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Abstract The eﬀect of solar wind high-speed streams (HSSs) on energetic particle precipitation at
auroral and subauroral latitudes (L = 3.8 –5.7) is studied by using cosmic noise absorption (CNA) data
measured by the Finnish riometer chain during 95 HSS events occurring between 2006 and 2008. The data
are divided into “long” and “short” HSS events, depending on whether the maximum solar wind speed is
reached within 24 h or later after the arrival of the corotating interaction region (CIR) at the bow shock.
We ﬁnd that CNA is more frequent during long events and extends to subauroral latitudes, unlike during
short events. CNA is observed for at least 4 days after the CIR arrival during long events, and only 3 days
during short events. In addition, CNA is divided into three categories, depending on whether it is associated
with local substorm activity, with ultralow frequency (ULF) wave activity, or neither of these. Substorm-type
CNA dominates in the 21–06 magnetic local time (MLT) sector, while ULF-type CNA dominates from
morning to afternoon and follows the daily SYM-H index variations. This indicates the importance of
having energetic (E > 30 keV) electrons available for interacting with the very low frequency (VLF) chorus
waves, which may be modulated by ULF waves. Finally, we ﬁnd a correlation between ULF-type CNA on
the dayside and substorm activity on the nightside with a 30 min delay, suggesting that substorm
injections energize electrons, which then drift to the morning and dayside, where they precipitate
into the ionosphere.
1. Introduction
It is now well established that solar wind high-speed streams (HSSs) play a signiﬁcant role in the enhancement
of geomagnetic activity during the declining phase of the solar cycle [e.g., Gonzalez et al., 1999; Tsurutani et al.,
2006]. The fast-ﬂowing solar wind originating from coronal holes produces a compression in the preceding
slow wind thus forming a structure called “corotating interaction region” (CIR) [Smith and Wolfe, 1976; Gosling
and Pizzo, 1999], characterized by enhanced density, dynamic pressure, and interplanetary magnetic ﬁeld
(IMF) magnitude. A CIR is followed by solar wind ﬂow exhibiting high velocities (about 500–1000 km/s) for up
to 4–5 days [Denton and Borovsky, 2012], which is the high-speed stream itself. Such solar wind streams may
induce geomagnetic storms, whose eﬀects include precipitation of particles into the ionosphere. Precipitating
electrons may have a wide range of energies, from a few keV (auroral) to a few MeV (relativistic). Electrons with
energies ranging between about 30 and a few hundred keV, generally referred to as energetic electrons, will
penetrate down to the D region of the ionosphere, where they create an enhancement in the electron density.
This paper presents the results of a study of the connection between HSSs and energetic particle precipitation
in the high-latitude ionosphere (L≈4 –6). In the following discussion, we review some of the key processes
that may be relevant for the interaction.
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HSSs are associated with energy input into the magnetosphere, which drives geomagnetic storms lasting
for several days [Borovsky and Denton, 2006]. Such HSS-driven storms often exhibit a 27 day recurrence, as
the same coronal hole may last for several solar rotations [Bartels, 1950; Sheeley et al., 1976; Tsurutani et al.,
2006]. Geomagnetic storms are manifested by a decrease in the horizontal component of the magnetic ﬁeld
measured at low-latitude ground stations. This decrease is the result of an enhancement in the magnetospheric currents, speciﬁcally, the ring current. This current increase is itself related to the energization of
magnetospheric particles [Sharma et al., 2003]. It has been found that signiﬁcant energy input may take
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place in the outer radiation belt and in the plasma sheet during HSS-driven geomagnetic storms [Denton and
Borovsky, 2012].
Magnetospheric substorms play an important role in the energization of the outer radiation belt, as magnetotail reconnection injects electrons and protons toward the Earth. These injected particles are accelerated as
the newly reconnected magnetic ﬁeld line migrates closer to the Earth, and they form an energetic population in the outer radiation belt [Birn et al., 1998; Forsyth et al., 2016, and references therein]. In the continuation
of the paper, we focus on electrons with energy greater than 30 keV.
Substorm activity is associated with energetic electron precipitation from the outer radiation belt and from
the plasma sheet [Angelopoulos et al., 2008; Sergeev et al., 2012]. From the ground, energetic particle precipitation can be monitored using riometers, which measure the cosmic noise absorption (CNA) due to
enhanced ionization in the D region of the ionosphere [Ranta, 1978; Rosenberg et al., 1983; Ranta and Ranta,
1990; Jussila et al., 2004]. Longden et al. [2008] noticed that elevated CNA observed during CIR-driven storms
is accompanied by increased electron ﬂuxes in the 50–500 keV energy range at geosynchronous orbit.
Precipitation of E > 30 keV electrons is increased during HSS-driven storms especially at magnetic local times
(MLTs) corresponding to the late evening, midnight, and morning sectors for auroral and subauroral geomagnetic latitudes [Meredith et al., 2011]. Furthermore, a superposed epoch study of CNA at high latitudes during
HSS-driven storms revealed that CNA increases noticeably at all MLTs, in particular during the late morning
hours and also in the evening sector, where CNA generally exhibits a deep minimum [Kavanagh et al., 2012].
Thus, energetic electron ﬂuxes in the inner magnetosphere are enhanced during HSSs. However, the processes
leading to the precipitation of these particles into the ionosphere are still an active research topic. It is well
established that wave-particle interactions are an important cause for electron precipitation by pitch angle
scattering [e.g., Kennel and Petschek, 1966; Thorne and Kennel, 1971; Millan and Thorne, 2007]. Various types of
waves in the extremely low to very low frequency range (ELF–VLF, 0.3–30 kHz) may interact with radiation
belt particles and lead to their precipitation, e.g., whistler mode chorus waves, electron cyclotron waves, or
plasmaspheric hiss [Inan et al., 1982; Bortnik and Thorne, 2007; Thorne, 2010]. A study of the statistical distribution of E > 30 keV electron precipitation using satellite measurements in the magnetosphere revealed that
lower band chorus waves (frequencies ranging between 0.1fce and 0.5fce , where fce is the electron cyclotron
frequency) are the best candidate for interaction with energetic particles leading to pitch angle scattering
and hence precipitation into the ionosphere at L ∼ 4 –7 [Lam et al., 2010]. Whistler wave amplitudes in the
dawn MLT sector are particularly enhanced during HSSs with southward IMF during the ﬁrst two days of high
solar wind velocity [Miyoshi et al., 2013].
It has been shown that VLF waves in the magnetosphere may be aﬀected by wave activity in the ultralow
frequency (ULF, 1 mHz to 4 Hz) range [e.g., Coroniti and Kennel, 1970; Kimura, 1974; Li et al., 2011; Motoba et al.,
2013; Němec et al., 2013]. Coroniti and Kennel [1970] indeed suggested that ULF geomagnetic pulsations may
modulate the growth rate of whistler waves in the magnetosphere by periodically changing the local magnetic ﬁeld strength. As a result, the pitch angle scattering rate of energetic electrons in the outer radiation belt
undergoes variations in the same frequency range, leading to a modulation of the precipitation of energetic
particles into the ionosphere. Observational evidence supporting this theory was produced, as measurements
of 4 mHz pulsations were made in the magnetosphere by the Cluster satellites during a conjunction with a
ground-based riometer station (at L ≈ 6), where modulations of CNA at the same frequency were observed
simultaneously [Motoba et al., 2013].
During HSS-driven storms, magnetospheric ULF wave activity is enhanced [Mathie and Mann, 2001; Borovsky
and Denton, 2006]. It maximizes in the morning sector at auroral latitudes [Baker et al., 2003]. In particular, Pc5
pulsation signatures (in the 1.7–6.7 mHz frequency range) can be observed in ground magnetometer data
during HSS events. Engebretson et al. [1998] established that the power of Pc5 pulsations is related to the solar
wind speed with a power law.
Magnetospheric ULF waves can be generated by various diﬀerent mechanisms. On the dawn and dusk ﬂanks
of the magnetopause, the Kelvin-Helmholtz instability may create ULF waves [Dungey and Southwood, 1970].
Potapov [2013] suggested that ULF wave activity existing in the solar wind high-speed streams may penetrate
the magnetosphere and thus create magnetospheric ULF pulsations. This is in agreement with the results
from Kessel [2008] indicating that the Pc5 oscillations measured using ground-based magnetometers are well
correlated in amplitude and power with solar wind dynamic pressure ﬂuctuations in the Pc5 frequency range.
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This paper applies the superposed epoch method to 95 HSS events to quantify the CNA produced by energetic
particle precipitation as a response to HSSs for a range of latitudes covering L values from about 4 to 6.
In particular, we will address possible processes, such as substorms and ULF wave activity, behind the observed
magnetic local time (MLT) and geomagnetic latitude (MLAT) distributions of CNA. The same database of HSS
events has previously been used to study the response of high-latitude (L=5.2) ionospheric F and E region
electron densities to HSSs in Grandin et al. [2015].
The measurements used in this study are presented in section 2; their analysis and the obtained results are
described in section 3. The results are discussed in section 4, and a summary of the main conclusions of the
paper is given in section 5.

2. Observations
2.1. OMNI Data
Solar wind data at 5 min resolution were obtained from the OMNI database [King and Papitashvili, 2005], which
contains ACE satellite observations propagated to the terrestrial bow shock. This study uses the same solar
wind data set as in Grandin et al. [2015], where 95 high-speed stream events were identiﬁed between 2006
and 2008 by searching for sharp increases in the interplanetary magnetic ﬁeld (IMF) magnitude followed by
enhanced solar wind speed values (reaching at least 500 km/s). For each event, the zero epoch was deﬁned
as the time of the sharp increase in the IMF, and a visual inspection ensured that it indeed also corresponded
to the beginning of solar wind speed increase.
The solar wind parameters considered in this study are speed V , IMF magnitude |B|, and dynamic pressure
P. Geomagnetic indices are used to estimate geomagnetic activity: SYM-H for magnetic storms and the ring
current activity and AE for the substorm activity. These are also obtained from the OMNI database and with
the same time resolution.
2.2. Riometer Data
Sodankylä Geophysical Observatory (SGO) operates a chain of narrow-band wide beam (60∘ ) La Jolla riometers (relative ionospheric opacity meters) in Finland, which measure continuously the cosmic radio noise signal
at about 30 MHz. The variations in the measured signal come from four main causes: (1) daily variations due
to the distribution of the radio noise sources in the sky, (2) absorption of the signal in the ionosphere, (3)
external disturbances like radio interference from human-made sources, and (4) radio emissions from the Sun,
particularly during high solar activity conditions, which may enhance the measured signal when the Sun is in
the riometer beam or in one of its side lobes. Signatures of radio interferences can be removed from riometer
raw data, as they show as saturating signal levels for a certain amount of time. The scientiﬁc use of riometer
data relays on ionospheric absorption, generally referred to as cosmic noise absorption (CNA), which occurs
due to enhanced electron density in the D region caused by energetic particle precipitation.
The daily variations of the cosmic noise signal are induced by the rotation of the Earth, as diﬀerent regions
of the sky enter the riometer ﬁeld of view during a sidereal day. These daily variations need to be removed in
order to obtain the values of CNA. This task is performed by determining the so-called quiet-day curve (QDC)
which corresponds to the signal measured at a given riometer station during a given time of the year under
undisturbed ionospheric conditions. The absorption A in decibels (dB) is then obtained by A = 10 log(PQD ∕P),
where PQD is the quiet-day power at a given time, and P is the measured power.
We use riometer data at 15 min resolution in this study, which are obtained from the original 1 min data by
selecting a maximum value inside each 15 min period. This approach was chosen for two reasons instead of
using a mean. First, using mean values would lead to a severe underestimation of the peak absorption values
in short-lived events. Second, in some cases the use of mean could make short-lived peaks to drop under
the selected threshold, and these events would be entirely lost (see Figure S1 in supporting information).
Discussion of the threshold value will take place in section 3.2.
The data come from four riometer stations of the SGO chain: Ivalo (IVA, L = 5.7), Sodankylä (SOD, L = 5.2), Oulu
(OUL, L = 4.5), and Jyväskylä (JYV, L = 3.8). Details of these stations, such as observed frequency and geographic and geomagnetic coordinates, are provided in Table 1. Figure 1 gives the location of the riometer
stations on a map of Finland. The QDCs used to derive the CNA data during the HSS events have been checked
and validated.
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Table 1. Riometer Stations From the Network Operated by SGO
UT to

Observed

Geographic

CGM

MLT

Frequency

Coordinates
68.55∘ N, 27.28∘ E

Coordinates
65.22∘ N, 108.22∘ E

L Value

(h)

(MHz)

5.7

+2.97

29.9

64.11∘ N, 106.78∘ E
61.73∘ N, 105.06∘ E

5.2

+2.48

30.0

Oulu (OUL)

67.42∘ N, 26.39∘ E
65.08∘ N, 25.90∘ E

4.5

+2.76

30.0

Jyväskylä (JYV)

62.42∘ N, 25.28∘ E

59.00∘ N, 103.29∘ E

3.8

+2.65

32.4

Station
Ivalo (IVA)
Sodankylä (SOD)

2.3. Magnetic Data From the IMAGE Network
In order to monitor the geomagnetic activity near the riometer stations, magnetometer data from the IMAGE
network [Tanskanen, 2009] have been used. In this study, four magnetometer stations from the IMAGE network have been selected to provide geomagnetic data: Ivalo (IVA), Sodankylä (SOD), Oulujärvi (OUJ), and
Hankasalmi (HAN). These stations are located close to the riometer stations at Ivalo, Sodankylä, Oulu, and
Jyväskylä, respectively, and are shown in Figure 1.
One aim of this paper is to study the possible eﬀects of ULF pulsations on CNA, so we use 10 s resolution
data from IMAGE. To estimate the ULF wave activity in the 1.7–6.7 mHz frequency range (corresponding to
periods between 150 and 600 s), we derived a ULF index. The 1.7–6.7 mHz frequency band corresponds to the
frequency range for Pc5 (continuous pulsations at 150–600 s), and the shorter period range of Pi3 (irregular
pulsations with T > 150 s).
This ULF index, corresponding to an estimation of the amplitude of the geomagnetic ﬁeld ﬂuctuations in the
1.7 to 6.7 mHz, was calculated as follows. First, the X (northward) and Y (eastward) components of the magnetometer data were band-pass ﬁltered to isolate the signal ﬂuctuations in the 1.7–6.7 mHz band. Then, in order
to extract the envelopes of these ﬁltered signals, a low-pass ﬁlter was applied to their absolute values, with
a cutoﬀ frequency of 1.7 mHz (600 s period). These envelopes are called ULFx and ULFy , respectively. Then,
√
we calculated ULF2x + ULF2y , which is an estimation of the amplitude of Pc5 range pulsations in the horizontal plane. Finally, the ULF index is obtained by taking 15 min median values of this time series. Figure S2
in the supporting information illustrates how the ULF index is derived from 10 s data. This ULF index is
quite similar in its approach to the global ULF index proposed by Kozyreva et al. [2007], except that it is here
calculated locally for each magnetometer station.
One product of the IMAGE magnetometer network is the IMAGE electrojet (IE ) index, computed by the Finnish
Meteorological Institute in a similar way as the AE index but using only the magnetic stations from the IMAGE
network. This index can be interpreted
as a local version of the AE index, indicating electrojet activity above Northern
Europe. We use this index at 5 min time
resolution, like AE and SYM-H.

Figure 1. Map centered around Finland showing the location of the
instruments and the paths of NOAA/POES satellite overpasses during
the event starting on 11 March 2007 projected on the ground.
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2.4. Satellite Data From NOAA/POES
This study utilizes energetic electron data
measured by the NOAA/POES satellites.
During the 2006–2008 time period, there
were four of these satellites orbiting the
Earth on Sun-synchronous orbits: NOAA
15, NOAA 16, NOAA 17, and NOAA 18.
Each of these satellites has a quasi-circular
polar orbit at an altitude of about 850 km
and with orbital period of 102 min.
The energetic electron data come from
the MEPED (Medium Energy Proton Electron Detector) instrument, which is a
part of the Space Environment Monitor
(SEM) instrument package. The MEPED
5206
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instrument consists of two telescopes measuring electron ﬂuxes along two directions. One of them, referred
to as 0∘ telescope, is oriented away from the center of the Earth, and the other one, referred to as 90∘ telescope,
is pointing antiparallel to the spacecraft velocity vector. The electron ﬂuxes are measured in three energy
channels called E1 (>30 keV), E2 (>100 keV), and E3 (>300 keV).
Since in this study we are interested in comparing the CNA data from riometers to satellite measurements, we
use data from the E1 (>30 keV) and E2 (>100 keV) channels of the MEPED instrument. The ﬂuxes measured by
the 0∘ telescope represent an estimate of the precipitating energetic electron ﬂuxes, while the 90∘ telescope
data give an estimate of the trapped electron ﬂuxes. However, it is known that the 0∘ telescope views only part
of the bounce loss cone and hence may produce an underestimation of the precipitating electron ﬂuxes. The
underestimation has been observed to take place during periods of low geomagnetic activity when weak diffusion is likely to dominate the pitch angle scattering [Rodger et al., 2013]. In addition to the problems related
to the viewing direction of the telescope, instrumental problems (radiation damage, cross contamination of
particle species, instrument eﬃciency, etc.) occur [Asikainen and Mursula, 2013]. However, in this study we use
the POES/MEPED data only in a qualitative way to compare the latitudinal proﬁle of CNA to the latitudinal
proﬁles of energetic electron ﬂuxes in one example event. Figure 1 shows the foot points of satellites used in
this study for this selected HSS event.

3. Data Analysis and Results
3.1. Solar Wind Driving
Figure 2 shows the characteristics of the solar wind during the selected HSS events. In this study, two categories of HSS events were deﬁned according to the duration of the high velocity values. Events for which
the maximum solar wind speed is reached in less than 24 h after the zero epoch are labeled as “short,” while
events for which the maximum solar wind speed is reached more than 24 h after zero epoch are called “long.”
This division between long and short events, although using a diﬀerent criterion for sorting the events, proves
to be relatively similar to the distinction between “strong” and “weak” HSSs made by Denton and Borovsky
[2012]. The criterion was set to 24 h after the zero epoch in order to obtain roughly as many long and short
HSS events. The origin of the diﬀerence between long and short HSS events must be related to the properties of the coronal hole and the associated high-speed solar wind structure, but this discussion is beyond the
scope of this paper.
Figure 2 shows the superposed epoch analysis of several solar wind parameters for the 45 long events (left
column) and the 50 short events (right column), from 2 days prior to zero epoch until 6 days after zero epoch.
The solar wind parameters which are presented are (a) the interplanetary magnetic ﬁeld (IMF) magnitude,
(b) the solar wind speed, and (c) the solar wind dynamic pressure. The energy input into the magnetosphere
is estimated by calculating the Akasofu epsilon parameter [Akasofu, 1979], which is shown in Figure 2d.
Figures 2e and 2f give the superposed epoch analysis of two geomagnetic indices: AE index and SYM-H index,
respectively. In each panel, the red curve corresponds to the median values, and the black curves indicate the
upper and lower quartile values. In addition, horizontal bars indicate the daily medians, shown for the median
curve in purple, and in blue for the upper quartile (lower quartile for SYM-H).
The comparison of long and short events indicates that the magnitude of |B| reaches slightly higher values
for short events. However, since the IMF compression decays promptly after zero epoch, the daily median
of |B| during the ﬁrst day is slightly higher for long events. In addition, the solar wind speed reaches higher
values during long events, the median curve reaching about 640 km/s 2 days after zero epoch, as opposed to
560 km/s about 20 h after zero epoch for short events. More importantly, the daily medians of the statistical
parameters indicate that although short events exhibit higher solar wind speed values during the ﬁrst day,
long events have signiﬁcantly higher solar wind speed after the ﬁrst day, and it takes more than 6 days after
the zero epoch for the speed to return to average values of the order of 400 km/s. The solar wind speed is at
its highest during the ﬁrst and second days for short events and during the second and third days for long
events. The solar wind dynamic pressure reaches quite similar values for both long and short events, with a
peak in the median curve at around 4.5 nPa very close to zero epoch. Yet the daily median values show that
both the median and the upper quartile are higher in the case of long events during all days.
The Akasofu epsilon parameter indicates that the energy input from the solar wind into the magnetosphere
reaches quite similar maximum values at 5 min resolution for long and short HSS events, when looking at
either median or upper quartile values. However, the daily medians reveal a signiﬁcant diﬀerence between
GRANDIN ET AL.
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Figure 2. Superposed-epoch analysis of solar wind parameters during so-called (left) “long” and (right) “short” events:
(a) IMF magnitude, (b) solar wind speed, (c) solar wind dynamic pressure, (d) Akasofu epsilon parameter, (e) AE index,
and (f ) SYM-H index. Red lines represent median values; the upper and lower edges of the ﬁlled area correspond to
upper and lower quartile values, respectively. Purple bars give the daily medians of the median values, and blue bars
give the daily medians of the upper quartile values (lower quartile values for SYM-H).

the two types of events. Long events are associated with higher energy input into the magnetosphere, and
it is longer lasting. For short events, the upper quartile curve decreases below 200 GW, about 16 h after zero
epoch, while in the case of long events this curve remains above 200 GW for 48 h. This feature is also reﬂected
in the AE index behavior. If one looks for AE values greater than 200 nT, the daily medians of upper quartile
curves indicate that high-latitude geomagnetic activity remains high for 2 days in the case of short events and
for 4 days for long events.
Another indication of longer-lasting geomagnetic activity can be found in the SYM-H plots. While the median
curve of SYM-H barely reaches −20 nT and promptly starts to increase again in the case of short events,
it remains slightly under −20 nT for about 36 h in the case of long events. It may nevertheless be noted
that pre-HSS values of SYM-H are not reached until the beginning of the sixth day after zero epoch, neither
for long nor for short events. This is consistent with previous conclusions on the duration of HSS-triggered
geomagnetic storms [e.g., Borovsky and Denton, 2006].
3.2. Occurrence of Cosmic Noise Absorption Events
Figure 3 presents the frequency of occurrence of CNA events at three riometer stations (IVA, SOD, and OUL),
corresponding to the three rows in each panel, from 2 days prior to zero epoch and until 4 days after zero
GRANDIN ET AL.
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Figure 3. Occurrence of CNA events for (left column) long and (right column) short HSS events from day D-2 (ﬁrst row) to D4 (sixth row), shown by MLT and
MLAT. The data come from three riometer stations which are IVA, SOD, and OUL, by decreasing geomagnetic latitude.

epoch. If t0 refers to zero epoch, days are noted D-2 (from t0 − 48 h to t0 − 24 h), D-1 (from t0 − 24 h to t0 ), D1
(from t0 to t0 + 24 h), D2 (from t0 + 24 h to t0 + 48 h), D3 (from t0 + 48 h to t0 + 72 h), and D4 (from t0 + 72 h
to t0 + 96 h). Hence, days D-2 and D-1 contain pre-HSS data, whereas days D1 to D4 consist of data measured
following the arrival of the HSS.
To estimate the frequency of occurrence of energetic particle precipitation, we deﬁned a threshold value for
CNA data, above which the measured absorption can be considered signiﬁcant. The noise level in the original
1 min CNA data is about 0.1–0.2 dB, but occasional shifts in signal level up to 0.2 dB may occur in relation to
sudden accumulation or melting of snow on the antenna. Therefore, the threshold value used in this study
was set to 0.5 dB. This ensures that variations in the background level do not contribute to CNA events. For
each of the considered riometer stations, 15 min data points associated with absorption values higher than
0.5 dB are labeled as “cosmic noise absorption events,” thereafter referred to as “CNA events.”
In each panel of Figure 3, the horizontal axis gives magnetic local time (MLT) in 1 h bins and the vertical axis
indicates the geomagnetic latitude (MLAT) of the riometer stations. JYV does not appear in this ﬁgure since
there are too few data points exceeding 0.5 dB. The frequency of occurrence was calculated by dividing the
number of CNA events in one bin by the number of data points corresponding to the bin (i.e., 180 for long
events and 200 for short events). Figure 3 shows CNA event statistics separately for long (left column) and
short (right column) HSS events.
During days D-2 and D-1, geomagnetic conditions are essentially quiet, and very few CNA events are observed.
For long HSS events, CNA event occurrence is lower than 10%, and for short HSS events a few CNA events
occur at auroral latitudes in postmidnight (day D-2) and morning (day D-1) hours, yet only in less than 20% of
the cases.
GRANDIN ET AL.
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A signiﬁcant increase in CNA event occurrence can be observed on day D1. All MLTs from midnight until the
early afternoon show CNA events in 35–60% of the cases at IVA and SOD. A clear minimum is seen in the
evening (15–21 MLT), which is much more obvious at IVA. OUL shows a slight increase in CNA event occurrence at all MLTs, with a maximum during 12–15 MLT for long events and during 9–11 MLT for short events.
The eﬀects are weaker for short events than for long events. However, diﬀerences between long and short
events on day D1 are minor.
The most striking diﬀerence between long and short event types takes place on day D2. While short events
show decreasing numbers of CNA events at all stations and MLTs (25–40% frequency at the auroral stations),
the occurrence of CNA events is on the contrary increasing in the case of long events (occurrence frequency
reaching 50–65% at the auroral stations, 20–25% in OUL). The greatest eﬀects are observed at IVA around
midnight and during 6–12 MLT. In SOD, CNA event occurrence spans across 0–16 MLT with no clear maximum,
and in OUL there are two distinct maxima at 6 and 15 MLT. Overall, during long HSS events, CNA occurrence
spreads to later MLTs (i) with decreasing geomagnetic latitude and (ii) compared to day D1. It can also be
noted that the evening minimum is restricted to a narrower MLT zone (18–20 MLT) for long events.
During days D3 and D4, a decrease in CNA event occurrence can be observed for both long and short events.
The decrease takes place more quickly in the morning hours than in the afternoon hours, especially in SOD. For
short events, day D4 shows almost no CNA events, indicating a return to pre-HSS conditions. For long events,
it takes more than 4 days to return to the pre-HSS situation, as a moderately high number of CNA events can
still be observed on day D4 at most MLTs for IVA and SOD.
The main conclusion which can be drawn from this ﬁgure is that long HSS events are associated with significantly more frequent CNA events than short HSS events at all MLTs and geomagnetic latitudes. Maximum
eﬀects take place on day D1 for short events and on day D2 for long events. The return to pre-HSS conditions
is reached on day D4 for short events, while this is not the case for long events. Moreover, short HSS events
induce only a weak CNA response in OUL, whereas long events are responsible for signiﬁcantly more CNA
events at this station. Finally, one may underline that during long HSS events, CNA is increased even near the
evening minimum, which is consistent with earlier reports by Kavanagh et al. [2012].
3.3. CNA Events Associated With Substorms and ULF Pulsations
In order to better understand the origin of cosmic noise absorption during HSS events, we will next address
the global and local geomagnetic conditions under which CNA events occur.
Figure 4 shows an example of HSS event as time series, from day D-1 until the end of day D3. The ﬁrst panel
shows the solar wind speed (blue, left axis) and the SYM-H index values (red, right axis). The grey areas indicate times with southward IMF Bz . The second panel shows the AE (global, red) and IE (local, blue) indices.
The third panel shows the variations of the magnetic X component at the magnetometer stations in Ivalo
(IVA, black), Sodankylä (SOD, red), Oulujärvi (OUJ, green), and Hankasalmi (HAN, blue). It must be noted that,
for legibility purposes, the baselines of the data from SOD, OUJ, and HAN have been shifted by 100, 200, and
300 nT, respectively. The fourth panel presents the ULF index, whose computation is explained in section 2.2,
for the same magnetic stations. The ﬁfth panel gives the CNA data at the riometer stations close to the
magnetic stations.
The SYM-H index in Figure 4 (ﬁrst panel) shows that the geomagnetic storm for this event does not begin until
day D2, when the solar wind speed reaches about 600 km/s. This is unusual if comparing to Figure 2, and most
likely due to the fact that Bz remains mostly northward from the zero epoch until 23:30 UT on day D2. Substorm
signatures from X (third panel) can be noticed at all magnetic stations except HAN around 20 UT (22.5 MLT),
24 UT (2.5 MLT), and 03 UT (5.5 MLT) on day D2, which is consistent with the increases in the electrojet indices
(AE and IE ) at those times. The AE index also shows additional substorms at 9 and 12 UT, which are not seen in
the IE index because Fennoscandia is on the dayside. Substorm signatures continue on day D3, e.g., around
18 UT, 21 UT, and 24 UT. During the daytime MLTs, geomagnetic pulsations in the Pc5 frequency range can
be seen in the X component of the geomagnetic ﬁeld, e.g., on day D2 around 06 UT. This is conﬁrmed by the
increase in the ULF index at the same time.
The ULF index indeed remains low most of the time during days D-1 and D1, except at times where oscillations
can be seen in X . On days D2 and D3, several ULF index peaks occur, particularly at the auroral magnetometer
stations (IVA and SOD). The CNA (Figure 4, ﬁfth panel) also has peaks at the auroral stations, corresponding
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Figure 4. Event of 11 March 2007 (long type) as an illustration of the CNA categories (see in the text); time series from day D-1 to the end of day D3. (a) Solar
wind speed and SYM-H index values. The areas in grey correspond to times with southward IMF Bz . (b) IE and AE indices. (c) Geomagnetic X component and
(d) ULF index at Ivalo, Sodankylä, Oulujärvi, and Hankasalmi. (e) CNA at Ivalo, Sodankylä, Oulu, and Jyväskylä. The thick vertical dashed lines indicate zero epoch.
The triangles at the top of each panel mark the times of satellite overpasses.

very well to the ULF index peaks. However, the subauroral riometer stations (OUL and JYV) do not show any
striking correlation with their corresponding ULF indices.
It is important to note that the ULF index rises not only because of the presence of Pc5 pulsations but also
during substorms. This is because sharp increases or decreases in the magnetic ﬁeld components contain a
broad range of frequencies, including those which are kept by the ﬁltering process. Also, the subcategories
Pip (polar irregular pulsations) and Psc5 (storm sudden commencement Pc5) of Pi3 oscillations are frequently
observed at high latitudes during substorms [Saito, 1978; Kleimenova et al., 2012]. It appears in this example
that the auroral-latitude CNA data variations correlate well with the ones of the ULF index, both when they
are due to substorms and to the presence of ULF pulsations.
Our aim is to study which of the observed CNA events can be clearly associated with the occurrence of magnetospheric substorms at the local MLT sector. After having identiﬁed those events, we will study whether
the remaining events are associated with ULF pulsations. A CNA event at a given riometer station is ﬂagged
as “substorm associated” (SS type) if the X component value at its corresponding magnetometer station is
−100 nT or smaller. A CNA event is deﬁned as “ULF pulsation associated” (ULF type) if the value of the ULF
index at the corresponding magnetometer station is greater than 3 nT and the event is not already ﬂagged as
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Figure 5. MLT distribution of CNA events classiﬁed into (left column) substorm-related, (middle column) ULF
pulsation-related, and (right column) nonclassiﬁed types. The riometer stations are (ﬁrst row) Ivalo, (second row)
Sodankylä, (third row) Oulu, and (fourth row) Jyväskylä. Each line color corresponds to a day relative to zero
epoch as indicated in the legend.

SS type. Finally, CNA events corresponding neither to SS type nor to ULF type are labeled as “nonclassiﬁed”
(NC type).
Figure 5 shows the MLT distributions of SS-type (left column), ULF-type (middle column), and NC-type (right
column) CNA events from day D-2 until day D4 (see legend for color codes). These distributions are given for
IVA (ﬁrst row), SOD (second row), OUL (third row), and JYV (fourth row). The L values of these riometer stations
are indicated in the top left-hand corner of Figure 5 (left column).
At all stations, the pre-HSS distributions of SS-type and ULF-type CNA events are relatively ﬂat and close to
zero; most of the CNA events observed during days D-2 and D-1 are NC-type ones. This reveals that the chosen
threshold values deﬁning the SS and ULF types are high enough to avoid detecting those types of CNA events
under pre-HSS conditions.
After the arrival of the HSS, SS-type CNA events occur predominantly at the auroral-latitude riometer stations
IVA (L = 5.7) and SOD (L = 5.2). Their MLT distributions peak in the postmidnight sector, with highest numbers
of SS-type CNA events on days D1 and D2 between 00 and 02 MLT. The distributions extend to morning hours
(up to 09 MLT), especially on day D1. During days D3 and D4, SS-type CNA events are not present after 06 MLT,
and their number gradually decreases. In the evening sector, the distributions are relatively similar during
days D1 to D3, extending as early as 19 MLT. In OUL (L = 4.5), SS-type CNA events are rare and limited to days
D1 and D2. Their MLT distribution is similar to SOD. JYV (L = 3.8) shows almost no SS-type CNA events.
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The dayside CNA events are predominantly of ULF type at IVA and SOD. Their MLT distributions show a broad
peak with a relatively ﬂat maximum between 06–12 MLT at IVA and 06–15 MLT at SOD. A secondary peak
is also visible at both stations around 21 MLT. OUL shows less prominent features; yet day D1 has a similar
two-peak distribution, the ﬁrst peak being maximum between 13 and 14 MLT and the second one around
21 MLT. JYV shows a few ULF-type CNA events on day D1 between 12 and 16 MLT. There seems to be a latitudinal eﬀect on the day with maximum ULF-type CNA events. The number of events reaches a maximum on
day D2 at the highest latitude (L = 5.7) and on day D1 at subauroral latitudes (L = 3.8 –4.5), with SOD (L = 5.2)
showing equal number of events on days D1 and D2. During days D3 and D4 at IVA and SOD, the number
of events decreases, and the peak shifts toward later MLTs with increasing day number at SOD from day D1
(11 MLT) to day D4 (13 MLT). At OUL, day D2 shows a rather ﬂat distribution from 4 to 18 MLT, while day D3 has
only a few events in the afternoon sector (12–18 MLT) and day D4 distributions are similar to pre-HSS ones.
For NC-type CNA events at IVA, a small increase in the distributions can be seen for all days compared to day
D-2, between 06 and 16 MLT. At SOD, the number of NC-type CNA events increases slightly at all MLTs, except
during day D1. Days D3 and D4 show distributions similar to pre-HSS days. Interestingly, the most signiﬁcant
increases in CNA event distributions at OUL during days D2 and D3 are for the NC type. They take place in
the afternoon sector, with a main peak around 15–16 MLT. At JYV, there is no clear variation in the NC-type
distribution from one day to another, but there is always a small maximum between 12 and 18 MLT. This and
the previous remarks on SS-type and ULF-type CNA event distributions at JYV tends to indicate that latitudes
near JYV are rarely aﬀected by HSSs in terms of cosmic noise absorption.
The three types of CNA events may also be compared in terms of CNA magnitude (in dB). Figure 6 presents the
results of the statistics applied to each type of CNA events as a function of MLT for days D1 (left column) and
D2 (right column). Each panel shows median values of CNA for SS-type (blue), ULF-type (red), and NC-type
(black) CNA events. These are given for IVA (ﬁrst row), SOD (second row), and OUL (third row); JYV is not shown
because of poor statistics due to too few events.
In all cases, SS-type CNA events have the greatest absorption values in the night and morning sectors. While
the number of events for SS-type CNA peaks at midnight for IVA and SOD (Figure 5), the largest absorption
values take place as late as 4–8 MLT (Figure 6). However, for ULF-type events, the number of events and
absorption values have similar MLT distributions. During day D1, ULF-type CNA events generally have approximately similar CNA values as NC-type CNA events at all MLTs, except during 09–12 MLT, when ULF-type values
are slightly higher. On day D2, however, the ULF-type CNA events have a larger magnitude than the NC-type
ones, especially during 05–18 MLT at IVA and SOD.
One may also note that SS-type CNA events have similar magnitudes between days D1 and D2, while ULF-type
CNA events are of higher magnitude on day D2 than on day D1 for IVA and SOD (except at 7 MLT for IVA). At
OUL, midnight-sector SS type is more intense on day D1, and ULF type is roughly similar between day D1 and
day D2, except during 9–12 MLT when there is a peak on day D1.
3.4. Satellite Observations of Energetic Particles
Figure 7 shows NOAA/POES measurements of energetic electron ﬂuxes during the event presented in Figure 4.
Figure 7 (top) presents the ﬂuxes of trapped electrons around 10 UT (∼12.5 MLT) during days D-1, D1, D2,
and D3. The ground projections of the satellite paths (see Figure 1) were within ±10∘ in longitude of the SGO
riometer chain, which corresponds to a diﬀerence of ±0.67 in MLT. Two energy channels are shown: E > 30 keV
(solid lines) and E > 100 keV (dashed lines). This makes it possible to separate the contribution of electrons with
energies typically associated with CNA (above 30 keV) from the contribution of subrelativistic to relativistic
electrons (hundreds of keV to MeV).
Figure 7 (top) indicates that, at all L shells, there is a decrease in trapped electron ﬂuxes during day D1,
which is even more prominent in the E > 100 keV channel. This is consistent with the results by Morley et al.
[2010] indicating dropouts in the outer radiation belt typically occurring a few hours after the zero epoch
during HSS events, for electron ﬂuxes at hundreds of keV to MeV energies and at L shells similar to those of
SOD and IVA, and extending to lower latitudes in the case of MeV electrons. After this trapped electron ﬂux
decrease, a signiﬁcant enhancement can be seen at all L shells on day D2, by a factor of about 10 or more.
Both energy channels exhibit such increases, but a factor of ∼3 remains between the two curves at all L shells
from 3 to 7. This indicates that the increase in the E > 30 keV channel is not only the result of the increase in
GRANDIN ET AL.

COSMIC NOISE ABSORPTION DURING HIGH-SPEED STREAMS

5213

Journal of Geophysical Research: Space Physics

10.1002/2017JA023923

Figure 6. Median values of CNA on days (left column) D1 and (right column) D2 at (top row) IVA, (middle row) SOD, and
(bottom row) OUL. SS-type CNA is shown in blue, ULF type in red and NC type in black.

E > 100 keV electron ﬂuxes. On day D3, trapped electron ﬂuxes are essentially similar to those on day D-1, with
the exception of the L shells near JYV, where they remain high.

Figure 7 (middle) shows precipitating electron ﬂuxes measured during the same overﬂights, with similar color
and line style codes. It appears that no signiﬁcant precipitation of energetic electrons takes place at the shown
L shells during days D-1 and D1. However, on day D2, ﬂuxes are dramatically enhanced in both energy channels
for L > 4.5 and for the E > 30 keV channel for L > 3 for the E > 100 keV channel. On day D3, precipitating ﬂuxes
remain enhanced at L > 5 for the E > 30 keV channel.
The CNA measured at the riometer stations at the times of the satellite overﬂights is shown in Figure 7
(bottom). The overﬂight times are indicated in Figure 4 with small triangles on top of each panel. Clear CNA
enhancement around 10 UT, when the satellites ﬂy over the riometer chain, occurred only on day D2. SOD and
IVA measured high CNA values up to almost 2 dB, and JYV and OUL show CNA values lower than 0.5 dB on day
D2 but nevertheless higher than during the other days for OUL. This is fairly consistent with the precipitating
electron measurements shown in Figure 7 (middle).
The NOAA/POES measurements of energetic electron ﬂuxes during this event therefore show a good agreement with ground observations at the time of satellite overpasses, and provide additional insight in the
mechanisms leading to the production of CNA. In particular, the comparison between the overpasses on days
D2 and D3—both at times when the ULF index was enhanced—reveals that the absence of signiﬁcant CNA
on day D3 is related to a low ﬂux of both trapped and precipitating electrons. Without an existing population
of electrons to scatter, ULF wave activity alone indeed cannot lead to the production of CNA.
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Figure 7. (top) Trapped E > 30 keV (solid) and E > 100 keV (dashed) NOAA/POES electron ﬂuxes above Northern Europe
during the event of 11 March 2007, around 10 UT (12,5 MLT) on days D-1 (red), D1 (green), D2 (blue), and D3 (purple).
The L values corresponding to the riometer stations are indicated with vertical dashed lines. The overpass times are in
UT. (middle) Same as Figure 7 (top) but for precipitating electron ﬂuxes. (bottom) CNA measured at the riometer stations
at the times of the satellite overpasses, same color code.

4. Discussion
In this study, the HSS events were ﬁrst divided into two categories, based on the time taken for the solar
wind speed to reach its maximal value. HSS events during which the solar wind speed maximum was reached
within less than 24 h after the zero epoch were called “short” events, whereas those for which it was reached
more than 24 h after the zero epoch were called “long” events. The solar wind driving is more intense for long
events, with higher and longer-lasting energy input into the magnetosphere as shown by the Akasofu epsilon
parameter in Figure 2. Geomagnetic activity is consequently also more intense and longer lived during long
events, as indicated by the AE and SYM-H indices (Figure 2). Also, CNA occurrence is more frequent during long
events and extends to subauroral latitudes (Figure 3). CNA activity lasts for 3 days with a recovery starting on
day D4 after the arrival of the HSS in the case of long events, contrary to 3 days for short events. Also Denton
and Borovsky [2012] deﬁned two categories for HSS events, which they called “strong” and “weak.” They were
using somewhat diﬀerent criteria, including the maximum solar wind speed value and the Kp index. They
found greater eﬀects on plasmasphere and outer radiation belt heating during “strong” HSS events. For both
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our long and short types, maximum occurrence of CNA takes place in the late morning to noon MLT sector,
which is in accordance with Kavanagh et al. [2012].
In the second part of the paper, the emphasis was put on the magnetospheric conditions during which high
values of CNA were measured at the riometer stations. Those CNA events (i.e., 15 min intervals during which
CNA exceeded 0.5 dB at a given station) were divided into three categories as follows. (1) Substorm-type
(SS-type) CNA events are events that are associated with enhanced westward electrojet at the location of the
riometer station. (2) ULF-type CNA events are events that (i) show no enhanced westward electrojet at the
location of the riometer station but (ii) are associated with enhanced ULF power in the Pc5 frequency range at
the location of the riometer station. (3) Nonclassiﬁed (NC-type) CNA events are associated with (i) no enhanced
westward electrojet and (ii) no enhanced ULF power in the Pc5 frequency range at the location of the riometer station. This division aims at helping in understanding some of the possible source mechanisms for CNA
events and is made so that no events are counted twice. Let us discuss how to interpret the categories.
4.1. Interpretation of the CNA Categories
First, it is clear that some SS-type CNA events are also associated with enhanced ULF power. However, during
substorm expansion phases, irregular Pi pulsations with periods larger than 150 s also occur frequently at dayside and nightside auroral latitudes, respectively [Saito, 1978; Kleimenova et al., 2012], and the frequency range
used in the analysis includes both Pc5 and these Pi3 pulsations, which we cannot separate. Hence, SS-type
CNA events may be produced by electrons that have gained their energy as a consequence of processes
directly associated with substorms, e.g., magnetic reconnection in the tail [Lui, 1991; Torbert et al., 2016], but
wave-particle interactions may also play a role in the precipitation of electrons producing some of the SS-type
CNA events.
Second, even though ULF-type CNA events are not associated with a locally occurring substorm, they may
be associated with substorm plasma injections and subsequent electron drift from the night sector [Meredith
et al., 2001; Miyoshi et al., 2013]. The hot electrons have a dual role: they are needed to generate the whistler
mode chorus waves, and once the waves are generated, they provide a mechanism via cyclotron resonance
for electrons to be scattered into the loss cone over a broad range of energies [e.g., Lam et al., 2010]. ULF waves
may produce radial diﬀusion of electrons and hence increase their energy by the conservation of the ﬁrst two
adiabatic invariants. In order for the electrons to precipitate into the ionosphere, their pitch angle needs to be
decreased. Even though the conservation of the second adiabatic invariant during inward drift of electrons
leads to an increase in the parallel velocity, a more eﬃcient mechanism may be given by the cyclotron resonance of electrons with whistler mode VLF waves [Thorne, 2010, and references therein]. However, the growth
rate of the electron cyclotron VLF instability can be modulated by the compressional wave component of the
compressional ULF waves [Coroniti and Kennel, 1970; Motoba et al., 2013], Hence, we suggest that the main
role of ULF waves is to modify the whistler mode wave growth rates that produce the scattering of electrons
into the loss cone.
Third, the nonclassiﬁed CNA events are probably associated with whistler mode waves in the magnetosphere,
which may be chorus waves in the midnight to morning and to day sectors, hiss in the afternoon sector, magnetosonic noise on the day to evening sector, and EMIC waves in the evening sector [Thorne, 2010]. However,
the data analysis showed that the number of nonclassiﬁed CNA events is small, indicating that ULF pulsations are frequent during HSS solar wind conditions in the magnetosphere and may play a signiﬁcant role in
modifying whistler-induced precipitation of E > 30 keV electrons into the high-latitude ionosphere.
4.2. Distributions of the CNA Types
Bearing in mind this interpretation of each CNA type, let us discuss their MLT and magnetic latitude
distributions. Our observations cover L values from 3.8 to 5.7 (Figure 5). SS-type CNA events have their MLT
distribution peaking around 1–2 MLT, and they occur mostly at auroral latitudes (L = 5.2 –5.7). This is consistent with the statistical distribution of the westward electrojet [e.g., Guo et al., 2014]. The SS-type CNA events
extend to the morning sector, reaching as far as 6–8 MLT on day D1, but as the day number increases the
morning extent of the distributions is reduced (no events after 6 MLT from day D3 onward). This might indicate that substorm activity triggered by HSS would have its largest extent to the morning sector during the
ﬁrst day after the CIR encounter with the magnetopause, but this should be studied separately. We also saw
that while the occurrence frequency of SS-type CNA peaked near midnight, the magnitude of CNA peaked in
the auroral zone at 4–8 MLT (Figure 6). It has been shown that the Hall-to-Pedersen conductance ratio, which
is a proxy for the hardness of electron energy spectrum, also peaks in the morning sector [e.g., Cai et al., 2013].
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Figure 8. (top row) MLT distribution of ULF-type CNA events at IVA, shown separately for (left) long and (right) short HSS
events. (middle row) Same as Figure 8 (top row) but at SOD. (bottom row) Daily median of the median values of SYM-H
for (left) long and (right) short HSS events (see Figure 2), with opposite sign.

Hence, the electron energy ﬂuxes in the tens of keV energies are likely to maximize in late morning hours
during substorms.
A very distinct feature for the dayside high-latitude (IVA and SOD) CNA events is that a majority of them are
ULF type after the arrival of HSS (Figure 5). This may indicate that compressional ULF waves indeed play an
important role in modifying the growth rate of VLF whistler waves [Coroniti and Kennel, 1970]. On the other
hand, it is well established that HSSs excite ULF waves in the magnetosphere [Baker et al., 2003; Borovsky and
Denton, 2006], and to prove a causal relationship between ULF and CNA, in situ measurements of waves and
pitch angle distributions of electrons would be needed.
For ULF-type CNA events, a possible latitudinal eﬀect was observed, as the number of events is maximum on
day D2 at Ivalo (L = 5.7) and on day D1 at subauroral latitudes, with Sodankylä (L = 5.2) showing a similar
number of events during days D1 and D2. To understand better the variations, we studied separately long
and short HSS events. This is shown in Figures 8 (top row) and 8 (middle row) for Ivalo and Sodankylä (Oulu is
not shown, as there is not enough statistics to separate long and short events for this station). This ﬁgure
reveals that actually for both stations the maximum number of events occurs during day D2 for long events
and during day D1 for short events. Figure 8 (bottom row) shows the negative of the SYM-H index (daily
median value, same as purple bars in Figure 2f ). One may see that, at both stations, for long events, the number of ULF-type CNA events in the morning sector follows the same trend as the daily median values of the
SYM-H index, with day D2 having maximum number of ULF-type CNA events, followed by days D3, D1, and D4.
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Similarly for short events, day D1 exhibits maximum eﬀects, followed by days D2, D3, and D4. The SYM-H index
is related to the intensity of the ring current, carried mainly by protons, and it describes the evolution of a
magnetic storm. It has been shown that right after the arrival of the HSS, the >30 keV electron ﬂux increases
in the dawn sector, in concert with the decrease of the Dst index [Miyoshi et al., 2013]. Since SYM-H can be
considered a high-resolution version of the Dst index [Wanliss and Showalter, 2006], this means that the similar behavior of the SYM-H index and the number of ULF-type CNA events may indicate the importance of
the availability of energetic electrons (>30 keV) to these absorption events. We also checked whether we can
see a similar correlation between substorm-type CNA events and the SYM-H index (Figure S3 given in the
supporting information). Although this is the case for short HSS events, this is not veriﬁed at all MLTs during
long HSS events. This may be due to the fact that substorm-type CNA is related to processes taking place in
the magnetotail, for which the distribution of energetic particles in the inner magnetosphere is not crucial.
A second feature observed in the ULF-type CNA event distributions is a MLT shift of their peak. Initially, the
occurrence of ULF-type CNA has its maximum close to noon, but shifts to postnoon on days D3 and D4 (clearly
visible at L = 5.2 in SOD). One possible explanation is the formation of a plasmaspheric plume that is created
by plasmaspheric plasma draining to higher L values in the afternoon sector after geomagnetically disturbed
periods. The whistler mode hiss emissions can then produce electron precipitation [Summers et al., 2008].
The secondary peak of ULF-type CNA events observed around 22 MLT at IVA and SOD is consistent with results
from Vennerstrøm [1999], who also found a secondary peak in ULF power spectral density in the premidnight
sector at auroral latitudes and suggested that it might be related to substorm activity.
For nonclassiﬁed CNA events, the maximum occurrence takes place on day D3 or D2 at IVA and OUL and on day
D4 or D3 at SOD. This can be related to the fact that, as the solar wind speed decreases, fewer ULF pulsations
are generated in the magnetosphere [Engebretson et al., 1998]. For the lowest latitude station JYV (L = 3.8), the
majority of all events are of NC type. However, those have a clear MLT distribution with a maximum in the afternoon sector, which do not depend on the day number after zero epoch. At those MLT hours, JYV most likely
is inside the plasmasphere and some whistler mode hiss waves are always present there [Summers et al., 2008].
4.3. Relation Between Substorms and ULF-Type CNA Events
During the growth phase of a substorm, energy is stored in the nightside magnetosphere, as the magnetic
ﬁeld lines are stretched in the magnetotail. This energy is then released during the expansion phase of the
substorm, and particles are accelerated to high energies and injected into the outer radiation belt and central
plasma sheet, typically close to magnetic midnight [Li et al., 1998; Sarafopoulos, 2008; Turner et al., 2016], but
also in the evening or morning MLT sectors [e.g., Kavanagh et al., 2007]. Newly injected electrons are then
transported dawnward under the eﬀect of the gradient and curvature drift [Beharrell et al., 2015].
Our observations also tend to indicate that ULF-type CNA is related to substorm activity, thus potentially being
produced by energetic electrons injected during substorms. Indeed, when comparing the second and fourth
panels of Figure 4, one may notice similarities between the peaks in the AE index and in the ULF index of the
higher-latitude magnetic stations (IVA and SOD), even at times when the local IE index does not show any
increase. This indicates that ULF (in this case, Pc5) pulsations observed at these stations when they are on the
dayside take place at the same time as substorm activity on the nightside. The absence of increase in IE from
05 to 13 UT on day D2 indicates that no electrojet currents are ﬂowing in the dayside ionosphere during the
three substorms taking place near 06, 09, and 12 UT (about 8.5, 11.5, and 14.5 MLT). CNA peaks occur at the
auroral stations close to the time of those substorms, which is consistent with earlier observations [Jelly and
Brice, 1967; Kavanagh et al., 2007]. In fact, it is fairly well established that the occurrence of a substorm on
the nightside is a necessary condition for the observation of dayside CNA [Kavanagh et al., 2002, 2004; Behera
et al., 2016].
Figure 9 shows cross correlations between CNA and the AE index. The CNA measured at IVA and SOD was
cross-correlated with the AE index, separating (i) substorm-type (shown in blue) and ULF-type (in red) CNA
events, and (ii) long and short HSS events. This was done for days D1 to D3 for long events, and for days D1
and D2 for short events (day D3 not shown because of insuﬃcient statistics). The same was also done with
the CNA measured at OUL, but without separating long and short events and only during days D1 and D2. To
obtain better time resolution for this analysis, 5 min data have been used instead of 15 min data. The 5 min
data were obtained by the same process as the 15 min riometer data, i.e., by keeping the maximum of 1 min
CNA values over 5 min periods.
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Figure 9. Normalized cross correlation of CNA and AE index at (ﬁrst row) IVA, (second row) SOD, and (third row) OUL. Blue lines correspond to substorm-type
CNA events, and red lines correspond to ULF-type CNA events. For IVA and SOD, left panels show results for long events during days D1–D3, and right panels
show results for short events during days D1 and D2. For OUL, all events are shown together for days D1 and D2. Positive delay means CNA lagging the AE index.

Substorm-type CNA is well correlated to the AE index at all stations, during long and short HSS events
(all events for OUL), with no delay between these two parameters. This is valid during each day separately.
The correlation between CNA and AE index for ULF-type CNA events has a broader and lower main peak than
for substorm-type CNA events, with a delay of CNA to AE index by about 30 min. This feature is observed at
each station, during all days and regardless of the HSS event type. This could be the result of injection of energetic electrons in the nightside magnetosphere associated with substorm activity, which are transported to
the dayside. There, they may undergo interaction with VLF waves modulated by ULF waves and precipitate
into the ionosphere, thus producing CNA.
We calculated the time needed for energetic electrons to be transported from midnight to noon at L = 5.5
following the gradient curvature drift, as a function of their energy using the equation below
vGC = −

3E(1 + cos2 𝛼)L2
e𝜙 ,
qBE RE

(1)

where a dipole ﬁeld has been assumed, and E is the energy of the electron, 𝛼 its pitch angle, L the McIlwain
L parameter associated to its position, q the elementary charge, BE = 3.11×10−5 T the magnitude of the Earth’s
magnetic ﬁeld at the equator, RE the radius of the Earth, and e𝜙 the unit vector pointing westward in the
equatorial plane. We found that a 30 min delay between substorm injection near magnetic midnight and
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observation of CNA in the noon sector would correspond to the drift time for E ≈ 70 keV electrons with a small
pitch angle (𝛼 = 𝜋∕12). Given that the MLT distribution of ULF-type CNA events at the auroral stations peaks
between 9 and 12 MLT during days D1 and D2 (Figure 5), even electrons with energies slightly lower than
70 keV could produce dayside CNA about 30 min after the substorm injection. Also, the 30 min delay found
from the cross correlation of ULF-type CNA with the AE index is consistent with results from Beharrell et al.
[2015], based on observations and modeling. The broadness of the cross-correlation peaks may be explained
by variations in the location and width of the injection region in the nightside magnetosphere, complex drift
paths of electrons in the distorted geomagnetic ﬁeld, and broad energy distributions of the injected electrons,
which all produce slight diﬀerences in the delays needed to transport injected electrons to morning and early
afternoon MLTs.
Therefore, it appears that both SS-type and ULF-type CNA events are associated with energetic electrons
injected into the inner magnetosphere during substorms. While part of those are transported to the dayside
as discussed above, a signiﬁcant fraction of them directly precipitate into the nightside ionosphere [Clilverd
et al., 2008].

5. Summary
The aim of this paper was to study statistical properties of cosmic radio noise absorption measured at high
latitudes (L = 3.8 –5.7) under solar wind high-speed stream driving. HSS events were ﬁrst divided into two
categories, labeled “long” and “short,” depending on the duration of the solar wind speed increase to a maximum value. In addition, at each of the four riometer stations used in this study, CNA events were deﬁned
as times when the measured CNA exceeded 0.5 dB, in the 15 min data. Such CNA events were classiﬁed into
three categories: substorm associated, ULF wave associated (T = 150 –600 s), and nonclassiﬁed, and the MLT
distribution and time evolution of those three types were analyzed. The time evolution of the HSS eﬀects was
studied by looking at the statistical behavior of the data during each day, from 2 days prior to the beginning
of the solar wind speed enhancement (day D-2) and until 4 days after it (day D4). The main conclusions of this
study are the following ones.
1. Long HSS events produce more CNA events than short HSS events and produce CNA down to L = 4.5.
However, L = 3.8 is not noticeably aﬀected by HSS events. The number of CNA events have maxima on the
second day after the zero epoch (D2) for long events, and on the ﬁrst day (D1) for short events. The solar
wind speed, in comparison, reaches its maximum value in the end of day D2 (D1) for long (short) events, but
its daily median is greater on day D3 (D2). The maximum occurrence rate of CNA reaches 60–65% at L = 5.7
near midday and midnight on day D2 for long events. The recovery is almost complete on the fourth day
(D4) for short events, whereas long events produce CNA during at least 4 days after the HSS arrival, which is
consistent with durations of energetic electron precipitation during HSS events reported in previous studies [e.g., Meredith et al., 2011; Kavanagh et al., 2012]. A likely reason for the diﬀerences between long and
short HSS event types in terms of CNA occurrence is a higher and longer-lived energy input from the solar
wind into the magnetosphere during long events.
2. The substorm-associated CNA occurrence is signiﬁcantly enhanced within 21–06 MLT at the auroral stations
(L = 5.2 –5.7) during 3 to 4 days after the beginning of the HSS, and some substorm-associated CNA is also
observed at OUL (L = 4.5) during days D1 and D2. Substorm-type CNA events have the largest absorption
values. They are reached in the morning sector for auroral stations and at midnight for OUL.
3. ULF-type CNA event MLT distributions at the auroral stations show a broad peak around noon (03–18 MLT),
slightly shifting to the afternoon sector with increasing day number, and a secondary clearly smaller peak
near 21 MLT. Subauroral stations (OUL and JYV) have fewer events, whose MLT distributions show less clear
features, except on day D1 for OUL and to a minor extent also for JYV. The main peak may be related to the
distribution of lower band chorus waves produced during enhanced geomagnetic activity in the morning
and day MLT sectors [Lam et al., 2010], which may be modulated by ULF waves. The premidnight secondary
peak is probably associated with enhanced ULF wave power originating from substorms [Vennerstrøm,
1999], including irregular pulsation activity.
4. The daily number of ULF-type CNA events at auroral latitudes follows the daily variations of the SYM-H
index. This indicates the importance of having energetic particles available in the inner magnetosphere to
produce ULF-type CNA, which can be injected at the same time as ring current protons.
5. The nonclassiﬁed CNA events are only little aﬀected by HSSs. At auroral stations, the distribution is ﬂat with
an evening minimum. At L = 3.8 (JYV), the distribution shows a maximum between 12 and 18 MLT. It is
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the only station for which no eﬀects at all by HSSs are visible on the number of nonclassiﬁed CNA events.
The maximum could be associated with the location of JYV inside the plasmasphere during those MLT
hours, and loss cone scattering of energetic electrons by whistler waves such as plasmaspheric hiss.
6. In the event for which satellite data was studied, the CNA enhancements correlate very well with the
increase in precipitating E = 30 –100 keV electrons ﬂuxes. Electrons with such energies precipitate into the
D region, where CNA is produced.
7. Substorm-type CNA events show correlation with the AE index at zero lag, as expected. However, ULF-type
CNA events have maximum correlation with the AE index with a 30 min delay. This most likely indicates
that energetic electrons are injected on the nightside during substorms, after which some of them immediately precipitate on the nightside and produce substorm-type CNA events while others drift to morning
and noon MLT hours, where they are scattered into their loss cone, presumably by ULF-modulated VLF
whistler waves.
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Němec, F., O. Santolík, J. S. Pickett, M. Parrot, and N. Cornilleau-Wehrlin (2013), Quasiperiodic emissions observed by the Cluster spacecraft
and their association with ULF magnetic pulsations, J. Geophys. Res. Space Physics, 118, 4210–4220, doi:10.1002/jgra.50406.
Potapov, A. S. (2013), ULF wave activity in high-speed streams of the solar wind: Impact on the magnetosphere, J. Geophys. Res. Space
Physics, 118, 6465–6477, doi:10.1002/2013JA019119.
Ranta, A., and H. Ranta (1990), Storm sudden commencements observed in ionospheric absorption, Planet. Space Sci., 38, 365–372,
doi:10.1016/0032-0633(90)90102-V.
Ranta, H. (1978), The onset of an auroral absorption substorm, J. Geophys. Res., 83, 3893–3899, doi:10.1029/JA083iA08p03893.
Rodger, C. J., A. J. Kavanagh, M. A. Clilverd, and S. R. Marple (2013), Comparison between POES energetic electron precipitation
observations and riometer absorptions: Implications for determining true precipitation ﬂuxes, J. Geophys. Res. Space Physics, 118,
7810–7821, doi:10.1002/2013JA019439.
Rosenberg, T. J., U. Wedeken, P. Stauning, A. Ranta, and H. Ranta (1983), Development of an auroral absorption substorm—Studies
of substorm related absorption events in the afternoon-early evening sector, Planet. Space Sci., 31, 1415–1421,
doi:10.1016/0032-0633(83)90017-X.
Saito, T. (1978), Long-period irregular magnetic pulsation, Pi3, Space Sci. Rev., 21, 427–467, doi:10.1007/BF00173068.
Sarafopoulos, D. V. (2008), A physical mechanism producing suprathermal populations and initiating substorms in the Earth’s magnetotail,
Ann. Geophys., 26, 1617–1639, doi:10.5194/angeo-26-1617-2008.
Sergeev, V. A., V. Angelopoulos, and R. Nakamura (2012), Recent advances in understanding substorm dynamics, Geophys. Res. Lett., 39,
L05101, doi:10.1029/2012GL050859.
Sharma, A., D. Baker, M. Grande, Y. Kamide, G. Lakhina, R. McPherron, G. Reeves, G. Rostoker, R. Vondrak, and L. Zelenyiio (2003), The
storm-substorm relationship: Current understanding and outlook, in Disturbances in Geospace: The Storm-Substorm Relationship,
edited by A. S. Sharma, Y. Kamide, and G. S. Lakhina, pp. 1–14, AGU, Washington, D. C., doi:10.1029/142GM01.
Sheeley, N., J. Harvey, and W. Feldman (1976), Coronal holes, solar wind streams, and recurrent geomagnetic disturbances: 1973–1976, Sol.
Phys., 49(2), 271–278.
Smith, E. J., and J. H. Wolfe (1976), Observations of interaction regions and corotating shocks between one and ﬁve AU: Pioneers 10 and 11,
Geophys. Res. Lett., 3(3), 137–140, doi:10.1029/GL003i003p00137.
Summers, D., B. Ni, N. P. Meredith, R. B. Horne, R. M. Thorne, M. B. Moldwin, and R. R. Anderson (2008), Electron scattering by whistler-mode
ELF hiss in plasmaspheric plumes, J. Geophys. Res., 113, A04219, doi:10.1029/2007JA012678.
Tanskanen, E. I. (2009), A comprehensive high-throughput analysis of substorms observed by IMAGE magnetometer network: Years
1993–2003 examined, J. Geophys. Res. Space Physics, 114, A05204, doi:10.1029/2008JA013682.
Thorne, R. M. (2010), Radiation belt dynamics: The importance of wave-particle interactions, Geophys. Res. Lett., 37, L22107,
doi:10.1029/2010GL044990.
Thorne, R. M., and C. F. Kennel (1971), Relativistic electron precipitation during magnetic storm main phase, J. Geophys. Res., 76, 4446–4453,
doi:10.1029/JA076i019p04446.
Torbert, R. B., et al. (2016), The FIELDS instrument suite on MMS: Scientiﬁc objectives, measurements, and data products, Space Sci. Rev., 199,
105–135, doi:10.1007/s11214-014-0109-8.

GRANDIN ET AL.

COSMIC NOISE ABSORPTION DURING HIGH-SPEED STREAMS

5222

Journal of Geophysical Research: Space Physics

10.1002/2017JA023923

Tsurutani, B. T., et al. (2006), Corotating solar wind streams and recurrent geomagnetic activity: A review, J. Geophys. Res., 111, A07S01,
doi:10.1029/2005JA011273.
Turner, D. L., et al. (2016), Energy limits of electron acceleration in the plasma sheet during substorms: A case study with the magnetospheric multiscale (MMS) mission, Geophys. Res. Lett., 43(15), 7785–7794, doi:10.1002/2016GL069691.
Vennerstrøm, S. (1999), Dayside magnetic ULF power at high latitudes: A possible long-term proxy for the solar wind velocity?, J. Geophys.
Res., 104(A5), 10,145–10,157, doi:10.1029/1999JA900015.
Wanliss, J. A., and K. M. Showalter (2006), High-resolution global storm index: Dst versus SYM-H, J. Geophys. Res., 111, A02202,
doi:10.1029/2005JA011034.

GRANDIN ET AL.

COSMIC NOISE ABSORPTION DURING HIGH-SPEED STREAMS

5223

