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S P A C E  S C I E N C E S

Specularly reflected whistler: A low- latitude channel to 
couple lightning energy to the magnetosphere
Vikas S. Sonwalkar1* and Amani Reddy1,2

Lightning- generated whistlers profoundly affect the energetic particle population in Earth’s radiation belts, 
influencing space weather and endangering astronauts and satellites. We report the discovery of specularly re-
flected (SR) whistler in which the lightning energy injected into the ionosphere at low latitudes reaches the 
magnetosphere after undergoing a specular reflection in the conjugate ionosphere, contradicting previous 
claims that lightning energy injected at low latitudes cannot escape the ionosphere. SR whistlers provide a low- 
latitude channel to transport lightning energy to the magnetosphere. We calculate the relative contributions of 
SR, magnetospherically reflected, subprotonospheric, and ducted whistlers to the lightning energy reaching the 
magnetosphere. When SR whistlers are considered, the global lightning energy contribution to the magneto-
sphere doubles, implying that the previous estimates of the impact of lightning energy on radiation belts may 
need substantial revisions. Whistler dispersion and intensity analyses quantitatively confirm our results and sug-
gest new remote- sensing methods of the magnetosphere, ionosphere, Earth- ionosphere waveguide, and light-
ning flashes.

INTRODUCTION
The lightning energy injected into the Earth’s magnetosphere propa-
gates as a whistler, a highly dispersed form of electromagnetic en-
ergy (1–5). Whistlers play an important role in the physics of 
radiation belts, contributing to the precipitation of energetic parti-
cles (6–11), generation of hiss (12–16), and formation of slot region 
(10, 11, 17, 18). Whistlers are a powerful tool for remote sensing 
magnetospheric plasma (1, 4, 19–22).

The whistlers, typically observed in the ~100- Hz to 10- kHz fre-
quency range, are categorized as ducted or nonducted whistlers. 
Ducted whistlers propagating at small wave normal angles in field- 
aligned ducts of enhanced or decreased ionization are observable on 
the ground (4) and spacecraft (5). Nonducted whistlers propagating 
at relatively large wave normal angles and crossing magnetic field 
lines are observable only on satellites before (directly) or after one or 
more reflections within the magnetosphere; they are called magne-
tospherically reflected (MR) whistlers (5, 21, 23, 24). Another type 
of nonducted whistler, called subprotonospheric (SP) whistler, un-
dergoes reflections below ~1000- km altitude and is confined to the 
ionosphere (3, 25–27).

This paper reports the discovery of specularly reflected (SR) 
whistler in which the lightning energy injected at low latitudes is 
first specularly reflected at the Earth- ionosphere (E- I) boundary in 
the conjugate hemisphere, and then it propagates upward to the 
magnetosphere (28). SR whistlers carry lightning energy injected at 
lower latitudes to the magnetosphere, whereas MR whistlers carry 
that injected at higher latitudes to the magnetosphere. SR and MR 
whistlers are distinct phenomena that coexist in the magnetosphere. 
Our results contradict those of previous works (18, 29), claiming 
that the lightning energy injected at low latitudes cannot escape the 
ionosphere. When we consider SR whistlers, the total global light-
ning energy contribution to the magnetosphere doubles, implying 

that the previous estimates of the impact of lightning energy on ra-
diation belts need substantial revisions.

The paper presents SR whistler observations and occurrence pat-
terns, ray tracing interpretation, estimates of relative lightning en-
ergy contributions to the magnetosphere by SR, MR, SP, and ducted 
whistlers and a discussion of the impact of SR whistlers on radiation 
belts and their potential for remote sensing of the magnetosphere, 
ionosphere, and lightning.

RESULTS
Observations and interpretation
The data reported here were obtained by the Electric and Magnetic 
Field Instrument Suite and Integrated Science (EMFISIS) on Van 
Allen Probes, previously called Radiation Belt Storm Probes (RBSP) 
and comprised of RBSP- A and RBSP- B satellites (see Materials and 
Methods, “Instrumentation, datasets, and data analysis methods” 
section) (30–32). Figure 1A (fig. S1) shows the spectrogram of three 
sets of multicomponent SR and MR whistlers received by the Bw an-
tenna of the waveform receiver (WFR) on the RBSP- A satellite. Each 
set of multicomponent whistlers resulted from a single lightning 
flash. Consider the set 2 whistlers, generated by the lightning flash at 
time L2 (black arrow) and observed from about ~1 s onward with 
0MR

+
 as the first component. Each whistler in the set, indicated by 

cyan, blue, or red arrow, is characterized by a lower and an upper 
cutoff frequency and a distinctive dispersion, tg-  f, where tg is the sig-
nal group time delay from the source lightning to RBSP- A at fre-
quency f. Figure 1 (B and C) provides a qualitative interpretation of 
the observed whistlers and help understand their nomenclature, as 
discussed below. A broadband impulsive signal from lightning illu-
minates the E- I boundary (assumed at 90 km here) over a range of 
latitudes and longitudes. Some of the lightning energy injected into 
the ionosphere in the magnetic meridional plane of RBSP- A reaches 
it by several distinct nonducted ray paths and is observed as set 2 
whistlers (Fig. 1A). As illustrated in Fig. 1 (B and C), the energy 
injected at higher latitudes reaches the satellite directly by a non-
ducted ray path and produces an 0MR

+
 whistler (cyan ray); the energy 
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injected at intermediate latitudes undergoes one or more magneto-
spheric reflections and then produces MR whistlers (red rays); the 
energy injected at lower latitudes first undergoes a total internal 
specular reflection at the E- I boundary in the conjugate hemisphere 
and then propagates upward to produce SR whistlers in the magne-
tosphere (blue rays). The second and higher reflections of SR whis-
tlers are magnetospheric.

Figure 1 (B and C) shows the ray paths of 2 kHz signals from 
the lightning to the satellite. Lightning energy at other frequen-
cies, injected at different latitudes but following similar ray paths 
with varying group velocities, reaches the satellite with differing 

time delays, producing the spectral forms of various whistlers 
shown in Fig. 1A. The properties of whistler mode wave propa-
gation in the magnetosphere can explain the broad features of 
observed lightning- generated SR and MR whistlers, including 
general spectral shape and cutoff frequencies (see text S1) (4, 5, 
21, 23, 33, 34). Because the propagation path of an SR whistler, 
after its first specular reflection, is similar to that of an MR whis-
tler, the spectral forms of SR and MR whistlers are similar, as the 
spectrogram of Fig. 1A shows.

Adapting a nomenclature developed for MR whistlers (5), we la-
bel each whistler with a numeral (0, 1, 2, …), a subscript “−” or “+” 
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Fig. 1. Observations and interpretation of SR and MR whistlers. (A) Spectrogram showing direct nonducted ( 0MR

+
 ; cyan arrow), MR ( 2MR

−
 , 2MR

+
 , …; red arrows), and SR 

( 2SR
−

 , 2SR
+

 , …; blue arrows) whistlers observed on the RBSP- A satellite. the satellite location in Mcilwain L parameter (L), geomagnetic latitude (λm), geomagnetic longitude 
(ϕm), and magnetic local time (Mlt) is given at the top. Multicomponent whistlers in set 1, set 2, and set 3 are generated by lightning flashes l1 (not shown), l2, and l3, 
respectively, indicated by black arrows. the lightning flash l1 corresponding to set 1 whistlers occurred at the time of −1.65 s and at λm = 20.8°n, ϕm = 36.8°e. (B and C) Ray 
paths of various whistler components showing the propagation of lightning energy at 2 khz from its source location (indicated by the yellow lightning symbol) to the 
RBSP- A satellite. the blue shaded region is the e- i waveguide. the dipole field line at L = 2.75 (black dashed curve) passing through the satellite is shown for reference. the 
e- i waveguide is not drawn to scale, but the region above it and ray propagation paths are drawn to scale.
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and a superscript “MR” or “SR.” The numeral indicates the number 
of equatorial crossings of the ray (lightning energy) before it reaches 
the satellite. The subscript + or − indicates whether or not the ray 
has undergone a reflection after its last equatorial crossing before it 
reaches the satellite. The superscript MR or SR refers to the first re-
flection type—magnetospheric or specular reflection. A whistler 
that has yet to undergo first reflection (e.g., cyan ray path), a direct 
whistler, is labeled 0+ or 1− and is marked with a superscript MR or 
SR depending on the type of first reflection the ray would undergo if 
it were to continue its journey. The labeling of various whistlers 
shown in Fig. 1A and the associated ray paths shown in Fig. 1 (B and 
C) illustrate the nomenclature defined above.

Data from the World Wide Lightning Location Network 
(WWLLN) (35) are used to associate causative lightning flashes with 
whistlers observed on Van Allen Probes (see Materials and Meth-
ods, “Instrumentation, datasets, and data analysis methods” section 
and text S2). The causative lightning flash L1 (not shown in Fig. 1A) 
of set 1 whistlers was recorded by the WWLLN to have occurred at 
−1.65 s. Causative lightning flashes L2 and L3 of set 2 and set 3 whis-
tlers were not recorded by the WWLLN, but their times of occur-
rences were deduced by noting that the corresponding whistlers of 
set 1, set 2, and set 3 have identical dispersion.

The absence of 0+ and MR whistlers in set 3 illustrates that MR 
whistlers do not necessarily accompany SR whistlers. The lack of 0+ 
and MR whistlers in set 3 may have resulted from a weak, low- 
latitude, causative lightning close to SR injection latitudes but dis-
tant from 0+ and MR injection latitudes. Similarly, weak 0MR

+
 

(compared to 2− and 2+ whistlers) in set 2 is probably the result of 
low- latitude causative lightning. The whistlers shown in Fig.  1A 
were detected on the three electric and three magnetic sensors of the 
WFR (fig. S2). Intensities of SR and MR whistlers, which have un-
dergone the same number of equatorial crossings and reflections 
(e.g., 2SR

−
and 2MR

−
 ), on each of the three magnetic (Bu, Bv, and Bw) 

antennas were comparable, which are consistent with ray tracing 
predictions of similar wave normal directions for SR and MR whis-
tlers (see next section on ray tracing confirmation) (36).

Figure 2 (see also fig. S3) shows another example of a set of SR- 
MR whistlers originating in a single lightning flash and containing 
whistlers that have undergone up to six equatorial crossings.

As illustrated in Fig. 3 and fig. S4, SR and MR whistlers often oc-
cur in succession over timescales of minutes to tens of minutes 
along a segment of the satellite orbit covering ~0.1 to 1.0 L- shell 
range (text S3). Estimated times of causative lightning flash shown 
by red and blue arrows in these figures were obtained using various 

RBSP-B      31 OCT 2012  0230:31.69 UT   Altitude = 8865 km      L = 2.45       m = 8.5°N   m = 54°E MLT = 1.4
MR2– 2+

SR2–
SR0+

MR MR4–
MR4+4–

SR SR4+
MR2+

MR6+
MR6–

SR6–

0 1 2 3 4 5 6
Time (s)

7 8 9 10 11 12

0

2

4

6

8

10

Fr
eq

ue
nc

y 
(k

H
z)

SR6+

Hiss
enhancementL

E w
 [V

2 /(
m

2  H
z)

]

10–16

10–14

10–12

10–15

10–13

10–11

6 7 8 9

2.5

2

3

Fr
eq

ue
nc

y 
(k

H
z)

Time (s)

SR6–

MR6–

SR6+

MR6+

E w
 [V

2 /(
m

2  H
z)

]

A

B

Fig. 2. Example of SR and MR whistlers exhibiting up to 6− and 6+ components. (A) Spectrum of the Ew component of the electric field observed on the RBSP- B satel-
lite. All six electric and magnetic field antennas detected these whistlers. the causative lightning l, indicated by the red arrow, occurred at the time of 0.95 s and location 
at λm = 29.3°n, ϕm = 52.7°e, as recorded by the WWlln. the whistlers produced by this particular lightning flash are labeled. the spectrum also shows several other weak 
multicomponent SR and MR whistlers produced by other lightning flashes; the 0+ whistlers of these multicomponent whistlers are easily identifiable at ~2.7, 5.4, 8.3, and 
10.4 s, and for some of these, 2SR

−
 , 2MR

−
 , and 2MR

+
 whistlers are also recognizable. the multicomponent whistlers enhance the hiss band below ~1 khz, consistent with previ-

ous research on lightning as an embryonic source of hiss (12). (B) Whistlers that have crossed the equator six times, 6SR
−

 , 6MR

−
 , 6SR
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 , and 6MR

+
 , are better identified in this 

zoomed version of (A) between 6 and 9 s.
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Fig. 3. Observations of a series of SR and MR whistlers on the RBSP- A. (A to K) SR and MR whistlers were observed in all 6- s frames of wideband wave data recorded 
on 07 October 2012 over an ~20- min orbit segment covering an ~0.7 l- shell range. Red arrows (labeled l1, l2, l4, and l5) show the times of the causative lightning 
flashes detected by the WWlln that could be associated with multicomponent SR and MR whistlers that follow the lightning flashes within ~0.5 to 1 s. (G) the same 
whistlers as those in Fig. 1A. the time l3 of causative lightning flash associated with the first set of whistlers in (G) is not shown in the figure (see Fig. 1 caption). Blue arrows 
show the estimated times of causative lightning, not detected by the WWlln, for the intense multicomponent whistlers. the estimated lightning flash times for weaker 
whistlers are not shown.
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methods well established in the literature (text S2). Figure  4 and 
fig. S5 show the lightning flashes recorded by WWLLN during the 
interval when whistlers shown in Fig. 3 and fig. S4 were observed, 
respectively. Note that the WWLLN recorded 170 lightning flashes 
during the ~22- min interval shown in Fig.  4. During this period, 
RBSP- A recorded 11 6- s frames of broadband data (Fig.  3), for a 
total of 66 s, with each frame showing multiple whistlers originating 
in more than one flash. We surmise that most of the lightning flashes 
detected by the WWLLN produced detectable whistlers in the 
magnetosphere. On the other hand, our research indicates that, for 
many whistlers (e.g., whistlers following blue arrows in Fig. 3 and 
fig. S4), causative lightning flashes could not be found in the light-
ning data, consistent with the limited detection efficiency of the 
WWLLN (37). We note that, in all cases when a multicomponent 
SR- MR whistler could be unambiguously associated with lightning 
flash recorded by the WWLLN (indicated by red arrows in Fig. 3 
and fig. S4), we found that the lightning flash occurred at low geo-
magnetic latitudes (<21°) (see tables S1 and S2). Table S1 shows that 
lightning flashes covering a wide range of energy, from ~250 to 
~14,000 J, produced SR and MR whistlers. Table S2 shows that the 
lightning flash as far away as ~3000 to 4000 km from the ionospher-
ic injection point could produce detectable SR and MR whistlers on 
a satellite located around L ~ 2.5 in the equatorial region. A whistler 
propagation model, discussed later in Materials and Methods, pre-
dicts that, in general, lightning flashes occurring at low geomagnetic 
latitudes ( ≲30°) should produce SR and MR whistlers of comparable 
intensities, consistent with the observations reported above.

A survey of RBSP- A and RBSP- B wave data from the Oct 2012 to 
Nov 2012 period (text S4) (38) showed that both SR and MR whis-
tlers are commonly observed inside the plasmasphere over the L- 
shell range of ~1.9 to 3.8, the latitude range of ~18°S to 17°N (limited 
by Van Allen Probes orbit inclination), and during geomagnetically 
quiet to moderately disturbed conditions. The maximum in the 

planetary Kp index 24 hours prior to the detection of whistlers 
ranged between 0.33 and 6. Both SR and MR whistlers are detected 
more frequently at nighttime than at daytime. At daytime, a greater 
number of MR whistlers are observed compared to the number of 
SR whistlers; at nighttime, both are observed with roughly equal fre-
quency. When observed simultaneously, the intensity of both MR 
and SR whistlers is comparable during nighttime and daytime. In 
general, the occurrence patterns of SR and MR whistlers are consis-
tent with the occurrence properties of lightning, including flash fre-
quency and intensity (39–42), and the predictions of the whistler 
propagation model (see Materials and Methods, “Whistler propaga-
tion model” section) discussed below.

Quantitative confirmation of the SR whistler phenomenon
Ray tracing simulations quantitatively confirm the interpretation 
given above by reproducing the observed dispersion and cutoff fre-
quencies of the whistlers shown in Fig. 1A (see Materials and Meth-
ods, “Ray tracing program” section).

Figure 5A shows the ray tracing simulation results in a smooth 
magnetosphere with a horizontally stratified ionosphere (tables S3 
to S5, fig. S6A, and text S5). The simulation results (cyan, blue, and 
red curves) generally agree with the observations (gray curves) for 
set 2 SR and MR whistlers. Still, there are a few discrepancies in the 
upper cutoff frequencies and time delays. Commonly present field- 
aligned irregularities (FAIs) in the ionosphere can tilt the wave nor-
mal angle of injected waves by a few degrees, thus altering the ray 
paths reaching the satellite and affecting the time delay and cutoff 
frequencies (43, 44). Figure 5B shows that the ray tracing calcula-
tions in a magnetosphere containing FAIs lead to a better agreement 
between simulation results and the observations (text S6). The ray 
tracing simulations also confirm that, (i) at all frequencies, rays 
injected at lower latitudes generate SR, and those at higher latitudes 
generate 0+ MR and MR whistlers; (ii) the wave normal angles of 
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corresponding MR and SR whistlers reaching the satellite are large 
and within a few degrees of each other (see columns 4 and 5 of ta-
ble S5), consistent with the observed intensities of SR and MR whis-
tlers on three magnetic antennas, as noted earlier. Further analysis 
of EMFISIS six- component wave data for the whistlers shown in 
Fig.  1 using recent methods (45) of wave normal angle and the 
Poynting vector direction is required to quantitatively verify wave 
normal angle and ray directions predicted by ray tracing simula-
tions. However, such an analysis performed for another case (28) 
demonstrated an excellent agreement between the wave normal 
angle and Poynting vector direction predicted by ray tracing analy-
sis and those measured from the six- component wave data (see text 
S7, figs. S6C, S7, and S8, and tables S3, S4, and S6).

Figure 5C shows the two- dimensional (2D) region (gray area) in 
the magnetic meridional plane covered by the ray paths of lightning 
energy in the 1-  to 6- kHz range reaching the satellite. The time delay 
accrued by each ray reaching the satellite depends on the electron 
density and ion composition it encounters along its path, implying 
that the observed dispersion of SR and MR whistlers can provide 

electron and ion composition in the gray region. Figure 5D shows 
that the in situ electron density along the satellite path (red curve in 
Fig. 5C) obtained from the upper hybrid resonance band observed 
by the high- frequency receiver (HFR) instrument on the RBSP- A 
satellite (see Materials and Methods, “Instrumentation, datasets, 
and data analysis methods” section, fig. S9, and text S8) agrees well 
with that from the ray tracing density model. Excellent agreement 
between the observed and simulated whistlers and the ray tracing 
density model and measured electron density underscores the po-
tential of a ray tracing inversion method (46) for obtaining the 2D 
images of the magnetospheric electron density and ion composition 
from whistler measurements (text S9) (47).

A recently developed whistler propagation model (see Materials 
and Methods, “Whistler propagation model” section, fig.  S10, and 
table S7) provides further quantitative confirmation of the SR whis-
tler phenomenon by reproducing relative intensities of the observed 
SR and MR whistlers. The whistler propagation model takes into ac-
count source lightning intensity and various propagation losses, in-
cluding those in the E- I waveguide (48), transionospheric propagation 
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(49), and defocusing in the magnetosphere (23). We apply this model 
to whistlers observed on 07 October 2012 (Fig.  1) to demonstrate 
that it explains the observed relative intensities of 2− and 2+ SR and 
MR whistlers (text S10 and tables S8 and S9).

The SR and MR intensity measurements coupled with the whis-
tler propagation model and ray tracing simulations lead to powerful 
methods of ionospheric diagnostics, including the determination of 
poorly known E- I waveguide (4, 48, 50) and transionospheric losses 
(4, 49), and the altitude of specular reflection (46, 51). Whistler in-
tensity measurements also allow remote sensing of a lightning flash 
intensity and location (text S11).

Figure 6 shows the spectral forms (tg-  f) of the simulated SR and 
MR whistlers in a typical magnetosphere (tables S3 and S4, fig. S6B, 
and text S12). The spectral forms depend on the latitude of the satel-
lite location and whether or not the lightning is located in the same 
hemisphere as the satellite. When the satellite is at low latitudes, the 
same order SR and MR before reflection in the hemisphere of satel-
lite (e.g., 2SR

−
 and 2MR

−
 ) and after reflection in the hemisphere of satel-

lite (e.g., 2SR
+

 and 2MR

+
 ) that occur in pair with their spectra appear to 

be merging at low frequencies, as seen in Fig. 6 (B and C). Van Allen 
Probes with low inclination orbit observe SR and MR whistlers with 
spectra similar to those in Fig. 6 (B and C). When the satellite is at 
high latitudes in the region close to altitudes where magnetospheric 
reflections occur, the SR whistlers of the same order (e.g., 2SR

−
 and 

2SR
+

 ) and MR whistlers of the same order (e.g., 2MR

−
 and 2MR

+
 ) have 

their spectra that appear to merge near their lower cutoff frequen-
cies, similar to those seen in Fig. 6 (D and E). Such whistlers were 
observed on high- inclination Orbiting Geophysical Observatory 1 
(OGO 1) satellite (5, 21, 52). While the characteristics of SR and MR 
whistlers are different for low-  and high- latitude observations, in all 
cases, the SR and MR whistlers have spectra similar enough that an 
SR whistler could be easily mistaken for an MR whistler and vice 
versa. This may explain why SR whistlers were not found earlier. 
Early researchers who observed spectral forms similar to SR whis-
tlers interpreted them, we believe mistakenly, as MR whistlers re-
sulting due to refraction from large- scale magnetospheric density 
depressions (5, 21). The SR whistler phenomenon we report here is 
lightning energy injected at lower latitudes in a smooth magneto-
sphere. It is distinct from and coexists with the MR whistler phe-
nomenon, which originates in lightning energy injected at higher 
latitudes.

Lightning energy reaching the magnetosphere as SP, SR, MR, 
and ducted whistlers
Previous ray tracing studies concluded that, while the lightning en-
ergy injected at higher latitudes (>20° to 30°) reached the magneto-
sphere as MR whistlers, the lightning energy injected at lower 
latitudes was unable to escape the ionosphere (18, 29). Contrary to 
this result, we have shown above that the lightning energy injected 
at low latitudes can reach the magnetosphere as SR whistlers. This 
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Fig. 6. Expected spectral forms of SR and MR whistlers in a typical magnetosphere when the lightning flash location is in the Northern Hemisphere. (A) Ray paths 
of 3- khz waves injected from the lightning (yellow symbol) and reaching the satellite located at S1 (L = 2.5, λm = 10°n) via a direct path (0+; cyan), after a magnetospheric 
reflection ( 2MR

−
 ; red), and after a specular reflection ( 2SR

−
 ; blue). the black dashed curve represents the L = 2.5 field line. (B) expected spectral forms of SR and MR whistlers 

when the satellite is located at S1(L = 2.5, λm = 10°n) in the hemisphere of the causative lightning. (C) Same as (B) when the satellite is at S1′ (L = 2.5, λm = 10°S) in the 
hemisphere conjugate to that of the causative lightning. SR and MR whistlers with dispersion similar to that of simulated whistlers shown in (B) and (c) are observed on 
van Allen Probes. (D) Same as (B) when the satellite is at S2 (L = 2.5, λm = 25°n), a high- latitude location in the hemisphere of the causative lightning. (E) Same as (B) when 
the satellite is at S2′ (L = 2.5, λm = 25°S), a high- latitude location in the hemisphere conjugate to that of the causative lightning. SR and MR whistlers with dispersion simi-
lar to those of simulated whistlers shown in (B), (c), and (d) were observed on high- inclination OGO 1 satellite (5, 21, 52).
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discovery may have profound significance for radiation belt physics, 
as discussed below. Our research shows that (i) the lightning energy 
couples to the magnetosphere primarily as nonducted SR and MR 
whistlers, a small fraction as ducted whistlers and another small 
fraction as SP whistlers (altitude ≲ 1000 km), and (ii) the energy con-
tributions of SR and MR whistlers are comparable. We performed ray 
tracing studies in a typical magnetosphere to determine (i) the injec-
tion latitude ranges for lightning energy that leads to the generation 
of SR, MR, and SP whistlers; (ii) ionospheric and magnetospheric 
regions where these whistlers are found; and (iii) the relative amounts 
of lightning energy reaching the magnetosphere as SR, MR, SP, and 
ducted whistlers.

As discussed above, the lightning energy enters the ionosphere 
almost vertically. We injected rays vertically at the E- I boundary in 
the 1-  to 11- kHz frequency range, roughly the range in which SR 
and MR whistlers are typically observed (Figs. 1 to 3, and figs. S4 
and S7) (5), and between ~0° and 60° geomagnetic latitudes. In a 
typical magnetosphere with plasmapause near L = 4, the lightning 
energy injected at latitudes near 60° gets trapped in the plasma-
pause, which acts as a waveguide (53). We allowed rays to propagate 
until tg = 20 s, roughly the time in which whistlers are observed to 
merge with the background radiation (12).

Figure 7A shows the lightning energy injection latitude ranges 
for 1-  to 11- kHz frequency range for each type of whistler (text S13 
and figs. S11 and S12). While the key feature of this figure, that SP 
and SR whistlers are generated with lower injection latitudes for 
lightning energy and MR whistlers with higher, holds in general, the 
numerical values of the latitude ranges for each kind of whistler will 
depend on the magnetospheric density model used. Ionospheric 
latitudinal gradients and FAIs influence the ray paths and thus mod-
ify the injection latitude ranges and the subsequent propagation of 
the whistlers (fig. S13 and text S14). As the magnetospheric plasma 
density and composition change diurnally or with geomagnetic ac-
tivity, we expect that these injection latitude ranges to change ac-
cordingly.

Figure 7 (B to D) shows, as a function of frequency, the equato-
rial L- shell ranges reached by direct (0+/1−) SR and MR whistlers, 
higher- order (1+, 2−, 2+, …) SR, and higher- order (1+, 2−, 2+, …) 
MR whistlers, respectively. The hatched regions (1.5 ≲ L ≲ 3.2) in 
Fig. 7 (B and C) show roughly the equatorial L- shell ranges where 
the lightning energy injected at various latitudes reaches as SR and 

MR whistlers in 20 s. In the L- shell ranges covered by the hatched 
region, we expect to find a buildup of whistler energy that, via 
wave- particle interactions, may contribute to the formation of the 
radiation belt slot region (18, 54). The lower boundary of the 
hatched region approaches equatorial lower hybrid frequency (flh,eq) 
for both SR and MR whistlers, noted previously for MR whistlers 
(54). Ray tracing (Figs. 1, B and C, and 5C, and fig. S11C) shows 
that we expect to observe SR and MR whistlers within roughly ±40° 
geomagnetic latitudes, determined by the latitudes of magneto-
spheric reflections. The equatorial L- shell ranges of SR and MR 
whistlers shown in Fig. 7 (B to D) are consistent with those found 
for these whistlers in the Van Allen Probes data survey discussed 
above (see text S4).

Energy from an individual lighting flash propagates in all direc-
tions in the E- I waveguide and is injected into the ionosphere at the 
E- I waveguide boundary at all latitudes and longitudes. The relative 
amounts of lightning energy reaching the magnetosphere as nonduct-
ed SR, MR, and SP and ducted whistlers are calculated using (i) the 
whistler propagation model (see Materials and Methods, “Whistler 
propagation model” section) that takes into account the injection lati-
tude ranges for these whistlers (Fig. 7A) and the E- I waveguide (48) 
and transionospheric (49) losses; (ii) the global lightning occurrence 
as a function of latitude (fig. S14) (39, 40); (iii) duct occurrence prob-
ability (8); and (iv) effective duct area at the E- I boundary (20, 55).

Figure 8 (text S15) shows, as a function of geomagnetic latitude 
of lightning flash, the relative contribution of lightning energy to the 
magnetosphere as SR, MR, and SP whistlers in 1-  to 11- kHz fre-
quency band due to a single lightning flash (Fig.  8A) and due to 
global lightning flashes per second (Fig. 8B). Figure 8 (A and B) shows 
that a lightning flash contributes greater energy to the magnetosphere 
at nighttime relative to daytime and comparable energy as SR and MR 
whistlers when a lightning flash occurs at low geomagnetic latitudes, 
| λL

m
 | ≲ 25° to 30°, where | λL

m
 | is the lightning flash geomagnetic lati-

tude. These results are consistent with our observations that SR 
and MR whistlers are detected simultaneously, with comparable in-
tensity, and more frequently when the lightning flash is at low geo-
magnetic latitudes (|λL

m
 | ≲ 30°) and at nighttime (Figs. 1 to 4, figs. S4 

and S5, and table S2).
Integrating relative energy contributions to the magnetosphere 

of SR, MR, and SP whistlers shown in Fig. 8B over −90° ≤ λL
m

 ≤ 90° 
and 24- hour period, we get the following results for global lightning 
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energy reaching the magnetosphere per day: (i) The lightning ener-
gy reaching the magnetosphere at nighttime is ~20 dB greater than 
that reaching at daytime; (ii) SR and MR whistlers carry equal 
(within 1 dB) amounts of lightning energy to the magnetosphere; 
(iii) SP whistlers, i.e., the lightning energy trapped in the iono-
sphere ( ≲1000 km), carry energy that is about 10 dB lower than that 
reaching the magnetosphere as SR and MR whistlers; and (iv) duct-
ed whistlers carry about 1 to 4% of the lightning energy entering the 
ionosphere, about 14 to 20 dB lower than the total nonducted whistler 
energy reaching the magnetosphere (table S10 and text S16). We can 
understand the roughly equal contribution of SR and MR whistlers to 
lightning energy reaching the magnetosphere by recognizing that (i) 
most lightning activity takes place at low latitudes that are close to SR 
injection latitudes, and thus, the E- I losses are lower for SR whistlers 
compared to MR whistlers, and (ii) transionospheric losses, which are 
greater at low latitudes, are higher for SR whistlers compared to MR 
whistlers. If we consider that the lightning flashes at lower latitudes 
are more intense than those at higher latitudes (41, 42), then SR whis-
tlers probably carry a greater part of lightning energy to the magneto-
sphere relative to that carried by MR whistlers.

DISCUSSION
Storey demonstrated in his 1953 breakthrough paper that lightning is 
the source of terrestrial whistlers (1). Since then, whistlers, their inter-
actions with radiation belt particles, and their applications for magne-
tospheric diagnostics have been the subject of vigorous research. 
Various types of whistlers, including ducted, nonducted, SP, and MR 
whistlers, were found in the 1950s and 1960s (1–5). Here, we report 
the discovery of SR whistler, which carries the lightning energy in-
jected at low latitudes to the magnetosphere. Because most lightning 
activity occurs at low latitudes, the contribution of SR whistlers to the 
magnetosphere is comparable to that of MR whistlers despite greater 
transionospheric losses at lower latitudes. Comparatively, a small 

fraction of lightning energy injected at low latitudes remains trapped 
in the ionosphere as SP whistlers. The importance of our research lies 
not only in the discovery and interpretation of the SR whistlers but 
also in demonstrating the significance of these whistlers in their im-
pacts on the radiation belt particles and their implications for new 
magnetospheric and ionospheric diagnostics.

One may ask why the SR phenomenon was not identified before. 
As noted above, previous researchers observed whistlers with spec-
tra similar to those shown in Fig. 1A on OGO 1 satellites (5, 21); 
however, they interpreted those spectra as additional MR whistler 
traces resulting from multipath propagation of lightning energy in-
jected at higher latitudes and refracted by large- scale density depres-
sions in the magnetosphere. In our interpretation, SR and MR 
whistlers are generated in a smooth magnetosphere with lightning 
energy injected at lower latitudes reaching the satellite as SR and at 
higher latitudes as MR. Thus, our interpretation does not require the 
presence of large- scale irregularities in the magnetosphere; further-
more, our interpretation shows that the lightning energy reaching 
the magnetosphere is doubled when we consider SR whistlers. Be-
cause the spectra of SR and MR whistlers are similar (Fig. 6), the 
earlier authors, we speculate, probably interpreted SR whistlers as 
MR whistlers.

Independent of observations, ray tracing simulations predict SR 
and MR whistlers. Our ray tracing calculations shown above predict 
the generation of SR and MR whistlers and provide quantitative 
confirmation of the observed dispersion of these whistlers (Fig. 5). 
Similar to our ray tracing simulations, some of the past works on ray 
tracing simulations (18, 29, 56) showed that rays injected at low lati-
tudes propagate to conjugate hemisphere ionosphere, but unlike our 
ray tracing simulations, these authors did not consider specular re-
flection in the conjugate hemisphere that is required for lightning 
energy to propagate to the magnetosphere.

It may interest the reader that the search for SR whistlers was 
inspired by the authors’ work on whistler mode radio sounding 
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Fig. 8. Relative contributions of SP, SR, and MR whistlers to the lightning energy reaching the magnetosphere. (A) Relative contributions of SP, SR, and MR whistlers 
to the lightning energy reaching the magnetosphere as a function of the geomagnetic latitude of a lightning flash. (B) Relative contributions of SP, SR, and MR whistlers 
to the lightning energy reaching the magnetosphere per second as a function of the geomagnetic latitude from global thunderstorm activity. this calculation takes into 
account the lightning flash frequency as a function of latitude (fig. S14) (39, 40).

D
ow

nloaded from
 https://w

w
w

.science.org at U
N

IV
ER

SITY
 O

F A
LA

SK
A

 FA
IR

B
A

N
K

S on A
ugust 19, 2024



Sonwalkar and Reddy , Sci. Adv. 10, eado2657 (2024)     16 August 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

10 of 14

from the Imager for Magnetopause- to- Aurora Global Exploration 
(IMAGE) satellite (46, 57). This work showed that whistler mode 
signals at very low frequencies injected from the IMAGE satellite 
resulted in unexpectedly strong obliquely incident SR echoes that 
implied an efficient specular reflection of whistler energy, notwith-
standing previous works that implied large D- region absorption at 
low latitudes (4, 23, 58).

Role of caustics
Previous research has shown that the magnetospheric region where 
MR whistlers are observed is bounded by frequency- dependent ex-
terior and interior caustics (34, 55, 56). The interior caustic forms 
the boundary between 0+/1− MR and 0+/1− SR whistlers. Our ray 
tracing results (see Fig.  7A) indicate the existence of additional 
caustics that form boundaries between magnetospheric regions 
where SR, SR- SP, and SP whistlers are expected to be observed. Fur-
ther research involving conjunction experiments between low-  and 
high- altitude satellites is required to study these caustics and the in-
jection latitude ranges of SR, MR, and SP whistlers shown in Fig. 7A.

Role of FAIs and ground penetration of SR whistlers
The influence of ionospheric FAIs of ~1-  to 10- km scale and latitu-
dinal gradients on the propagation of whistler mode waves injected 
from the ground is well established in the literature (43, 44). Ray 
tracing analysis of the 07 October 2012 case has shown that iono-
spheric FAIs can modify both the cutoff frequencies and dispersion 
of whistlers. FAIs can also modify the injection latitude ranges for 
lightning energy that lead to SR, MR, and SP whistlers (see fig. S13), 
and hence, the magnetospheric regions where these whistlers can be 
observed. Ray tracing analysis of whistler striations observed on 
OGO 4 has shown that equatorial anomaly, commonly present in 
the evening time low- latitude ionosphere, can modify the ray propa-
gation paths of whistler mode signals injected from the ground (56). 
Therefore, we speculate that equatorial anomaly may modify the SR 
whistler propagation paths and spectra. Past research on the ground 
observations of auroral hiss and chorus (59, 60) indicates that, in the 
presence of small- scale ionospheric FAIs (~1 to 10 m), whistler 
mode waves approaching the E- I boundary at large wave normal 
angles may be observed on the ground. This result implies that 1SR

−
 

whistlers may be detected on the ground in the presence of small- 
scale FAIs. Ground- satellite conjunction experiments should be able 
to test the transmission of SR whistlers to the ground. It is possible 
that some of the whistlers observed in the past at low- latitude 
ground stations (61) may be SR whistlers. A comparison of the dis-
persion of low- latitude whistlers with that expected from ray tracing 
simulations may be another way to test the SR whistler transmission 
to the ground.

Altitude of specular reflection
Specular reflection of whistler mode waves approaching the E- I 
boundary from above is a little researched topic. The propagation 
theory predicts two possible locations for specular reflections: (i) 
near the F2 peak (51), in which case the wave would not suffer at-
tenuation, and (ii) near the E- I boundary, where the wave would 
suffer large attenuation due to D- region absorption (4). As discussed 
above, the application of the whistler propagation model to the 
07 October 2012 case supports reflection near the F2 peak. Analyzing 
SR whistlers allows one to study the altitude of specular reflection 
and its variation with day/night and geomagnetic activity. Past 

research on explaining quasi- periodic emissions using ray tracing 
simulations has shown that ray tracing simulations can distinguish 
between a reflection just below the F2 peak and one at the E- I 
boundary (51). Therefore, we believe that comparing dispersion 
predicted by ray tracing simulations with that obtained from whis-
tler measurements can provide the reflection altitude, and the com-
parison of the ratio of SR and MR whistler intensities predicted by 
the propagation model with the measured one should provide wave 
attenuation in specular reflection.

Magnetospheric and ionospheric diagnostics
Whistler dispersion has been effectively used for magnetospheric 
diagnostics of equatorial electron density as a function of L- shell (4, 
5, 62). Our research has shown that this method can be extended to 
2D imaging of the magnetospheric electrons and ions (text S9) (47). 
The success of the propagation model in explaining the relative in-
tensities and the occurrence patterns of SR and MR whistlers sug-
gests that the intensity of whistlers is another observable parameter 
that can provide new diagnostics of E- I waveguide losses, transiono-
spheric losses, defocusing losses, losses in specular reflection, and 
determination of lightning flash location and intensity (text S11) 
(23, 48, 49).

Impact of SR whistlers on radiation belts
Because SR and MR whistlers carry roughly equal amounts of light-
ning energy to the magnetosphere, occupy similar regions of the 
magnetosphere with similar wave normal angles and intensities, 
and, in time, settle down at similar L- shells, we expect that SR whis-
tler interactions with radiation belt particles should be similar and 
comparable to that of MR whistlers for the precipitation of energetic 
particles (6–11), the generation of hiss (12–16), and the formation 
and sustenance of slot region (10, 11, 17, 18, 54). Therefore, we be-
lieve that previous calculations of lightning impact on radiation 
belts that took only MR and ducted whistlers into account need to 
be substantially revised. Further research should be done on the de-
tailed calculations of the impact of SR whistlers on radiation belts 
using methods developed by previous researchers for MR whistlers 
(9, 10, 13, 18, 54).

Limitations of this study
While plasma wave data from Van Allen Probes have provided a 
large number of SR whistlers for our study, one limitation of our 
dataset is that, because of their low orbital inclination, Van Allen 
Probes provide data on whistlers observed near the equatorial mag-
netosphere with spectra similar to those shown in Fig. 6 (B and C). 
Data from high- inclination or polar- orbiting satellites, such as 
POLAR and CLUSTER, which cover low and high geomagnetic lati-
tudes, should provide MR and SR whistler observations with spectra 
similar to those shown in Fig. 6 (B to E). Some studies require whis-
tler measurements at high latitudes, which are unavailable on Van 
Allen Probes. For example, the lower cutoff frequencies of MR and 
SR whistlers observed at high latitudes provide values of flh (and 
thus ion composition) at the satellite location (52). Our interpreta-
tion predicts that lightning flash occurring close to the geomagnetic 
equator should provide two sets of SR and two sets of MR whistlers, 
one resulting from the lightning energy injected from the Northern 
Hemisphere and the other from the Southern Hemisphere. The 
spectra of these two sets would nearly overlap for observations made 
close to the equator but would be well separated for observations 
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made at higher latitudes. Furthermore, the direction of propagation 
determined by the Poynting vector of two sets of whistlers would be 
opposite. Plasma wave data from high- inclination orbit satellites 
should contain examples of such whistlers.

We conclude that SR whistler is a common magnetospheric phe-
nomenon that carries a substantial portion of the lightning energy 
reaching the magnetosphere and arguably plays an important role in 
the physics of the radiation belts. The dispersion of SR and MR 
whistlers coupled with ray tracing simulations provide a method for 
obtaining 2D images of magnetospheric plasma density and compo-
sition. The intensities of SR and MR whistlers coupled with the 
whistler propagation model provide new methods of measuring E- I 
waveguide and transionospheric losses and remote sensing of light-
ning flash location and intensity.

MATERIALS AND METHODS
Instrumentation, datasets, and data analysis methods
Van Allen Probes
The twin Van Allen Probe spacecraft (RBSP- A and RBSP- B), launched 
in August 2012, carried identical scientific payloads and flew in near-
ly identical orbits with a perigee altitude of 500 to 675 km, an apogee 
altitude of ~30,050 to 31,250 km, and an inclination of ~10° (30). The 
spacecraft orbit covers ~1.1 to 6.0 L- shell range and ~20°N to 20°S 
geomagnetic latitude range. As each probe ran out of fuel, Van Allen 
Probe B was deactivated on 19 July 2019, and Van Allen Probe A was 
deactivated on 19 October 2019, bringing the mission to a close. The 
fundamental purpose of the mission is to provide a better under-
standing of the processes that drive changes within the Earth’s radia-
tion belts. Van Allen Probes’s orbit characteristics permit observations 
of whistler mode waves, including lightning- generated whistlers and 
their interactions with the radiation belt particles near the equatorial 
plane in the inner magnetosphere (https://space.jhuapl.edu/destina-
tions/missions/van- allen- probes).
EMFSIS instrument suite
The EMFISIS suite includes a WFR that measures three magnetic 
(Bu, Bv, and Bw) and three electric (Eu, Ev, and Ew) components of 
plasma waves in the frequency range of 10 Hz to 12 kHz using tri-
axial search coils and the triaxial electric field sensors (31, 63). The 
EMFISIS suite also has an HFR that measures a single electric field 
component of waves in the frequency range of 10 to 500 kHz. The 
search coils consist of 40- cm mu- metal cores wound with 10,000 
turns of fine copper wire. The electric field signals are obtained from 
the triaxial electric field booms of the electric fields and waves in-
strument that has a cutoff frequency of 400 kHz (64). The electric 
field booms are parallel to the three search coil axes with two of the 
booms in the spacecraft spin plane having lengths of 100 m tip to tip 
and the axial boom perpendicular to the spin plane having a tip- to- 
tip length of ~14 m. The WFR simultaneously samples all six chan-
nels with a 35- kHz sampling rate and 16 bits of digitization. The 
HFR has a selectable input but is usually connected to one of the 
spin plane booms and samples the electric field at a rate of 1.25 million 
samples per second with 14- bit digitization. EMFISIS also includes 
a fluxgate magnetometer, which provides measurements of |B|, used 
here to determine electron cyclotron frequency, fce.
Use of WFR data for whistler observations and analysis
The orbit of Van Allen Probes is well suited to study the equatorial 
processes in the inner magnetosphere, particularly those related to 
radiation belts. Over the 7- year lifetime of Van Allen Probes, the 

EMFISIS instrument suite regularly observed naturally occurring 
plasma waves, including whistlers, hiss, chorus, and upper hybrid 
emissions, among others (31, 63, 65, 66).

Whistler observations reported here were made using the 6- s 
burst data obtained by the WFR. The spectrogram of one of the elec-
tric or magnetic field components was used to scale the data for dis-
persion curves (tg-  f) by visual inspection and using a web- based 
digitizer to scale the tg-  f data from the spectrogram of (https://apps.
automeris.io/wpd/).

The combined power spectra of three electric and magnetic field 
components were used to measure whistler electric and magnetic 
field intensities. The product of electric field and magnetic field in-
tensities was used to estimate the power spectral density carried by 
the wave. This method of estimating power spectral density is ade-
quate for calculations carried out here, namely, the ratio of the light-
ning energy carried by SR and MR whistlers to the magnetosphere. 
[MATLAB command spectrogram (x, 1024, 1000, 1024, 35 × 103, 
and “y axis”) was used to find the power spectral density of each 
component of the electric and magnetic field, where x is the field 
component used to obtain the spectra for each component.]
Use of HFR data to determine in situ electron density
The upper cutoff frequency (fuh) and the lower cutoff frequency 
(fL=0) of the z- mode emission band measured by the HFR are used 
to determine in situ electron density (text S17) (63).
Association of lightning flashes and generated whistlers
WWLLN is a global very- low- frequency lightning location system 
using the time- of- group- arrival technique (67). It can detect cloud- 
to- ground (CG) and intracloud lightning, but the type of lightning 
is not distinguished in the data. This network improves in accuracy 
and detection efficiency with an increased number of stations. The 
number of lightning strokes located increased from 10.6 million to 
28.1 million when the number of WWLLN stations increased from 
11 in 2003 to 30 in 2007 (68). As of 2011, the network had an esti-
mated detection efficiency of about 11% for CG lightning over the 
continental United States, and the number can increase to >30% for 
higher peak current lightning (37). At present, the WWLLN in-
cludes over 70 participating stations (https://wwlln.net).

The WWLLN provides positions, times, and several additional 
parameters of individual lightning strokes worldwide. Knowledge of 
individual stroke locations, with high temporal and spatial accuracy, 
is helpful for studying and relating whistlers observed on Van Allen 
Probes to their causative lightning. Because of the somewhat low 
detection efficiency of WWLLN, it is expected that we may not be 
able to find the causative lightning for every whistler detected on the 
satellite. On the other hand, weak lightning may not produce a de-
tectable whistler on the satellite. However, in almost all cases of 
whistler observations on Van Allen Probes, we could identify the 
general locations of active thunderstorms that presumably con-
tained the causative lightning flashes.

WWLLN archival data are copyrighted by the University of 
Washington and are available at a nominal cost (https://wwlln.net). 
The WWLLN data provide for each lightning flash the following pa-
rameters: Date and time are in universal time (UT); Lat, long in 
fractional degrees; Resid is the residual fit error in microseconds 
(always <30 µs); Nsta is the number of WWLLN stations that de-
tected the stroke (always ≥ 5); energy (J), root mean square energy 
from 7 to 18 kHz in 1.3- ms sample time; energy uncertainty (J); and 
nstn_energy, a subset of Nsta within the range of 1000 to 8000 km 
distant from stroke and used for power estimate.

D
ow

nloaded from
 https://w

w
w

.science.org at U
N

IV
ER

SITY
 O

F A
LA

SK
A

 FA
IR

B
A

N
K

S on A
ugust 19, 2024

https://space.jhuapl.edu/destinations/missions/van-allen-probes
https://space.jhuapl.edu/destinations/missions/van-allen-probes
https://apps.automeris.io/wpd/
https://apps.automeris.io/wpd/
https://wwlln.net
https://wwlln.net


Sonwalkar and Reddy , Sci. Adv. 10, eado2657 (2024)     16 August 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

12 of 14

Several methods are used to associate lightning (thunderstorm) 
activity recorded by the WWLLN and the whistler observed on Van 
Allen Probes (text S2).

Ray tracing program
The Stanford 2D ray tracing program simulates whistler mode wave 
propagation in the magnetosphere (46, 53). The program solves the 
Haselgrove equations (69) to determine the ray path in the mag-
netic meridional plane, assuming the magnetospheric density mod-
el described below.

The ray tracing program can successfully model magnetospheric 
reflection, which is a refraction that reverses the ray direction at al-
titudes where the wave frequency is approximately equal to the local 
lower hybrid resonance frequency flh. Ray tracing program cannot 
model the reflection near the E- I boundary where the refractive in-
dex undergoes a rapid change over a distance shorter than a wave-
length, and the ray approximation (WKB) fails. The reflection at the 
E- I boundary is modeled as specular reflections (taking anisotropy 
into account) (4, 46). Another possibility is that the specular reflec-
tion occurs close to the F2 peak altitude, typically ~250 km, where 
also the refractive index undergoes rapid change over a short dis-
tance (51). The specular reflection approach falls short of providing 
the type of full wave treatment that would be essential for a complete 
analysis. However, the past research using ray tracing simulations 
on modeling SR whistler mode echoes observed on IMAGE and 
modeling of propagation of quasi- periodic emissions observed on 
DEMETER show that the specular reflection assumption provides a 
close agreement between observations and simulations (46, 51). 
Here, for all ray tracing simulations, we have assumed the specular 
reflection to take place at the E- I boundary. When calculating inten-
sities of whistlers using the whistler propagation model (discussed 
below), we have considered both possibilities: (i) specular reflection 
at the E- I boundary, which would involve D- region absorption losses, 
and (ii) specular reflection just below the F2 peak, which would in-
volve no absorption losses.

The Stanford ray tracing program (ray tracer) uses a dipole field 
model, a diffusive equilibrium model for density along field lines 
within the plasmasphere, and an (r−n) density falloff outside the 
plasmasphere, where r is the geocentric distance (46, 53). The plas-
ma density model comprises several multiplicative modules, includ-
ing a diffusive equilibrium module, a lower ionosphere module, a 
plasmapause module, and a duct module (text S18). The dipole field 
model is characterized by a single assignable parameter, fce,Eq, the 
gyrofrequency at the geomagnetic equator at the Earth’s surface (4). 
For propagation at relatively low L- shells (L ≲ 4) considered here, 
the dipole field model is a fair representation of the geomagnetic 
field. For analysis of whistlers observed at higher L- shell (L ≲ 4), a more 
accurate model, such as an International Geomagnetic Reference 
Field, may be needed.

Whistler propagation model
We have developed a whistler propagation model to predict the rela-
tive intensities of SR and MR whistlers and to determine the relative 
contributions of SR, MR, and SP whistlers to the lightning flash en-
ergy reaching the magnetosphere. The model takes into account 
various propagation losses, including E- I waveguide loss, transiono-
spheric loss, and defocusing loss incurred by the lightning energy as 
it propagates from its source location to its reception point in the 
magnetosphere (text S19).

Supplementary Materials
This PDF file includes:
Supplementary texts S1 to S19
Figs. S1 to S14
tables S1 to S10
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