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Abstract This paper reports double-peak subauroral ion drifts (DSAIDs), which is unique subset of
subauroral ion drifts (SAIDs). A statistical analysis has been carried out for the first time with a database of
454 DSAID events identified from Defense Meteorological Satellite Program observations from 1987 to 2012.
Both case studies and statistical analyses show that the two velocity peaks of DSAIDs are associated with
two ion temperature peaks and two region-2 field-aligned currents (R2-FACs) peaks in the midlatitude
ionospheric trough located in the low-conductance subauroral region. DSAIDs are regional and vary
significantly with magnetic local time. DSAIDs can evolve from/to SAIDs during their lifetimes, which are from
several minutes to tens of minutes. Comparisons between the ionospheric parameters of DSAIDs and
SAIDs indicate that double-layer region-2 field-aligned currents (R2-FACs) may be the main driver of DSAIDs.
It is also found that DSAIDs happen during more disturbed conditions compared with SAIDs.

1. Introduction

During geomagnetic substorms, especially during their recovery phases, an intense ion convection zone with
latitudinally narrow and longitudinally elongated rapid westward ion drifts (WID) or strong poleward electric
fields (PEF) usually appears in the evening to midnight sector equatorward of the auroral oval. It was first
termed as subauroral ion drifts (SAID) by Spiro et al. [1979]. More recently, Foster and Burke [2002] suggested
an inclusive name, subauroral polarization streams (SAPS), to encompass both the narrow and intense SAIDs
and the broader regions of sunward subauroral plasma drifts during storm times reported by Yeh et al. [1991].
SAPS may or may not contain the narrow, intensive, and dynamic SAIDs. SAIDs have been studied in both
ground and space-based observations, such as in electric field measurements [Maynard et al., 1980;
Karlsson et al., 1998; Figueiredo et al., 2004; Puhl-Quinn, et al., 2007], radar measurements [Yeh et al., 1991;
Foster et al., 1994], and ion drift measurements [Spiro et al., 1979; Anderson et al., 1991, 1993, 2001]. To date,
the generally accepted characteristics of SAIDs are as follows:

1. SAIDs are latitudinally confined and longitudinally extended WIDs located equatorward of the auroral
oval. They sometimes overlap with the equatorial boundary of electron precipitation.

2. SAIDs have a single WID peak with a magnitude exceeding 1 km/s [Anderson et al., 1991; Rodger et al.,
1992] or a single PEF peak exceeding 30mV/m [Karlsson et al., 1998; Figueiredo et al., 2004]. There are also
reports of the occurrence of eastward SAIDs [Voiculescu and Roth, 2008]. The latitudinal profile of drift
velocity is similar to a single peak Gaussian function.

3. SAIDs happen mostly near ~60° magnetic latitude (MLAT) and ~2200 magnetic local time (MLT), and with
a full width at half maximum (FWHM) between 0.05° and 2.0° [Karlsson et al., 1998; Figueiredo et al., 2004;
He et al., 2014].

4. High correlations between the MLATs of SAIDs and the downward region 2 field-aligned currents (R2-FACs)
and between the FWHM of SAIDs and the density of R2-FACs [He et al. 2014] indicate that R2-FACs play an
important role in the generation and evolution of SAIDs.

5. The occurrence, shape, and geomagnetic activity variations of SAIDs have a significant north-south asym-
metry [Zhang et al., 2015].

Although the one peak, spike structure has been observed inmost of the SAID/SAPS events, different latitudinal
structures of WIDs of SAIDs are also reported. Mishin et al. [2003] showed the electromagnetic wave structures
within SAPS with a frequency range of ~0.15Hz. They proposed several causal mechanisms for interpreting the
wave structures, such as the cavity mode, ring current source, and magnetosphere-ionosphere (M-I) coupling.
Mishin and Blaunstein [2008] and Makarevich and Bristow [2014] also reported wave structures in the SAPS
(SAIDs). These results were case studies and focused mainly on the electromagnetic wave structures in the
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SAPS/SAIDs, which is just one type of the latitudinal variation ofWIDs in SAPS/SAIDs. In this paper, we use DSMP
satellite observations to show the latitudinally double-peaked SAIDs (DSAIDs), which have not been reported or
studied before.

2. Observations and Discussion
2.1. Overview of DSAID Events

For over 25 years Defense Meteorological Satellite Program (DMSP) satellites have been monitoring the
plasma parameters in the middle and high latitudes with a great success, using the ion drift meter (IDM) to
measure the ion drift velocity, the retarding potential analyzer (RPA) to measure the ion density
[Greenspan et al., 1986], the precipitating energetic particle spectrometer (Special Sensor Precipitating
Electron and Ion Spectrometer (SSJ)/4 and SSJ/5) to measure precipitating ion/electron fluxes[Hardy et al.,
1984], and the special sensor magnetometer (SSM) to measure the magnetic fields [Rich et al., 1985]. Based
on the long-term DMSP observations in the subauroral ionosphere, a large database of SAIDs from 1987 to

Figure 1. A DSAID event observed by the DMSP F13 satellite on 27 February 2004. (a) The horizontal drift velocities with
negative values for westward, (b) the vertical drift velocities with positive values for upward, (c) the logarithmic scaled
number fluxes of precipitation electrons and (d) ions with color bar shown at the right, (e) the logarithmic scaled ion/
electron (red/blue) densities, (f) the ion/electron (red/blue) temperatures, and (g) FAC density with positive values
downward and negative for upward, respectively. The two vertical lines indicate the two WID peaks of the DSAID event.
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2012 has been built by He et al. [2014]. Apart from the typical single-peak SAID events, 454 DSAID events with
two WID peaks in latitude are found in the DMSP observations from 1987 to 2012. An example of a DSAID
event observed by the DMSP F13 satellite on 27 February 2004 is shown in Figure 1.

Two strong WID peaks were clearly seen in Figure 1 with one peak occurred at 21:29:40 UT and located at
�62.8° MLAT, 1847 MLT with a velocity peak of �2.5 km/s and FWHM of 0.36° (P1) and the other occurred
at 21:30:06 UT and located at �61.3° MLAT, 1845 MLT with a velocity peak of �2.3 km/s and FWHM of
0.51° (P2). Figure 1a also shows that each peak corresponded to an upward ion drift (UID) peak (Figure 1b),
an ion temperature peak (Figure 1f), and a R2-FACs peak (Figure 1g), respectively. Both P1 and P2 were located
equatorward of the equatorial boundary of the precipitation electrons and ions as shown in Figures 1c and
1d. They were also located in the midlatitude ionospheric trough (MIT) region as indicated in Figure 1e.

2.2. Regional and Temporal Variations of DSAIDs

Simultaneous observations by multiple DMSP satellites further show that DSAIDs have strong regional and
temporal variations as demonstrated in Figure 2. The characteristics in Figure 2 for three DSAID events are
as follows:

1. The magnitudes of the two WID peaks of DSAIDs may be approximately the same (Figure 2a, blue and
purple) or significantly different. There were cases that the poleward peaks were greater (Figure 2b, red
and black), and cases that the equatorward peaks were greater (Figure 2c, green and black).

2. DSAID events occurred and were significant in limited MLT sectors, e.g., after ~21.0 h in Figure 2a, or
before ~20.0 h in Figures 2b and 2c. In other MLT sectors, however, the WID profiles still exhibited as
SAIDs. This implies that the generation of DSAIDs may be due to the regional or localized irregular
condition in the ionosphere and/or magnetosphere.

3. The profiles of DSAID varied greatly with MLT. In Figure 2a, the DSAID events observed by F15 and F16
were within 10min, with a MLT difference of ~0.6 h. The MLATs and the latitudinal distances of the
DSAID peaks were almost the same for both F15 and F16, but the DSAID peak velocities observed by
F15 were almost 3 times larger than those seen by F16. For the simultaneous observations by F13,
F15, and F17 at ~10:00 UT in Figure 2b, the double-peak structures were significant for F13 and F17 with
similar magnitudes but different in MLATs and latitudinal distances. The magnitudes of the poleward

Figure 2. (a–c) Simultaneous observations of the horizontal drift velocities (thick lines, left to be westward) of DSAID events
along DMSP satellite paths (thin lines). The colors for different satellites and the DSAID/SAID encountering times are shown
at the upper left corners of each panel. Diamonds represent the equatorial boundaries of electron precipitation according
to SSJ observations.
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peak for F13, F15, and F17 increased with MLT, while the magnitudes of the equatorward peak
decreased with MLT. In Figure 2c, during the simultaneous observations by F13, F14, F15, and F17
around 06:30 UT, the double-peak structures were evident for F14 and F17, while the F13 and F15
profiles still exhibited as SAIDs.

Figure 3. A statistical comparison between (left column) SAIDs and (right column) DSAIDs. From top to bottom shown are
(a and b) horizontal/vertical (red/blue) ion drift velocities with positive for eastward/upward and negative for westward/
downward, (c and d) logarithmic scaled ion/electron (red/blue) densities, (e and f) ion/electron (red/blue) temperatures,
(g and h) ionospheric conductances calculated by the average energy and total energy flux of the precipitating electrons
using the method of Robinson et al. [1987], (i and j) FAC densities with positive for downward Region-2 FACs, (k and l)
average energy of precipitation ions/electrons (red/blue), and (m and n) total number fluxes of precipitation ions/electrons
(red/blue), respectively. Negative δMLAT denotes equatorward, and positive one denotes poleward. The single velocity
peak of SAIDs in the left column is marked by the vertical dashed line at δMLAT = 0°, and the double peaks of DSAIDs in the
right column are marked by the two vertical dashed lines at δMLAT =�0.5° and δMLAT = 0.5°, respectively.
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4. The DSAIDs also varied with time with time scales of several minutes (green and black lines in Figure 2c) to
tens of minutes (green and red lines in Figure 2a and green and black lines in Figure 2b). Such time scales
are similar to those of SAPS/SAIDs reported by Oksavik et al. [2006].

After investigating the evolution of all the DSAID events, we found that the generation and evolution of
DSAIDs can approximately be divided into two situations. The first one is that a strong SAID event with a sin-
gle peak first appears in the MLT sector from evening to midnight. This single peak then splits into two peaks
in some MLT sectors, such as before 20.0 h, or after 21.0 h, to form a DSAID. In other MLT sectors SAIDs still
have a single velocity peak. During the recovering phase of the event, the two peaks may fade together or
merge into a single peak and finally disappear when the events are completely recovered. About 90% of
the DSAID events follow this sequence. The second case for the remaining ~10% of events is that a weak
DSAID event with two small peaks first appear in almost all the MLT sectors, and the two peaks are then
strengthened with time to become strong double-peaked westward flows of more than 1 km/s in some
MLT sectors, while merge into one strong peak in other MLT sectors to form SAIDs. Both SAIDs and DSAIDs
disappear in the recovery phase of the event.

2.3. Statistical Comparisons Between DSAIDs and SAIDs

To clearly demonstrate the characteristics of DSAIDs and their differences from SAIDs, statistical profiles of
both SAID- and DSAID-related ionospheric plasma parameters are shown in Figure 3. The calculation or
extraction methods of the plasma parameters from DMSP observations are described in detail in He et al.
[2014]. The latitudinal profiles of SAIDs in the left column of Figure 3 are obtained using the method of
Zhang et al. [2015]. The latitudinal profiles for DSAIDs are obtained by the following procedure. First, the aver-
age latitudinal distance (dave) between the two peaks of DSAIDs (e.g., latitudinal distance between the two
vertical lines in Figure 1) for all the events is calculated, which equals to 1.1° (actually dave = 1.0° is adopted
here to simplify the following analysis process). The center of the two peaks is taken as the central MLAT
(δMLAT = 0°) to normalize the latitudinal distances of the two peaks of DSAIDs to make the equatorward peak
located at δMLAT =�0.5° and the poleward located at δMLAT = 0.5°. Then all the normalized latitudinal profiles
of the ionospheric plasma parameters are resampled into the MLAT grids of 0.125° interval between
δMLAT =�10° and δMLAT = 10°. Finally, the parameters in each grid are averaged to obtain the profiles in the
right column of Figure 3. The characteristics in Figure 3 are summarized as the following:

1. SAIDs have a single WID peak (Figure 3a), corresponding to a single UID peak (Figure 2a), a single ion tem-
perature peak (Figure 3e), and a single FAC density peak (Figure 3i). All of them are located at the pole-
ward boundary of the MIT (Figure 3c) and the equatorward boundary of precipitation ions/electrons
(Figures 3g, 3k, and 3m), in agreement with previous studies [He et al., 2014, and references therein].

2. DSAIDs have two WID peaks (Figure 3b), corresponding to two UID peaks (Figure 3b), two ion temperature
peaks (Figure 3f), and two FAC density peaks (Figure 3j). All of them are located at the equatorward bound-
ary of precipitation ions/electrons (Figures 3h, 3l, and 3n). The peak at δMLAT=�0.5° is located at the center
of the MIT, whereas the peak at δMLAT= 0.5° is located at the poleward boundary of the MIT (Figure 3c).

3. Both ion/electron densities of SAIDs are higher than those of DSAIDs (Figures 3c and 3d). The MIT is
deeper for DSAIDs. The electron temperature for DSAIDs is ~500 K higher than that of SAIDs (Figures 3e
and 3f), but the ion temperatures of SAIDs and DSAIDs are roughly the same.

4. Both SAIDs and DSAIDs are located in the low-conductance region of the MIT, which is equatorward of the
electron auroral precipitation boundary (Figures 3g and 3h and 3k–3n). The latitudinal variations of the
conductance and the average energy and total number flux of precipitation ions/electrons are similar,
but the magnitude of the number flux of precipitating electrons for SAIDs is greater than that of
DSAIDs. There is a small flux peak at δMLAT = ~0° for precipitating ions for DSAIDs (Figure 3n).

5. For both SAIDs and DSAIDs, the electron temperature has a single peak within the MIT, in agreement with
Moffett et al. [1998] and Förster et al. [1999]. The ion temperature peaks are aligned with the WID peaks.
Thus, there are two ion temperature peaks for DSAIDs, and both peaks are located poleward of the elec-
tron temperature peak. The electron temperatures are generally greater than the ion temperatures for
both SAIDs and DSAIDs. The electron-ion temperature differences are ~1000 K in the WID regions.

Figure 4 further shows the differences between the occurrences of DSAIDs and SAIDs. It is noted in Figures 4a
and 4b that both peaks of DSAIDs happen more equatorward and earlier in MLT than the single peak of
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Figure 4. Occurrence probabilities of (left column) SAIDs and (right column) DSAIDs versus different variables. From top to
bottom shown are (a and b) |MLAT|, the absolute value of MLAT binned in 0.5° intervals; (c and d) MLT binned in 0.5 h
intervals; (e and f) the Kp index binned in 1/3 intervals; (g and h) theDst index binned in 10 nT intervals; (i and j) the AE index
binned in 100 nT intervals, (k and l) IMF By binned in 1 nT intervals; (m and n) IMF Bz binned in 1 nT intervals; (o and p)
solar wind speed (VSW) binned in 50 km/s intervals; and (q and r) solar wind number density (NSW) binned in 1 cm�3

intervals. The vertical dashed lines represent the statistical means. The probabilities are obtained by dividing the event
numbers in each bin with the number of total events. The black/blue lines in Figures 4b and 4d represent the poleward/
equatorward peaks of the DSAIDs, respectively.
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SAIDs. This is mostly related to the
fact that DSAIDs usually occur
under geomagnetically more
active conditions, as the average
values of the Kp index (Figure 4c),
AE index (Figure 4e), and solar wind
speed (Figure 4h) for DSAIDs are
slightly higher than those for
SAIDs. However, the interplanetary
magnetic field (IMF) conditions
(Figures 4f and 4g) for DSAIDs and
SAIDs do not have large differ-
ences, and IMF Bz is mainly south-
ward for both DSAIDs and SAIDs
(more than 80% of the events).

2.4. Preliminary Discussion on
the DSAID
Production Mechanism

The mechanisms for the occurrence
of DSAIDs are evidently compli-
cated and need further observa-
tional and theoretical studies. Here
in Figure 5 we schematically outline
a possible physical process for the
production of DSAIDs.

The correlation between the PEFs or the WIDs and the R2-FACs has been well established usingmany satellite
observations from different altitudes in the subauroral ionosphere [Smiddy et al., 1977; Maynard, 1978; Rich
et al., 1980; Ishii et al., 1992; Lühr et al., 1994; Anderson et al., 2001; Figueiredo et al., 2004; He et al., 2014].
Under geomagnetically disturbed conditions, the strongest partial ring currents are in the dusk to midnight
sector [Liemohn et al., 2001; Le et al., 2004] and a large azimuthal gradient of the ring current pressure can lead
to relatively strong R2-FACs [Zheng et al., 2008]. Furthermore, the energetic ring currents overlap with the
cold plasmasphere where wave instabilities develop [Jordanova et al., 1996]. Under such circumstance,
double-layer structures of R2-FACs may be generated in the localized region in the dusk to midnight sector
possibly due to wave-particle interactions [Sugiura, 1984; Lühr et al., 1994; Jordanova et al., 1996]. When the
energetic particles associated with the double-layer FACs precipitate into the ionosphere, frictional heating
with neutral species (e.g., N2) in the subauroral region (O+) can cause the double-peak signature of the ion
temperature. Ion density is depleted due to the main loss mechanisms of ion-neutral chemical reaction
(N2 +O+→N+NO+) and dissociative recombination (NO+ + e–→N+O) [Anderson et al., 1993]. Finally, the
density, temperature, and conductance gradients in the MIT region [Keskinen et al., 2004] induce the
double-peak structure of DSAID.

The statistical characteristics of SAIDs and DSAIDs indicate that the sources of SAIDs/DSAIDs may be the mag-
netospheric current generator. The large azimuthal gradients in the ion pressure in the equatorial plane drive
relatively large FACs. Wave-particle interactions may generate multilayer structures of FACs. The ionospheric
electric fields adjust accordingly to provide the current flow required by the magnetosphere when the FACs
flow into the ionosphere in the low-conductance region associated with the MIT. If given downward FACs are
not sufficient to return all the ionospheric Pedersen current in the region of low conductance, the current
might be forced to develop another channel, leading to multiple circuits each of which generates large sub-
auroral poleward electric fields and subsequent strong westward ion drifts. That is, the ionosphere responds
to the magnetospheric current generator and determines where and how the currents will close.

The subauroral ionosphere where many important boundaries or structures, such as the auroral particle pre-
cipitation boundary, the plasmapause, the FACs, and the MIT, interact with each other is a very important
region to understand the M-I coupling. The interactions between the ring currents and the plasmasphere

Figure 5. A schematic plot of the production mechanism of DSAIDs asso-
ciated with FACs (solid arrows), precipitation electrons, height-integrated
Pedersen conductance (ΣP), horizontal ion drift velocity (VHOR), and iono-
spheric electron densities (dotted line). The two WID peaks of the DSAID are
marked by the two vertical dashed lines. R1-FAC denotes upward region-1
FACs, and R2-FAC denotes downward region-2 FACs.
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in the magnetosphere can greatly affect the dynamics of the subauroral ionosphere, generating significant
WIDs and density trough, and these irregularities in turn can modify the dynamics of the plasmasphere
and the thermosphere. The relationships between these boundary structures in the subauroral region need
to be investigated in detail in the future to help us further our understanding of the M-I coupling.

3. Summary and Conclusion

In this letter, we show for the first time that some of subauroral ion drifts are associated with evident
double-peak structures. The most outstanding signature of DSAIDs is their two significant WID peaks that
are associated with two R2-FACs peaks. These two peaks are also associated with two ion temperature peaks
in the MIT region, which is equatorward of the auroral oval. Simultaneous observations by multiple DMSP
satellites reveal that DSAIDs are regional structures with time scales of a few minutes to tens of minutes.
Statistical studies also show that DSAIDs usually occur under more disturbed solar wind and geomagnetic
conditions when compared with SAIDs. A preliminary discussion on the generation mechanism of DSAIDs
suggests that the various structures (e.g., auroral boundary, MIT, FACs, and temperature peak) existing in
the subauroral region are highly coupled and that the R2-FACs are the essential driver of the WID or PEF.
Further investigations, however, are required to systematically study the relationships between the various
boundary structures in the subauroral ionosphere and the occurrence of DSAIDs.
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