function is not the same as the distribution function of electrons inside the source, and therefore it does not show the instability. Another possible explanation is that the analysis used in this study does not comprise possible relativistic effects which may account for the wave growth close to fce. We do not take into account all the electron populations in the source region: we used here the measurements of the electron distributions for energies below 30 keV. The data of the RAPID instrument [Wilken et al., 2001] show that there is also a higher‐energy population when Cluster 2 crosses the plasmapause that can potentially contribute to the wave growth. A possible explanation could also be that the distribution stabilizes very quickly, or the unstable feature is quite subtle. In that case, we would observe a stabilized plateau feature rather than the unstable feature in the electron distribution. [33] It might be also possible to generate a wave in the O mode from the system of hot plasma Bernstein/upper hybrid modes at large wave normal angles via a decay mechanism [Rönnmark, 1985] or a coalescence mechanism [Melrose, 1981; Christiansen et al., 1984; Rönnmark, 1985]. These



7 of 8



A06209



GRIMALD AND SANTOLÍK: BRIEF REPORT



indirect generation mechanisms involve interactions between ion and electron waves. The Bernstein/upper hybrid wave might also possibly directly scatter into the free space L‐O mode on filamentary density irregularities that are aligned with B0, using a similar linear conversion process as the mechanism described by Bell and Ngo [1990] for coupling of lower‐hybrid and whistler mode waves. Note that it is not possible to verify this possibility for the strictly perpendicular Bernstein/upper hybrid modes that were considered in this study. A parametric analysis of wave growth of modified hot‐plasma modes at finite wave vector angles is a subject of future work. [34] Acknowledgments. We would like to thank the WEC, JSOC and ESOC teams for continuous support of Cluster operations. We also thank P. Décréau, J.‐G. Trotignon and the WHISPER team, and A. N. Fazakerley and the PEACE team for preparing the WHISPER and PEACE data. S.G. acknowledges financial support from the UK Science and Technology Facilities Council (STFC) on the MSSL rolling grant. O.S. acknowledges support from grants ME09107, PECS98025, and GACR 205‐09‐1253.
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