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Key Points:14

• First observation of large-scale dayside saucers from a sounding rocket15

• The saucer source regions are co-located with the polar cusp16

• Alfvénically accelerated dispersed electrons observed in the cusp correspond to ap-17

proximately the same source region as the saucer signals.18

Plain Language:19

Electrons precipitating down Earth’s high-latitude magnetic field lines, which cause20

aurora at lower altitudes, emit radio waves at particular angles to the background mag-21

netic field, depending on their frequency. When spacecrafts traverse through a region22

close to the source, they observe descending and ascending frequency signatures in their23

spectrograms referred to as saucers. Our research focused on the first rocket observa-24

tions, from the CAPER-2 mission, of large scale, multi-armed saucers on the dayside as25

opposed to the nightside where they are most commonly observed. These observations26

are similar to those made recently with the DEMETER satellite, but include in-situ par-27

ticle and conjugate ground-based measurements. Using ray-tracing software and hodogram28

analysis of the electric field waveforms combined with ground based radar measurements,29

we were able to determine the source location of the saucers to be in the cusp of earths30

magnetic field at altitudes near 2500 km. Additionally, particle measurements on board31

the rocket showed time dispersed bursts of electrons typically associated with Alfvénic32

acceleration, which can be traced back to a source height that is approximately equal33

to the source height of the observed saucers, suggesting the source of the radio waves is34

associated with the dispersed electrons.35
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Abstract36

Auroral whistler mode radio emissions called saucers are of fundamental interest because37

they require an unusually stationary emission process in the dynamic auroral environ-38

ment, and it is a mystery how that can happen in this or similar conditions elsewhere39

in geospace. The Cusp Alfvén and Plasma Electrodynamics Rocket (CAPER-2), launched40

into the polar cusp, obtained the first rocket measurements of a large-scale, multiple-armed41

dayside saucer, similar to those recently observed the the DEMETER satellite, with the42

addition of in situ particle measurements and simultaneous conjugate ground-based mea-43

surements. For 300 s prior to cusp entry, CAPER-2 detected ∼15 truncated saucer arms44

lasting 5–50 s. Directional analysis using waveforms, combined with ground-based data,45

suggests that these originate within the cusp. Ray-tracing analysis indicates source al-46

titudes ∼2500 km. On-board particle instruments show dispersed electron bursts in the47

cusp, presumed Alfvénically accelerated, corresponding to approximately the same source48

heights as the saucers.49

1 Introduction50

VLF Auroral hiss is one of the most prevalent auroral radio emissions, detected by51

suitably instrumented spacecraft on almost every pass through aurora [reviews by Sazhin52

et al., 1993; LaBelle and Treumann, 2002]. Satellites often observe structured hiss such53

as VLF saucers which produce multiple nested V-shaped patterns in frequency-time spec-54

trograms. Saucers are one of the earliest VLF phenomena reported from spacecraft, due55

to their distinctive appearance on spectrograms [Gurnett, 1966; Smith, 1969; Mosier and56

Gurnett, 1969]. Saucers are of broad interest because they demonstrate a wave phenomenon57

that is usually stationary despite the dynamic environment of the aurora. Original ob-58

servations of saucers occurred in nightside low-Earth orbit auroral traversals, where down-59

ward going ”funnel shaped” emissions were observed punctuated by upward-propagating60

saucers having durations of tens of seconds [e.g. Gurnett and Frank, 1972, Plates 4–5].61

Saucers arise from propagation effects, whereby whistler mode signals of different fre-62

quencies generated on the ”resonance cone” propagate at different angles relative to the63

background magnetic field; a satellite or rocket flying over or under the source sees a V-64

pattern of frequencies versus time. James [1976] showed how, assuming a point source,65

the saucer shapes and frequencies allow the distance from satellite to source to be in-66

ferred. Temerin [1979] generalized this analysis to include line sources. Lönnquist et al.67

[1993] showed that saucers occur at high altitudes up to 13000 km. Horita et al. [1982]68

showed that saucers can come from sources above the satellite as well as below. Ergun69

et al. [2001] showed dramatic multiple-armed saucers detected by the FAST satellite,70

with bursty electric fields at the vortices indicative of upward propagating phase space71

electron holes, implicating these features in the chain of causation. Kasahara et al. [1995]72

measure wave normal angles with the Akebono satellite confirming saucer signal gener-73

ation on a resonance cone.74

While most observations above concentrated on nightside aurora, it was known from75

an early date that saucers also occur on the dayside. For example, Yoshino et al. [1981]76

showed observations of VLF saucers on the dayside as well as nightside, finding a sea-77

sonal variation in source altitudes. James et al. [2012] made significant advances on the78

basis of dramatic multiple-armed saucers observed on the dayside with the DEMETER79

satellite. These dayside saucers lasted considerably longer than typical previously ob-80

served nightside examples, with durations up to 100 s, corresponding to up to 1000 km81

given spacecraft horizontal velocities (top left example in Figure 1 of James et al., [2012]).82

The source locations of these saucers were correspondingly inferred to be at great dis-83

tances above the satellite, of order 3000 km. James et al. [2012] showed several exam-84

ples suggesting that large-scale saucers with high altitude sources may be a regular fea-85

ture of the dayside.86
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The recent CAPER-2 mission encountered a large scale saucer event similar to those87

reported by James et al. [2012], for the first time from a sounding rocket. Rocket ob-88

servations including low energy field-aligned electron spectra and electric field waveforms,89

combined with ground-based imager data, suggest a connection between this event and90

the cusp.91

2 Data Presentation92

The CAPER-2 sounding rocket launched from Andøya, Norway, at 0927 UT on Jan-93

uary 4, 2019, reaching an apogee of 774 km. The interplanetary magnetic field (IMF)94

was relatively stable, with IMF Bz ≈ –5 nT and IMF By ≈ 2–6 nT, for one to two hours95

prior to launch. Under these conditions, radar backscatter typical of cusp appeared over96

Svalbard measured with the Super Dual Auroral Radar Network (SuperDARN) [Chisham97

et al., 2007] at Hankasalmi, cusp signatures such as enhanced ionospheric density and98

temperature were measured by the EISCAT Svalbard radar using the upward-directed99

42 m antenna, and red-line dominated cusp aurora was observed over Svalbard with ground-100

based imagers.101

The CAPER-2 payload included field and electron instruments. The DC electric102

field perpendicular to the rocket spin axis, maintained within ten degrees of the back-103

ground magnetic field direction, was measured with two radial double-probe antennas104

using 6-cm diameter probes with 3 m separation. The same radial booms/probes sys-105

tem was used to measure ELF (0–1 kHz) and VLF (1–40 kHz) electric fields. High fre-106

quency (HF) electric fields up to 5.0 MHz were measured with a radial double-probe an-107

tenna. CAPER-2 included two types of electron detectors: “bagel”-style detectors mea-108

sured down-going electrons in eight selected energy ranges between 220 and 625 eV, and109

“top-hat” style detectors measured 0.2–12.3 keV electron distribution functions; how-110

ever the top-hat returned limited data due to a software problem. The bagels, along with111

the HF receiver, comprised a wave-particle correlator instrument. CAPER-2 also included112

a flux-gate magnetometer and four needle Langmuir probes measuring electron density113

fluctuations at 8 kHz sample rate.114

Figure 1 shows survey plots of selected data from the cusp crossing. Figure 1a is115

a 0–2.5 MHz electric field spectrogram. For most of the flight after 200 s the electron116

gyrofrequency (fce) exceeds the plasma frequency (fpe); the latter appears as an upper117

cutoff of whistler-mode noise, descending from 1200 kHz at 210 s (408 km) on the up-118

leg to 300 kHz near apogee at 529 s (774 km, green circle). CAPER-2 enters the cusp119

at 490 s (769 km, red triangle), marked by the onset of low-energy downgoing electrons120

in Figure 1d. These electrons persist until approximately 700 s (670 km, red square) on121

the down-leg. During the 210 s interval in which CAPER-2 is within the cusp, intense122

Langmuir waves near fpe appear in the HF spectrogram, and before and after this time123

intense whistler mode waves occur below fpe. The plasma frequency increases above its124

ambient level during the cusp traversal, as expected from a combination of electron im-125

pact ionization and Joule heating enhancing the scale height. The second panel is a 0–126

40 kHz VLF electric field spectrogram, showing a band of whistler mode waves through127

much of the flight with lower cutoff near the lower hybrid frequency (fLH ∼5 kHz). Broad-128

band ELF waves occur below fLH during the cusp traversal. Structured whistler mode129

emissions at 5–20 kHz appear at 200 s (385 km), several hundred seconds before the cusp130

encounter. Whistler mode waves in this frequency range continue during the cusp traver-131

sal but are less structured.132

Figure 2 shows expanded views of the VLF spectrogram, covering 0–25 kHz and133

180–450 s. Most striking are bursts of VLF waves marked by sharp lower cutoffs that134

descend in frequency with time. The bottom panel highlights twelve selected wave cut-135

offs seen in the top panel. These features resemble “VLF saucers,” nested cone-like fea-136

tures at VLF frequencies, commonly observed with spacecraft traversing the auroral re-137
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gion [e.g., James, 1976; Ergun et al., 2001], and attributed to dispersion effects arising138

from waves generated on the whistler-mode resonance cone at a localized source above139

or below the spacecraft [James, 1976]. However, whereas saucers typically last a few sec-140

onds in the spacecraft frame, corresponding to tens of kilometers, the wave structures141

encountered by CAPER-2 persist for hundreds of kilometers prior to encountering the142

cusp, similar to dayside saucers observed with the DEMETER spacecraft [James et al.143

2012]. The saucer-like waves observed by CAPER-2 are also asymmetric, occurring only144

on the equatorward side of the cusp.145

Figure 2c, adapted from James [1976], illustrates the mechanism responsible for VLF146

saucers. The whistler mode is characterized by a resonance cone, a surface in k-space147

for which the index of refraction becomes large. On this resonance cone, the wave-normal148

direction is perpendicular to the group velocity direction. Hence, for waves on the res-149

onance cone at the low-frequency end of the whistler range, near fLH , the wave-normal150

direction is nearly perpendicular to the background B-field, and the ray direction is nearly151

parallel. For waves at the top end of the whistler range and near the lesser of fpe or fce,152

the wave-normal is nearly parallel and the ray direction nearly perpendicular. Since the153

auroral electrons are relatively slow (energies ≤ 10 keV), they interact with whistler waves154

of high index of refraction on the resonance cone. A spacecraft passing under this source155

observes descending whistler mode frequencies until it reaches its closest approach to the156

source, after which it observes ascending frequencies.157

The geometry of Figure 2c and magneto-ionic theory, assuming straight line prop-158

agation following James [1976], implies an expression for the saucer cutoff frequency as159

a function of source height, h:160

f2 = 1
2

(
f2
uh ±

√
f4
uh − 4

f2
cef

2
pea

2

(1+a2)

)
(1)

where a = (x2
0+v2s(t−t0)2/h and f2

uh = f2
pe+f2

ce . Here vs is the horizontal rocket ve-161

locity, h is the source height, t0 is the time of closest approach of the rocket to the source,162

and x0 is the impact parameter, i.e., the distance of closest approach of the rocket to the163

source magnetic field line.164

From the VLF spectrogram (Figure 2a) we scaled the lower boundaries of twelve165

selected saucer features, illustrated and labeled in Figure 2b. Fitting these points to (1)166

using a least-squares criterion determines values for t0, h, and x0 for each selected saucer167

feature. Results of these fits are tabulated in the auxiliary materials. The average and168

range of flight times of closest approach are 382 s and 234–515 s, respectively. The av-169

erage and range of impact parameters are 90 km and 0–210 km. The average and range170

of source heights are 2290 km and 1210-3980 km. Similar to the dayside saucers observed171

with DEMETER [James et al., 2012], these source heights are much farther above the172

spacecraft than typical for VLF saucers in the auroral zone, as a consequence of their173

more extended spatial scale.174

The large source heights suggest that in the CAPER-2 case, unlike many previous175

VLF saucer observations, straight-line propagation may not be valid. Therefore, we em-176

ployed a Python implementation of the 2-D ionospheric whistler mode ray-tracing code177

based on the Rice [1997] thesis on whistler mode wave propagation adapted by Miroslav178

Mocak. The code assumes a dipole magnetic field, and impact parameter was set to zero179

as a limititation of the 2-D code. For the electron density profile, we used the Kletzing180

and Mozer [1998] model, adjusted to match the density directly measured by CAPER-181

2 in the topside:182

n(h) = n0e
−(h−h0)/r + n1h

b (2)
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Figure 1. Survey of selected CAPER-2 data. The red triangle and square at top respectively

indicate cusp entry (490 s) and exit (700 s). The green circle indicates apogee at 774 km (529s).

(a) HF electric field measurements. Intense plasma waves occur during the cusp crossing (∼500–

700 s). (b) VLF measurements. Saucer-like features above the lower-hybrid cutoff occur during

200–450 s. (c) DC electric field components. (d) Low-energy parallel electron measurements. An

increase in counts indicates soft particle precipitation associated with the cusp. (e) Zoomed view

of observed electron time-energy dispersion thought to be associated with Alfvénically accelerated

electrons.
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where h is the altitude in kilometers from the surface of the Earth, and n1 and b are pa-183

rameters from the Kletzing-Mozer model, taken to be n1 = 2.68 × 107cm−3 and b =184

−1.55 corresponding to the noon sector. Ray-tracing was done for putative sources rang-185

ing from 1000 km to 10000 km along the 78◦ field line, corresponding to the magnetic186

latitude at which CAPER-2 encountered the cusp; Figure 2d shows example ray paths.187

A data base was created of ray displacements at 500 km altitude, the average altitude188

of the CAPER-2 saucer-like features. By matching this data base to the twelve saucer189

features scaled from Figure 2b, revised source heights were obtained, listed in the aux-190

iliary materials. The average and range of the revised source heights are 2500 km and191

1500–4700 km. Saucer features 1-2-6, 3-8-11, and 5-9 appear similar in form (Figure 2b)192

and not surprisingly correspond to relatively tight ranges of estimated source heights:193

2500-2600 km, 1900-2300 km, and 2800-3100 km, respectively.194

Whistler mode waves in the ionosphere at frequencies well below fpe or fce are ap-195

proximately right-circularly polarized; i.e., the electric field of the wave rotates about196

the direction of propagation tracing a circle on a hodogram plot of Ex versus Ey in the197

plane perpendicular to the direction of propagation. CAPER-2 measures the VLF elec-198

tric field vector in the plane perpendicular to the rocket spin axis which is aligned to within199

10◦ of the magnetic field, which is nearly vertical at high latitudes. If the circularly po-200

larized wave propagates perpendicular to this plane, the instrument would detect the full201

magnitude of the electric field, yielding a circular pattern when Ex is plotted against Ey.202

However, if the wave propagates at an angle to the xy-plane the antennas detect an el-203

liptical (pancake-shaped) pattern when Ex is plotted against Ey, which provides direc-204

tion information about the incoming wave to within a 180-degree ambiguity.205

Figures 3a–e show Ex versus Ey hodogram scatterplot for short time intervals dur-206

ing five selected saucer-like signals, labeled 1, 2, 4, 5, and 7 in Figure 2b. The E-field com-207

ponents in these hodograms have been digitally filtered using a bandpass filter with band-208

width 3 kHz and center frequency corresponding to the appropriate saucer-like feature.209

Figure 3 demonstrates the expected “pancake” pattern. Furthermore, and as expected,210

the “pancake” features remain fixed in absolute space as the rocket rotates.211

Figures 3a–e are snapshots from short intervals when the electric field antennas are212

oriented geographically north-south and east-west, based on spacecraft attitude which213

was determined from analysis of on-board gyroscope data combined with sun spikes ob-214

served in the DC electric field data. These snapshots show that the last measurements215

(e.g from the saucer feature labeled 4) suggest east-west propagation, whereas the ear-216

liest measurements (e.g from the feature labeled 2) indicate propagation coming from217

an angle forward (northward) of the east-west line. These measurements are therefore218

consistent with direction of arrival initially from the northwest and gradually rotating219

to westward as the rocket approaches the cusp. Figure 3f shows the inferred direction220

of arrival relative to the east-west line, as a function of time for short intervals within221

the five saucer-like features. These saucer-like features are the only ones sufficiently sep-222

arated from other signals and having sufficient signal-to-noise ratio to apply the digital223

filter and perform the analysis described above.224
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Figure 2. (a) Expanded view of the saucer-like features seen in Figure 1. (b) highlights cut-

offs of the 12 selected saucers seen in the top panel.(c) Geometry for generation of saucer feature,

assuming straight line propagation [adapted from James, 1976]. (d) ray paths corrected for re-

fraction, calculated with ray tracing code (see text).
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to the rocket, rather than directly downward. (f) shows this angle versus flight time.

3 Discussion225

A novel feature of the CAPER-2 experiment was the incorporation of ground based226

optical and radar data, allowing the large-scale dayside saucers to be placed in the con-227

text of these data. Figure 4a shows the CAPER-2 trajectory superposed upon all-sky228

camera images recorded at Longyearbyen, on Svalbard, in red line (6300 Å, left panel),229

green line (5577 Å, middle panel), and the ratio of red to green (right panel). Red dom-230

inates over green as expected for cusp. While the cusp aurora extend magnetically east231

and west of the trajectory, the geographic map projection is somewhat misleading as the232

aurora to the east arises mainly from perspective effect. The map projection of tall rays233

assuming a fixed emission altitude (250 km for red aurora and 150 km for green aurora)234

will artificially increase their spatial extent. i.e. the elongated forms to the east of the235

trajectiory, are likely to be more concentrated closer to the trajectory.236

Figure 4b (left panel) shows an image from a hyperspectral camera taken at 0935237

UT, corresponding to the time of cusp entry. Figure 4b (right panel) shows the nomi-238

nal location of the cusp at ∼1500km (faded red) and mapped along the magnetic field239

line to the rocket altitude (solid red), using the Auroral Forecast model [Sigernes, 2016],240

with the rocket trajectory superimposed. This model is based on the interplanetary mag-241

netic field and solar wind velocity taken from the NOAA-SWPC at the time of the ob-242

servations. The model agrees with the imager observations, as well as the hyperspectral243

image. Arrows in Figure 4b are the estimated directions to the saucer sources and im-244

pact parameter distances at locations along the trajectory where these could be mea-245

sured (Figure 4d). The direction of arrival data suggest that the saucer source lies in the246

cusp aurora on the west side of the trajectory, since the direction shifts from a source247

northwest to a source west of the trajectory as the rocket approaches the cusp aurora.248
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As expected, the estimated saucer sources agree more closely with the cusp location (faded249

red).250

Figures 4c show maps of power, Doppler velocity and spectral width of radar backscat-251

ter originating from meter-scale irregularities in the cusp, measured with the Hankasalmi252

SuperDARN radar. These observations are similar to those of Moen et al. [2001]. Gray253

pixels indicate locations with no backscatter. Radar echoes just to the west of the CAPER-254

2 trajectory, where the rocket direction of arrival data indicate the source of the saucers,255

had wide Doppler spreads typical of cusp echoes [Baker et al. 1990]. Figure 4d show pro-256

files of electron temperature and ion outflow measured with the EISCAT radar located257

just to the west of the CAPER-2 trajectory, showing onset of high electron temperature258

after 09:30 UT above ∼180 km, consistent with the observation of red dominated au-259

rora in the ASI [Vontrat-Reberac et al., 2001; Doe et al., 2001], and suggesting intense260

precipitation and heating of the electron when CAPER-2 entered the cusp. At the same261

time ion upflows occur above 250 km. Taken together, the ground based data suggest262

that the cusp is the source of the large scale saucer features seen by CAPER-2.263

A second feature of the CAPER-2 experiment, relative to previous observations of264

dayside saucers, is complementary high time-resolution electron data. These data show265

that the cusp is characterized by broadband electrons with energies up to about 400 eV266

(Figure 1d-e), including dispersed electron bursts. These are characteristic features of267

Alfvénic acceleration [e.g., Kletzing and Torbert, 1994], and have previously been ob-268

served in the cusp [Tanaka et al., 2005]. Figure 1e shows an expanded view of a dispersed269

feature, having maximum energy of 450 eV and dispersion of about 20 ms. The other270

observed dispersed electrons had similar characteristics. Estimates of the altitude range271

over which the electrons are accelerated can be made in two ways. First, the lowest al-272

titude of acceleration should correspond approximately to where the highest observed273

electron velocities match the Alfvén speed, since the acceleration mechanism boosts the274

electrons to the Alfvén speed. Using the Alfvén speed model in Chen et al. [2003] (lower275

trace of their Figure 5), adjusted downward by about 20% to account for about 50% higher276

F -peak electron density observed by CAPER-2 (9 × 104 cm−3 versus 6 × 104 cm−3)277

yields an estimate of ∼ 2000 km. Alternatively one can calculate a distance to the source278

from the dispersion following Tanaka et al. [2005] which gives 1300 km above the rocket,279

or about 1900 km. Either of these estimates is comparable to the heights of the saucer280

sources estimated from the V-shapes. These data suggest that the saucer source may over-281

lap with the region of Alfvénic acceleration, supporting suggestions by James et al. [2012]282

that Alfvén waves may play a role in dayside saucer generation.283

Two other features of the CAPER-2 saucers are worth noting. First, they are asym-284

metric, occurring on the equatorward side of the cusp but not on the poleward side, whereas285

examples shown by James et al. [2012] occur on both sides (their Figure 1), although286

asymmetric saucers have been observed on the nightside [James 1976]. One possible fac-287

tor in that CAPER-2 is at a lower altitude on the poleward side of the cusp than the qua-288

torward side; however the difference is only 100km which seems inadequate to explain289

the complete absense of saucers on the polwward side. The difference could also be a tem-290

poral effect.291

Second, the CAPER-2 saucers are intermittent or ”truncated,” similar to those ob-292

served with DEMETER by James et al. [2012]. In the case of CAPER-2, durations of293

the pieces of saucers ranged from 5 –50 s. As noted by James et al. [2012], this presents294

a challenge for theory because the sources must be stationary for these time intervals.295

In summary, the CAPER-2 rocket launched into active cusp aurora encountering296

descending frequency-time signatures in the VLF spectrograms called saucers that are297

believed to originate from unusually stationary sources in a highly transient medium. These298

are the first measurements of large-scale saucer features from a sounding rocket on the299

dayside. Ray tracing and hodogram analysis of the electric field data show the sources300
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observed by Longyearbyen all sky imager at 480 s with CAPER-2 trajectory superposed. The

intense redline over Svalbard is an indication of cusp aurora. (b) Hyperspectral image (left) and

predicted cusp location (right) using the Aurora Forecast model. Arrows indicate directions of

arrival of the saucer signals along the trajectory inferred from the electric field hodograms. (c)

SuperDARN backscatter maps of Doppler power, velocity, and width, with CAPER-2 trajectory

superposed. (d) Data from the EISCAT Svalbard Radar, showing onset of high electron tem-

perature and ion upflow after 09:30 UT, suggesting intense precipitation and electron heating as

CAPER-2 enters the cusp.
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are in the cusp, and particle data suggest Alfvénic auroral acceleration occurs in the same301

altitude range as the saucer sources.302
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