
Polar radio science in solar-terrestrial physics 

November 17, 2020
NEROC 2020 (Virtual)
Polar Radio Science “Fireside Chat”

G. W. Perry
Center for Solar-Terrestrial Research 
Physics Department



Courtesy of the NSF



• We’ve known for a while that plasma structuring in the polar-cap ionosphere is fundamentally 
different compared to lower latitudes. 

• The polar ionosphere is very structured - especially in the F region. 
• “On some sequences of records, it is possible to pick out series of traces which appear first at 

great virtual heights, usually about twice the height of the normal F-region trace, and on 
successive sweeps decrease in height to the level of the F-region trace and then rise at about 
the same rate. These we may consider to be horizontally moving clouds of ionization passing 
over the recording station.”  Meek, 1949 

• Plasma transport plays an important role. 
• Winter F-region chemical recombination of O+ is slow (several hours). 

• Cross-field diffusion time scale is even slower. 
• Large scale irregularities (>10 km scale size) can be transported around the polar-cap region.

In the E-region, the ionization is much more concentrated •nd the length of trace 

FIG. 7 FIG, 
F" REGION' OBLIQUE TRACES 

From: Meek, J. H. (1949). Sporadic ionization at high latitudes. Journal of Geophysical Research, 
54(4), 339–345. https://doi.org/10.1029/JZ054i004p00339 



• Over time, our understanding of the region’s 
plasma dynamics and its connection to the 
magnetosphere-ionosphere-thermosphere 
(M-I-T) system has improved. 

• Several multi-instrument studies have 
been exceptionally insightful. 

• SuperDARN HF radars, all sky 
imagers, incoherent scatter radars at 
Poker Flat and Resolute Bay (x2), 
GNSS TEC measurements, etc… 

• Multi-institution collaborations. 
• Paradigm shift: large scale irregularities we 

capture aren’t sporadic, boring, fossilized 
remnants of some bygone geophysical 
event - they are signatures of ongoing 
processes. 

• E.g., We now understand that 
structuring in density and plasma 
velocity can be a manifestation of 
magnetic reconnection in the dayside 
and nightside ionosphere. 

3. Results

Figure 1 shows a time series of the imager and radar data as north-south keograms at 4 –8 UT on 27
November 2011. The NYA imager was located in the prenoon sector and detected the poleward
boundary of the dayside auroral oval at ~78° magnetic latitude (MLAT) at the beginning of this time
interval. The oval at 630.0 nm was steady and moderately intensified at 4–5 UT. Soon after 0500 UT, the
poleward edge of the auroral oval showed a weak brightening followed by poleward propagation that
appeared to stop at ~80° MLAT. A stronger brightening occurred at 0546 UT, followed by rapid poleward
propagation of a faint emission that reached the high-latitude edge of the imager FOV. The 557.7 nm
data also show this brightening along the poleward boundary and a small (~1°) poleward extension.
In contrast, no significant 557.7 nm emission was seen beyond 78° MLAT. This contrast indicates that
the brightening along the poleward boundary and part of the poleward propagation is a PMAF
associated with electron precipitation, and the subsequent poleward propagation dominated by
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Figure 1. Time series of the (a) 630.0 and (b) 557.7 nm NYA imager keograms using all longitudes, (c) HAN radar LOS flow
keogram from beams 10–13, (d) RES 630.0 nm imager keogram along the line shown in Figure 2a, (e) RKN radar LOS
flow keogram from beam 11, and (f) RKN white light imager keogram. Positive flows are directed toward the radar. The
DMSP orbit is drawn in Figure 1a in gray.
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• A highly structured and dynamic ionosphere has important implications. 
• Our reliance on radio links in the polar-cap region is increasing. 

• Accordingly, so is our vulnerability to space weather. 
• Plasma density irregularities and the instability processes they trigger are sources 

of scintillation in radio links. 
• High Frequency (3-30 MHz) and GNSS systems can be severely affected. 
• Small scale irregularity processes still not well understood; instability 

mechanisms have not been identified.

Fig.4 
Thule to 

300 

260.- 

$ 2 2 0 -  

U 

L 
0 

180.- oi 
._ 

3 140.- 

1 0 0 -  

60.- 

.. ~ k. *. . 9 :: 
-- 

. : .  I I .  r: -- 
t 

. I  

1 

:.‘ -- 
?i .. 

B ,  

.. . i j j : dri . .  ..- : :  * . . I  

I .  . . .  . ., a::.. 4!,& . ;f ; 
. ,  .. . .  ?..!‘i -w Nt , .z :; 

. .  . .  
* 
I -- 

. ,; . .... - . :.,w . ’ :  
?, 

. _  
* .  . .  . .  . . . .  . .  

. .: ;;” i ’ ;: : .$ . . I  

.;’ 

. . .  . .  . . . .  I 

: I  
I .  :..? . ,  . 

i 
V ’  

. .  <. .* . .  

17 NOVEMBER 1990 10 

OfOF2 .. 

0 
1 0  

N r 
I 
c- 5 
P 

0 
1 0  

5 

0 
0 3 6 9 12 15 18 21 OUT 

Fig.5 Changes in F-region critical frequency observed at Thule during periods of blob activity (17, 18 November 1990) when large bearing errors were 
observed at Alert 
An undisturbed day (19 November 1990) is included for comparison. The approximate equivalent vertical frequencies for the Thule path (4.7MHz) and the Halifax 
(2.7MHz) are indicated by the horizontal lines 

again observed. At this time, in contrast to earlier in 
the day, the bearing changes from a high bearing angle, 
through the great circle position to a low bearing angle 
as time progresses. Note that the number of bearing 
swings is fewer in the postnoon period than in the pre- 
noon period. 

Measurements of the critical frequencies throughout 
this period have been obtained from the Digisonde 
operated by the Phillips Laboratory, Hanscom AFB at 
Thule [Note 11. These measurements are reproduced in 
Fig. 5 for the 17th, 18th and 19th November 1990. 
There is a very clear difference between the F-region 
behaviour on the geomagnetically active and quiet 
days. The measurements of foF2 indicate that large 
enhancements in electron density occurred on the geo- 
magnetically active days of 17th and 18th November, 
lasting for periods of about 30 min, whereas, in con- 
Note 1: Private communication from J. Buchau on ionosonde data 

trast, no such changes were present on the 19th 
November, a geomagnetically quiet day. Comparison 
with the bearing measurements indicates that large 
bearing swings are only present on those days when the 
ionosonde records large transient fluctuations in foF2. 
Propagation is always close to the great circle direction 
during the geomagnetically quiet days when there are 
no disturbances in the ionosonde records. Detailed 
comparison between the times of occurrence of the 
foF2 peaks and the bearing fluctuations do not indicate 
any correlation between individual events, probably 
because the ionosonde is not located close to the prop- 
agation path midpoint. 

2.2 lqaluit to Alert, 1994 
The 2100km path from Iqaluit to Alert is always con- 
tained within the polar cap ionosphere. In winter, the 
path remains in darkness for long periods and the 
reverse is true in summer. There is, consequently, a 
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signal from Halifax, and, on the 18th November,, for 
an 8.050MHz signal from Thule. The bearings meas- 
ured for the 8.697MHz transmission are presented in 
the upper frame of Fig. 2. The most striking feature of 
these data are the very large (k70") bearing swings 
observed on the 16th, 17th and 18th November. This 
period is associated with a southward turning of the 
IMF on the 16th November measured by the IMP-8 
satellite and a corresponding increased level of geomag- 
netic activity (AP > 10) (see the lower frame of Fig. 2). 
The bearing deviations are not random, but exhibit a 
periodic structure (see Fig. 3 for the 18th November) 
and occur during the period 0500-1100 UT (0000-0600 
LT) . 

Measurements of the bearing of the signal received 
on 8.050MHz over the short range (670km) path from 

300 

260  

Thule on 18th November are presented in Fig. 4. Very 
large periodic bearing variations are observed during 
the period 0530-1 300 UT, which is approximately the 
same period during which the large periodic variations 
were observed on the path from Halifax. Much slower 
but equally large magnitude variations are present dur- 
ing the remainder of the day for this path. Only during 
the interval 1300-1600 UT was the measured bearing 
approximately along the great circle path (GCP). 

During the morning period for the data presented in 
Fig. 4, the bearings swing from a low bearing angle 
(reflection point to the east of the GCP) through the 
true great circle position to a high bearing angle (reflec- 
tion point to the west of the GCP) in both cases. The 
period between 1300 and 1600 UT is relatively undis- 
turbed but after 1600 UT large bearing swings are 
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Fig. 2 
Upper frame Bearing measurements for Halifax to Alert, 8 697MHz, 1 Ith-21st November 1990 The interval between bearing measurements, which varies throughout 
the above period, is indicated In particular, note that measurements were not made during the period 0400 to 1200 UT on 15th November 
Lower frame IMP-8 satellite measurements of the By and B components of IMF and geomagnetic index A,, for the period 1 l th - 20 November 1990 By 1s shown by 
the thin line and B, by the thick line IMF data are not available for the later part of this interval 

Examples of very large, rapid bearing swings, and IMP4  satellite measurements of components of IMF and geomagnetic index Ap 
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From: Warrington, E. M., Rogers, N. C., & Jones, T. B. (1997). Large HF bearing errors for propagation paths contained within the polar cap. IEE 
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Halifax to Alert, 8.697 MHz

Thule to Alert, 8.050 MHz
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Dipole 1

Dipole 2 • CASSIOPE (CAScade, Smallsat and IOnospheric 
Polar Explorer)

• Launched September 29, 2013.

• 1500 x 325 km polar orbit.

• e-POP (enhanced Polar Outflow Probe)

• 8 instruments.

• RRI (Radio Receiver Instrument)

10.205 MHz  +
12.205 MHz  +



• We still do not have a strong 
understanding of how structured the 
polar-cap ionosphere really is. 

• Models, such as IRI, aren’t very 
good in the polar-cap regions. 

• E-CHAIM is a distinct 
improvement in the northern 
polar-cap. 

• The transient nature of the polar-
cap ionosphere is under-
represented by our models.

From: Kelley, M. C., Vickrey, J. F., Carlson, C. W., & Torbert, R. (1982). On the origin and spatial extent of high-latitude F region 
irregularities. Journal of Geophysical Research: Space Physics, 87(A6), 4469–4475. https://doi.org/10.1029/JA087iA06p04469 
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Fig. 4. Altitude/latitude variation of electron density in the midnight sector auroral zone measured by the Chatanika 
radar. The contour interval is 2 x 10 n cm -3. 

because of the variable background electric field during the 
event [Jorgensen et al., 1980]. The straight line is a least- 
squares fit to a power law in the frequency range of 0.02-0.4 
Hz and displays a slope of -1.89 +- 0.2. The data points 
plotted are averages of the Fourier components over factors 
of 2 in frequency. At the lowest frequencies the high-power 
spectral density includes effects of the varying altitude of the 
rocket. However, the jump in power by 3 orders of magni- 
tude with a peak near 0.015 Hz is a good measure of the 
outer scale for horizontal structure in the data sample, which 
is thus in the range of 50-80 km. Note that a straight line fit 
to the larger frequency range off> 0.02 Hz yields a slope of 
only - 1.6. 

The waveform and power spectrum in Figures 2 and 3 bear 
a striking resemblance to Figures 5 and 6 in the paper by 
Kelley et al. [1980], which presented rocket observations of 
density structure measured with a Langmuir probe operated 
in the electron regime in the midnight auroral oval. Their 
spectrum peaked at 50-60 km and had a spectral index of 
-1.9 in approximately the same (limited) wavelength range 
noted above. In both cases, the spectral slope seemed to get 
more shallow at higher k values (higher frequency). Values 
of the negative index were from 1.2 to 1.3 at the largest k 
values. The nighttime oval spectrum, when expressed in the 
units used in Figure 3, was about a factor of 2-4 less in its 
absolute electron density fluctuation level than the dayside 
oval case. This is consistent with other observations of the 
relative intensity of dayside versus nightside auroral oval 
fluctuations [Kelley and Mozer, 1972] and the characteriza- 
tion of the cusp as a severe topside irregularity zone by 
Dyson and Winningham [1974]. 

Vickrey et al. [1980], Using the Chatanika incoherent- 
scatter radar, have presented examples of field-aligned ion- 
ization enhancements in the midnight sector auroral zone 
that have latitudinal dimensions comparable to the outer 
scale evident in the cusp data shown in Figure 3. The data 
are collected while the radar beam continuously scans the 
magnetic meridian. Thus, in approximately 12 min the radar 
can map out the altitude/latitude distribution of electron 
density over more than 10 ø of latitude in the F region. For 

our present purposes we have reanalyzed the data of Vickrey 
et al. [1980] with a 5-s integration period. This yields a 
horizontal resolution of---10 km at 350-km altitude. The 
result is presented in Figure 4, which shows contours of 
constant electron density as a function of altitude and 
latitude. Note that the data have been transformed into a 
coordinate system with straight, vertical magnetic field lines. 
The X's at the bottom of the figure show the latitude 
resolution of the data is a result of changing the antenna scan 
rate during the scan. 

The ionization enhancement, or plasma 'blob,' at --•61.5 ø 
invariant latitude was probably not fully resolved. However, 
the series of blobs located nearly overhead at Chatanika 
appear to be resolved and show a quasi-periodic structure in 
the scale size regime near 50 km. To quantify this discussion, 
we performed a spectral analysis of the density variations as 
a function of latitude at a fixed height. The procedure used 
was the same as that for the rocket data of Figure 3. Figure 5 
shows the one-dimensional spectral density function, 
IAN(k)l 2, corresponding to the radar measurements at 350 km 
altitude. As one would expect from Figure 4, there is a 
dramatic peak in IAN(k)l 2 at the input scale size 2•r/k •< 50 
km. Thus, the outer scale of irregularities observed in the 
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Fig. 5. The spectrum of electron density irregularities obtained 
by spectrally analyzing the radar measurements of the latitudinal 
variations of electron density at 350-km altitude. 

Irregularity spectrum at 350 km from an elevation scan 
performed by the Chatanika ISR



• Many fundamental questions remain…. 
• What does the irregularity structure of the polar-cap ionosphere look like, and how is it 

influence by geomagnetic conditions? 
• What role do irregularities that are depletions (rather than enhancements in plasma 

density) have to play? 
• How is HF radio propagation affected by the nature of a highly structured propagation 

medium? 
• How are our remote sensing techniques affected? 
• E.g., SuperDARN HF radars assume great-circle path propagation to and from 

the scattering volume. How valid is this, and how does it affect our understanding 
of the coupled M-I-T system? 

• The implications stretch beyond radio science and solar-terrestrial science. 
• Over-the-horizon communications and monitoring. 
• Vitality of GNSS systems. 

• The northern arctic is opening up (warming - like we heard a few minutes ago). 
• A reliable communications infrastructure is crucial. 

• We can make significant progress on these questions with our existing data sets — 
we just need to keep digging.


