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Global-scale coherence modulation of radiation-belt
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We analyse in detail the magnetic conjunctions between the
Van Allen probes (a NASA Earth-orbiting satellite mission)6 and the
Balloon Array for Radiation belt Relativistic Electron Losses (BARREL)
balloons7 flying at altitudes of nearly 35 km over Antarctica on 3 and 6
January 2014. We then used this new set of measurements to explore
spatial and temporal scales previously not easily accessible. On 2 January
2014, a dynamic injection of energetic electrons (tens of kiloelectronvolts; thought to arise from lower-energy populations beyond the radiation belts) into the outer radiation belt down to at least L 5 3 occurred.
(L is defined as a magnetic field line whose value is the distance in Earth
radii (RE) at which it intersects the magnetic equator.) These electrons,
trapped within the plasmasphere, were gradually eroded over the course
of a few days by various loss mechanisms, including interaction with
plasmaspheric hiss. The hiss on 3 and 6 January has a peak power at
frequencies ,100 Hz and probably originates from a free-energy source
within the plasmasphere8–10.
Figure 1 plots three hours of detrended hiss and X-ray observations,
corresponding to electrons with energies of tens of kiloelectronvolts
for an afternoon-sector conjunction between Van Allen probe PA
and balloon BI on 3 January 2014. For a detailed description of a
conjunction see the Methods and Extended Data Fig. 1. During this
conjunction BI stays near the field line L 5 5.2, which maps to the
plasmasphere, while PA traverses a large extent of the afternoon-sector
plasmasphere from L 5 5.5–2.5. It is immediately evident that there is

a strong visible coherence between the hiss amplitude and the X-ray
count rate at periods of 1–20 min throughout the conjunction. This
coherence extends throughout the entire afternoon-sector plasmasphere, even when PA and BI have spatial separations of up to 3L
and nearly 3 h of magnetic local time (MLT), corresponding to separations across the magnetic field in the range 2.3RE–4.1RE, or 14,500–
26,000 km.
Similar long-distance coherence was observed for a few days after
the energetic particle injection on 2 January. Six payloads (PA, PB, BK,
Magnetic field spectral power
(pT2 Hz–1)

Over 40 years ago it was suggested that electron loss in the region of
the radiation belts that overlaps with the region of high plasma
density called the plasmasphere, within four to five Earth radii1,2,
arises largely from interaction with an electromagnetic plasma
wave called plasmaspheric hiss3–5. This interaction strongly influences the evolution of the radiation belts during a geomagnetic
storm, and over the course of many hours to days helps to return
the radiation-belt structure to its ‘quiet’ pre-storm configuration.
Observations have shown that the long-term electron-loss rate is
consistent with this theory but the temporal and spatial dynamics
of the loss process remain to be directly verified. Here we report
simultaneous measurements of structured radiation-belt electron
losses and the hiss phenomenon that causes the losses. Losses were
observed in the form of bremsstrahlung X-rays generated by hissscattered electrons colliding with the Earth’s atmosphere after
removal from the radiation belts. Our results show that changes
of up to an order of magnitude in the dynamics of electron loss
arising from hiss occur on timescales as short as one to twenty
minutes, in association with modulations in plasma density and
magnetic field. Furthermore, these loss dynamics are coherent with
hiss dynamics on spatial scales comparable to the size of the plasmasphere. This nearly global-scale coherence was not predicted
and may affect the short-term evolution of the radiation belts during active times.

Figure 1 | Comparison of satellite and balloon data showing large-scale
coherence. A magnetic field spectrogram (a) from the Electric Fields and
Waves instrument10 on PA shows hiss with peak power at frequencies ,100 Hz
(ref. 9). The root mean square (r.m.s.) hiss amplitude, up to 20 pT and
consistent with quiet-time values8, shows fluctuations similar to the X-ray
count rate on BI (b), caused by electrons of 10–200 keV. Both curves were
detrended with a 20-min running boxcar average to emphasize fluctuations.
Panels c–e show the MLT, L, | DMLT | and | DL | values for PA and BI.
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Figure 2 | The extent over which the hiss source region is modulated. Timedependent coherence of hiss and X-rays on 6 January 2014 at 20:00–22:00 UT
was calculated as a function of cross-magnetic-field separation for a range of
fluctuation periods. High coherence is observed for 1–20-min periods. This
figure shows a coherence of 3.3-min period fluctuations averaged for all
combinations of PA and PB and BK, BL, BW as a function of L (a) and MLT
(b). Panel c plots the coherence of 3.3-min period fluctuations of hiss as a
function of spacecraft separation.

BW, BL, BX) were aloft during the 6 January 2014 conjunction and on
magnetic field lines mapping to the plasmasphere. This data set allows
us to quantify the spatial extent over which fluctuations of hiss and
X-rays are similar. Figure 2a and b plots the average coherence
(strength of association) of 3.3-min period fluctuations of hiss amplitude and X-ray count rate as a function of cross-magnetic-field separation for all combinations of a probe and a balloon. Between any two
payloads, high coherence was observed for separations up to jDMLTj 5
4 h and jDLj 5 3.5. However, since high coherence was observed on all
combinations of payloads, the overall coherence scale covers, at a
minimum, all baselines formed by the probes and balloons: that is,
6 h of MLT (from 11:00 , MLT , 17:00) and 3.5L (from 3 , L , 6.5).
A comparison in Fig. 2c of hiss amplitudes on PA and PB shows that
3.3-min period fluctuations of the hiss source region are coherent on
similar scales, indicating that the large-scale coherence of hiss and
X-rays may be explained by the large-scale coherence of the hiss source
region itself. We note that the large-scale MLT coherence is not caused
by magnetic-field gradient and curvature drift of electrons into the
South Atlantic Anomaly11, a region of decreased magnetic field associated with enhanced precipitation from the radiation belts. Timescales
for the drift of 30–100-keV electrons with small pitch angles, the angle
of the electron velocity vector to the magnetic field, range from a few to
tens of minutes per hour of MLT. Delays in fluctuations in hiss amplitude and X-ray counts of this size are not observed.
Figure 3 presents a detailed analysis of this 6 January close conjunction for the payloads PA and BK. As for the 3 January conjunction, hiss
amplitude and X-ray count rate show a striking similarity throughout
the entire two-hour conjunction. The payload separations are small
near 21:00 Universal Time (UT) (DMLT 5 1 h and DL 5 1.5), meaning
that these variations are mostly temporal. The plasma density and
magnetic-field magnitude, as well as the 30-keV electron flux, rise
on average throughout this timespan, unlike the X-ray count rate,
although when detrended they fluctuate in the ultralow frequency
(ULF) range, similarly to the hiss and X-rays. In a detailed analysis
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Figure 3 | Comparison of plasmaspheric hiss and electron precipitation.
a, A spectrogram of hiss magnetic field wave power along the spin axis of PA.
The r.m.s. hiss power and X-ray count rate on BK follow the same trend
(b). The background X-ray count rate, probably due to cosmic-ray-induced
X-rays and estimated from a 20-min running boxcar average to be 875 counts
per second, has been subtracted. Plasma density, 30-keV electron flux, and
magnetic field magnitude B (c–e) all increase during this conjunction, unlike
for the X-ray counts.

presented in the Methods we provide multiple lines of evidence
showing that the hiss is directly responsible for creating the electron
precipitation that enhances the X-rays. The global-scale coherence
observed during this conjunction indicates that hiss controls electron
loss throughout the afternoon-sector plasmasphere. The ULF fluctuations in density and magnetic field facilitate this process by creating
conditions favourable for the growth of hiss waves. These results
explain fluctuations in X-ray counts that have been observed on past
balloon missions12.
The ULF fluctuations of density and magnetic field may originate in
the solar wind or at the magnetopause boundary13, within the lowplasma-density magnetosphere14, or within the plasmasphere15. We
have not identified their source for the 3 January conjunction but
the distinctive double-peaked feature on 6 January at 21:00 UT
(Fig. 3b) is observed as a small spike in the SYM-H index, suggesting
a compression at the magnetopause, and on the Cluster 4 satellite16
located in the afternoon-sector magnetosheath. Multiple ground magnetometer stations17 show that this ULF feature propagates throughout the afternoon-sector plasmasphere, with velocity components
eastwards and radially inwards, perturbing the background density
and magnetic field by a few per cent. This has a noticeable effect on
the growth of plasmaspheric hiss, causing an increase in electron precipitation of up to an order of magnitude observed throughout the
afternoon-sector plasmasphere all the way inward to the outer edge of
the electron slot at L 5 3, a region largely devoid of energetic electrons
separating the inner and outer radiation belts.
These observations suggest that coupling models of ULF wave
formation and propagation to current radiation-belt models is
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important to allow accurate simulation of electron loss caused by
plasmaspheric hiss during active times. Furthermore, recent results18
have shown that plasmaspheric hiss waves are occasionally coherent
and may have dispersive frequency signatures. Many models assume
featureless, broadband hiss, which does not accurately describe pitchangle scattering of electrons due to coherent, dispersive hiss waves.
Coherent hiss waveforms are most prevalent during times when the
plasmasphere is driven by solar wind or magnetosheath ULF pressure
fluctuations19, similar to what produces the large-scale coherence for
the 6 January conjunction.
Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
In the absence of external electric fields, magnetospheric electrons have helical
trajectories, which are the result of gyration about the magnetic field and translation of the centre of this gyration—the guiding centre—along the magnetic field.
The cone of velocity vectors representing these two motions is inclined from the
magnetic field by an angular distance called the pitch angle. As electrons propagate
along magnetic field lines towards higher latitudes, they encounter a mirror force,
caused by the convergence of magnetic field lines, that opposes their guidingcentre velocity. For electrons with pitch angles outside what is called the bounce
loss cone, this force is sufficient to reverse their guiding-centre motion before they
reach the atmosphere. These electrons are trapped locally within the magnetosphere, bouncing between mirror points in opposite hemispheres. Electrons with
pitch angles inside the bounce loss cone reach the atmosphere before mirroring
and are lost from the radiation belts.
Extended Data Fig. 1 illustrates a typical conjunction between a BARREL balloon and the Van Allen probes PA and PB. PA resides on a magnetic field line inside
of the balloon field of view. Electrons scattered into the bounce loss cone by hiss
waves within this field of view enter the atmosphere, where they create bremsstrahlung X-rays visible to the conjugate balloon. PB resides outside of the field of
view and bounce-loss-cone electrons at this location will not be observed on the
balloon unless some intermediate process modulates electron loss over long distances across the magnetic field. We now discuss the mechanism by which this
scattering occurs and why ULF-period enhancements of plasma density and
decreases in magnetic field provide this modulation and enhance the loss rate.
Plasmaspheric hiss interacts with electrons via a Doppler-shifted cyclotron
resonance. This interaction can scatter trapped electrons into the bounce loss
cone, removing them from the radiation belts. Strong resonance occurs when
an electron, propagating with a guiding centre velocity V towards a hiss wave with
frequency f in the plasma frame, defined in terms of the angular frequency as f 5
v/2p and wavenumber k, observes the hiss wave Doppler-shifted to an integral
multiple n of its gyration frequency, that is, the cyclotron frequency fce 5 vce/2p.
The resonance condition is given by nvce 5 v 2 dv, where dv 5 kV/c is the
Doppler shift and c is the relativistic mass factor20. An electron in resonance is
exposed to a coherent hiss magnetic and electric field and experiences a net
exchange of momentum and energy with the wave. This is possible because, in
a frame that is moving together with the electron-guiding centre, the counterstreaming electron and hiss wave have the same sense of rotation about the
magnetic field. For interaction with typical hiss waves, the electron energy remains
constant and so the change in momentum results in a change in electron pitch
angle.
Since the electron guiding centre velocity is typically along the magnetic field
direction, kV 5 kVcosh, where h is the angle the wavenumber vector makes to the
magnetic field, called the wave normal angle. Wave normal angles are determined
on the Van Allen probes from a singular value decomposition analysis21 supplied
by the Electric and Magnetic Field Instrument Suite and Integrated Science instrument (EMFISIS)22. The hiss observed during the 3 and 6 January conjunctions is
relatively field-aligned throughout the hiss band, with h in the range 20u–40u. This
indicates that first-order Doppler-shifted cyclotron resonance (n 5 1) dominates
higher-order resonances.
Using in situ values of density, magnetic field, hiss frequency and h we determine that first-order cyclotron resonance energies range from a few tens of kiloelectronvolts up to a few hundred kiloelectronvolts for both conjunctions.
Extended Data Fig. 2a shows these energies plotted as a function of L (determined
from the T89 magnetic field model23 with an input planetary index of Kp 5 1) for
PA on 6 January. Resonance energies tend to dip during times of enhanced hiss
power, primarily due to 1–20-min fluctuations in density (enhancements) and
magnetic field (depressions) which are often observed at the same time. Extended
Data Fig. 2b shows Magnetic Electron Ion Spectrometer (MagEIS) instrument24
observations on PA of differential electron flux in a range of energy channels,
plotted as a function of L. Under the assumption that these fluxes do not substantially change over the duration of the conjunction, we take these values to represent
the fluxes in the hiss source region at the L value of each balloon. The range of
electron energies required to satisfy the local first-order cyclotron resonance condition at the location of each balloon is indicated by the shaded rectangles. BL and
BK, which observe substantial X-ray counts, map to an area of the hiss source
region where MagEIS observed enhanced electron populations at energies
required for resonance. BX, which sees only background level X-ray counts, maps
to a lower L where MagEIS observed few electrons at the required higher resonance
energies. A similar result is obtained for the 3 January conjunction where BI
observed substantial electron precipitation but BW does not. Hiss scattering of
electrons into the loss cone via the mechanism of Doppler-shifted first-order
cyclotron resonance is therefore consistent with the balloon observations.
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Each individual resonance interaction is equally likely to scatter an electron
towards higher or lower pitch angle. Because electron pitch-angle distributions in
the plasmasphere are typically anisotropic, with more electrons at higher than
lower pitch angles, the net angular scattering over time skews towards lower pitch
angles in a manner thought to be consistent with a diffusive process. The simultaneous satellite and balloon observations allow comparison of the theoretical
loss rates to observed loss rates on the balloons. We now show that these two rates
are compatible for the close conjunction on 6 January near 21:00 UT.
The pitch angle a through which an electron will random
walk in aﬃ single
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bounce period Tb due to interaction with hiss is given by Da~ 2hDaa iTb , where
hDaa i is the bounce-averaged pitch-angle diffusion rate, calculated from in situ
density, magnetic field magnitude, h, amplitude and bandwidth25. We have
approximated the hiss frequency spectrum with a Gaussian, centred on the frequency of peak amplitude at each time with a bandwidth determined by the
minimum and maximum extent of the observed hiss wave power. The observed
spectrum has an extended high-frequency tail not matched by a normal Gaussian,
but for the purposes of showing the consistency between the predicted flux at
PA and the observed flux on BK a Gaussian is sufficient. Modelled hiss waves
are allowed to interact with electrons with energies from 0–200 keV and with
a 5 0u–30u in a static dipole magnetic field. Diffusion rates, averaged over the
gyration period of the electron about the magnetic field Daa, were determined at
each point along the bounce path. Next, bounce-averaged diffusion rates hDaa i
were calculated as a function of energy and time by averaging the diffusion rates for
electrons with pitch angles near the bounce loss cone over the entire electron
bounce path. Because hDaa i is a function of not only hiss magnetic field wave
power, but also of density and background magnetic field, it is modified by the
ULF-period fluctuations.
The BARREL field of view mapped to the magnetic equator is a circle of
approximate diameter 1RE, and X-rays observed at BK will be produced by precipitating electrons within this entire field of view. Exactly determining the overall
loss rate would require knowledge of the instantaneous hiss amplitude distribution
over this entire field of view, which is clearly not possible without multiple satellite
measurements. We can, however, approximate the effect of such a distribution by
averaging hDaa i over the 15 min it takes PA to cross this field of view, resulting in a
scattering rate for 50-keV electrons of 1024 s21. Using this time-averaged value,
50-keV electrons within the field of view of BK will scatter an angular distance of
approximately 1u over a typical bounce period of 1 s.
From MagEIS data we can estimate the number of electrons within 1u of the 4u
bounce loss cone. During the conjunction near 20:58 UT the MagEIS instrument is
able to make high-time-resolution measurements to within 2.5u of the bounce loss
cone. Considering the time measuring each sector is small there is large error
associated with these values. Good counting statistics are obtained by averaging
over ten spin periods. Results indicate a range of 25–700 electrons (cm2 s sr keV)21
of energy 50 keV at the bounce loss cone for a 15-min window centred on 20:58 UT.
Integrating over the solid angle of electrons within 1u of the bounce loss cone gives
us the number of electrons that can theoretically be scattered by the observed
hiss into the loss cone in a single bounce period. Roughly half of these electrons,
corresponding to 0.08–2.4 electrons (cm2 s keV)21, will be scattered into the
bounce loss cone, and the other half will be scattered towards higher pitch angles.
This is the predicted loss rate in the hiss source region due to quasi-linear diffusion.
As these electrons propagate down magnetic field lines from near the magnetic
equator to the atmosphere they are focused into a smaller cross-sectional area by
the converging magnetic field lines, effectively increasing the differential flux by
the magnetic focusing factor Aeq/A70 km 5 B70 km/Beq, where A is the crosssectional area of the field of view of the balloon observing the precipitation and
B is the magnetic field strength. Estimates of this focusing factor range from 250 to
310 depending on the variation in field strength over the 1RE-diameter field of
view at the magnetic equator. Thus the flux of 0.08–2.4 electrons (cm2 s keV)21 at
50 keV scattered into the loss cone each bounce will correspond to 15–450 electrons (cm2 s keV)21 at 70 km, the altitude where the bremsstrahlung X-rays are
created. If hiss is indeed the cause of the electron loss then the flux extracted from
balloon X-ray counts should be consistent with this number.
To compare this range of values with observations at BK we invert the X-ray
counts at 20:58 UT with a bremsstrahlung X-ray model. A necessary step in this
process is the subtraction of the background level of X-ray counts. These can be
created from at least two sources, including cosmic rays and enhanced South
Atlantic Anomaly precipitation. After background subtraction we find that
BARREL observed roughly 13 electrons (cm2 s keV)21 at 50 keV at 20:58 UT.
This is probably an underestimate of the true flux by a factor of approximately
three, caused by the assumption by the bremsstrahlung model that precipitating
electrons at an altitude of 70 km are isotropically distributed in pitch angle. This
will only be the case when the limit of strong diffusion is reached, defined as
where the hiss waves are able to fill the bounce loss cone completely in a quarter
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bounce period. The diffusion rates calculated are much lower than this and thus
only the edge of the bounce loss cone will be filled with electrons. Compensating
for this factor, our estimate of 50-keV fluxes observed on BK is in the range
26–39 (cm2 s keV)21. This is consistent with the predicted flux of 15–450 electrons
(cm2 s keV)21. Thus the electron loss associated with the X-ray count rate on BK
during the close conjunction on 6 January near 21 UT can be explained by quasilinear scattering of electrons into the loss cone by the observed hiss waves.
We end with a power spectral analysis that provides additional evidence that
plasmaspheric hiss, modulated by ULF-period fluctuations in density and magnetic field, is directly responsible for precipitating the electrons that create the
X-ray fluctuations. Results are presented for the 3 January conjunction because on
6 January strong hiss and X-ray peaks near 21:00 UT can dominate the spectral
comparison. However, results are similar for both days. The left column in
Extended Data Fig. 3 plots detrended curves of the quantities hDaa i, hiss amplitude, density, magnetic field and 54-keV electron flux, compared to detrended
X-ray counts. Not only are fluctuations in X-ray counts best matched by hiss
amplitude and hDaa i, but so are the spectra shown in the right column. The density
and X-ray spectra compare favourably but to a lesser degree, and the magnetic field
and energetic electron flux spectra are dissimilar in that they are enhanced at
frequencies where the X-ray spectrum is depressed. Taken together, these comparisons indicate that the time and spectral characteristics of the hiss more closely
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match those of the X-ray counts than do density, magnetic field magnitude and
energetic electron flux, strongly suggesting that the hiss is directly responsible for
the electron loss. Despite this, enhancements in hiss amplitude tend to occur in
regions of enhanced density and depressed magnetic field, which creates conditions favourable for hiss growth26.
20. Kennel, C. F. & Petschek, H. E. Limit on stably trapped particle fluxes. J. Geophys.
Res. 71, 1–28 (1966).
21. Santolı́k, O., Parrot, M. & Lefeuvre, F. Singular value decomposition methods for
wave propagation analysis. Radio Sci. 38, 1010 (2003).
22. Kletzing, C. A. et al. The Electric and Magnetic Field Instrument Suite and
Integrated Science (EMFISIS) on RBSP. Space Sci. Rev. 179, 127–181 (2013).
23. Tsyganenko, N. A. A magnetospheric magnetic field model with a warped tail
current sheet. Planet. Space Sci. 37, 5–20 (1989).
24. Blake, J. B. et al. The Magnetic Electron Ion Spectrometer (MagEIS) instruments
aboard the Radiation Belt Storm Probes (RBSP) spacecraft. Space Sci. Rev. 179,
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25. Summers, D., Ni, B. & Meredith, N. P. Timescales for radiation belt electron
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Extended Data Figure 1 | The detection of loss cone electrons by a balloon.
The Van Allen probes (labelled here A and B) pass through the hiss source
region at the magnetic equator (3RE–6RE, 40,000 km altitude) on field lines that
can connect to the BARREL balloons. The red hatched line shows values of 2RE,
4RE and 6RE. The shaded green volume shows the balloon field of view and the

G2015

white lines represent electrons propagating along and gyrating about magnetic
field lines. At an altitude of 70 km, where bremsstrahlung X-rays are typically
created, the cross-section of this field of view is a circle about 100 km in
radius. Mapped along magnetic field lines to the magnetic equator, this
becomes a circle of radius 0.5RE (about 3,200 km).
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Extended Data Figure 2 | Comparison of predicted resonance energies to
observed energies. a, Calculation of first-order cyclotron resonance energies
(6 January 2014, 20:00–22:00 UT) from in situ data on PA versus L. The
three lines are resonant energies determined from the minimum (red), peak
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(black) and maximum hiss (orange) frequencies. b, MagEIS electron flux
levels on PA versus L. The horizontal extent of each shaded box shows the
L crossed by the balloons. The vertical extent is a mapping of the range of
resonant energies from a across the observed energies from MagEIS.
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Extended Data Figure 3 | Analysis suggesting that hiss is directly
responsible for observed electron loss. Coherence and power spectra from
PA and BI of fluctuating quantity pairs hDaa i/X-rays, hiss amplitude/X-rays,
magnetic field/X-rays, density/X-rays, and 54-keV electron flux/X-rays. The
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left plot in each row shows detrended quantity pairs while the right plot is the
respective power spectral comparison for fluctuation periods from 1–20 min.
To provide comparisons between spectra with different units, values are
presented in decibels relative to the power of each curve at the 16.7-min period.
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