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Abstract Spatial and temporal characteristics of ﬂow perturbations in the high-latitude ionosphere are
important considerations for energy deposition from the magnetosphere. In this study, we examine the
temporal characteristics of plasma ﬂow perturbations with spatial scales between 100 and 400 km from two
consecutive Defense Meteorological Satellite Program (DMSP) passes that have about the same orbital plane
and sample time spacing between a few seconds and 20 min during local summer seasons in 20072015. The temporal characteristics of mesoscale ﬂow perturbations are described by rise and saturation times
for growth and decay derived from the changes in magnitude of perturbations and the time separation
between consecutive samples. Observations suggest that the rise times for both growth and decay are shorter
for small spatial scales (1–2 min, 100–200 km) and longer for large spatial scales (3–5 min, 200–400 km).
The saturation time for decay is ~10 min for small scales and ~20 min for large scales. The growth saturation
time is about 5–10 min for both scale sizes. These characteristic times for growth are always shorter than
the decay times. If the difference in these characteristic times between growth and decay is produced by
motion of a perturbation with the background ﬂow through the observed volume, then a longitudinal scale
size of 750 km or 1.5 hr of local time is implied.
1. Introduction
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The high-latitude plasma convection pattern has been intensively studied for years utilizing satellite and
radar observations that describe a large-scale (>1,000 km) view of the convection pattern and its dependency
on season, dipole tilt, and different states in the solar wind (Pettigrew et al., 2010; Rich & Hairston, 1994;
Ruohoniemi & Greenwald, 1996, 2005). In addition, empirical models of the convection pattern have been
developed, which are responsive to a range of conditions in the solar wind (Cousins & Shepherd, 2010;
Weimer, 2001). Analytical expressions for the electric potential conﬁguration at high latitudes have also
been constructed (Hairston & Heelis, 1990; Heelis et al., 1982). However, a signiﬁcant amount of structure
in the plasma motion or electric potential with gradient scale lengths of 500 km and less is present in the
observation and is not captured by these statistical descriptions and models. These mesoscale features in
electric potential or drift velocity superimposed on the large-scale convection pattern can contribute additional energy to the ionosphere and thermosphere in the form of Joule heating.
Joule heating and particle precipitation at high latitudes are two major heat sources from the magnetosphere
that can perturb both the ionosphere and neutral atmosphere (Vickrey et al., 1982). The joule heating rate is
usually given as a product of Pederson conductivity and electric ﬁeld in the neutral rest frame, which has
been shown to be equivalent to the total frictional heating rate dependent on ion mass density, the ionneutral collision frequency, and relative ion-neutral velocity (St.-Maurice & Schunk, 1981; Vasyliunas &
Song, 2005). The largest joule heating rate occurs in the E region where the Pederson conductivity is the largest. However, the most signiﬁcant increases in the ion temperature are related to large electric ﬁelds in the
F region (Heelis & Coley, 1988; Killeen et al., 1984).
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Codrescu et al. (1995) illustrated an inconsistency in the location of the extremes in the neutral temperature
between the coupled thermosphere-ionosphere mode (CTIM) (Fuller-Rowell et al., 1996) and Mass
Spectrometer Incoherent Scatter (MSIS) neutral atmosphere model (Hedin, 1987) and attributed this inconsistency to the missing energy input from Joule heating due to the variability in electric ﬁeld or drift velocity.
Since then many studies have been carried out to characterize both the spatial and temporal variability in
electric ﬁeld from ground and space-based observations of the ion drift or electric ﬁeld (Codrescu et al.,
2000; Cousins & Shepherd, 2012; Johnson & Heelis, 2005; Matsuo et al., 2003; Matsuo & Richmond,
2008). It has been found that the intensity and spatial distribution of the variability with scale sizes less than
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500 km depends on season, interplanetary magnetic ﬁeld (IMF), gradient in the background ion drift, and
location in magnetic latitude and local time. This variability has also been shown to be responsible for
increases in the neutral temperature and result in signiﬁcant changes in neutral density (Deng et al., 2009).
The temporal characteristics of the electric ﬁeld variability have been examined by using EOF analysis
applied to Super Dual Auroral Radar Network (SuperDARN) observations (Cousins et al., 2013). It was
found that variability in the electric ﬁeld with the smallest spatial scales and shortest time scales has a
weaker dependency on the IMF orientation than the larger scale size and longer time scale variability.
Other studies of the ﬁeld-aligned current (FAC) density and particle precipitation used two consecutive
satellites, one followed by another, to study the time scale of coherent features (Boudouridis & Spence,
2007; Gjerloev et al., 2011). A similar time scale, on the order of a few minutes, was found in current structure and particle precipitation structure with scale sizes between 100 and 1,000 km. On the dayside, coherent
current structures are seen at shorter time separations between the satellites than that on the nightside. This
was attributed to the different reconﬁguration times of the magnetosphere on the dayside and nightside. A
dependency of the temporal characteristics of FACs on IMF Bz and geomagnetic activity was seen on the
nightside (Gjerloev et al., 2011).
Both the spatial and temporal variability in the electric ﬁeld are important considerations for determining
the joule dissipation in the ionosphere because this extra heating is dependent on the magnitude of the electric ﬁeld variability and the time over which it is present in the system. Here we present a systematic study
identifying mesoscale ﬂow features with scale sizes between 100 and 400 km in the ion drift measurements
from two consecutive passes taken from DMSP satellites. Our interest is to investigate the temporal persistence of these ﬂow features and their dependence on the spatial scale size, orientation of the IMF, and geomagnetic activity. We found that ﬂow features with smaller spatial scales generally have shorter residence
times than the larger scale sizes. This characteristic time of the mesoscale features is found to be independent
on IMF Bz but weakly dependent on geomagnetic activity.

2. Observations
Data from Defense Meteorological Satellite Program (DMSP) F13, F15, F16, F17, and F18 spacecraft are used
in this study. Each satellite has an approximately Sun-synchronous orbit at altitude ~840 km and has an ion
drift meter that provides the cross-track ion drift velocity in the direction perpendicular to the satellite track
every 4 s (F13 and F15) or 1 s (F16, F17, and F18). Thus, the spatial size resolved by the sample cadence is
about 70 or 20 km. During several periods from 2007 to 2015, two satellites have approximately the same
orbital plane in magnetic coordinates with local time separation less than 0.5 hr and time spacings ranging
from a few seconds to 20 min. This data set enables us to investigate the variability in ﬂow features in a relatively small volume, as a function of the time separation between the satellites. We only consider the local
summer months of May to August in the northern hemisphere and the months of November to February
in the southern hemisphere since under these conditions the O+ density is high and a high ﬁdelity signal
is obtained from the ion drift meter.
To investigate any relationship between the temporal characteristic of ﬂow features and external drivers, the
IMF measurements and auroral electrojet index (AE index) are used in this study. IMF data are propagated
in time by 10 min to correspond to the time at the high-latitude ionosphere (Hairston & Heelis, 1995; Yu &
Ridley, 2009). The AE index is used to indicate the geomagnetic activity in the auroral region. These data are
available at the Space Physics Data Facility OMNIWeb interface.

3. Approach
In order to study the temporal characteristics of the mesoscale ﬂow features in the high-latitude ionosphere,
a ﬁrst step is identifying those ﬂow features in the underlying large-scale convection pattern. Figure 1 is an
example event taken from DMSP F13 and F15 during a northern hemisphere pass on 16 August 2008. F13
crosses the pole around 15:07:07 UT and is followed by F15 ~1 min later. Two satellites have approximately
the same orbital plane along the dawn-dusk meridian as shown in the polar diagram. The original crosstrack drift velocity is shown in the top panel with F13 in black and F15 in red. Since the spatial size that
can be resolved by the sample cadence of the instrument is about 70 km, we ﬁrst apply a low-pass box-car
CHEN AND HEELIS
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Figure 1. (ﬁrst panel) Original cross-track drift velocity, (second panel) small-scale ﬁltered drift velocity, (third panel)
larger scale background convection, and (fourth panel) the residual drift velocity from the ﬁrst encounter, F13 (black), and
second encounter, F15 (red), are plotted as a function of magnetic latitude. Satellite orbits of F13 (black) and F15 (red)
in magnetic latitude and local time are shown in the polar diagram.

ﬁlter to attenuate structures with scale sizes less than 100 km (second panel). We then identify a signature of
the large-scale convection by attenuating all features with scale sizes less than 600 km utilizing a box-car
average ﬁlter as shown in the third panel. Deviations from the large-scale background are obtained by
subtracting the small-scale ﬁltered ion drift measurement (second panel) from the large-scale convective
ﬂow signature (third panel). This residual velocity (bottom panel) shows the ﬂow structures with scales
between 100 and 600 km. Focusing on these isolated ﬂow structures, we ﬁnally apply a wavelet analysis
to this residual velocity from each pass to identify the spatial scale size of ﬂow features and their location
in magnetic latitude and local time.
Figure 2 is an illustration of the wavelet analysis. The ﬁrst derivative of a Gaussian function is used as the
wavelet to describe the shape of the ﬂow structures (dotted blue lines in the top panel). Scale size is deﬁned
as the full width at half max of the peak of the Gaussian function (vertical dashed lines), which is approximately a half period of the wavelet. By changing the full width at half maximum, we are able to specify a
wavelet with different width to represent a ﬂow feature with different spatial scale size. In the middle panel,
the black curve represents a sample feature shown in the time series ﬂow data. We then perform the running
inner product between the sample feature and wavelets with different scale sizes, to produce a map of the
inner product as a function of scale size and time (bottom panel). The location of the local maxima in this
map (red asterisk) indicates the trailing edge of the feature and the scale size that best describes the feature.
We then ﬁnd the positive (or negative) extrema in the velocity of the identiﬁed ﬂow feature that is designated
as a sunward directed (or antisunward directed) ﬂow perturbation with respect to the large-scale background convection ﬂow. The identiﬁed features for the example event are shown in the bottom panel of
Figure 1 as circles and asterisks to denote the antisunward directed and sunward directed ﬂow perturbations
respectively. We apply the procedure described above on each pass to ﬁnd the scale size, the location in magnetic latitude and magnetic local time, and also the peak velocity of each ﬂow perturbation.
The same ﬂow perturbations from consecutive passes are identiﬁed by the similarity in scale size and
location of the ﬂow perturbations. We allow the scale size to change by 25% and the location to change
by 1.5° in magnetic latitude to account for a variability in the spatial size of the perturbations and the
CHEN AND HEELIS
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Figure 2. Illustration of feature identiﬁcation by using the wavelet analysis. The blue dotted line represents the wavelet,
and (top panel) the vertical dashed lines indicate the width (scale size) of the wavelet. (middle panel) A test data with one
positive excursion shows in black solid line. (bottom panel) A two-dimensional map of the inner products between the
wavelet with different width and the test data are plotted as function of time and scale size. The location of the local
maximum (asterisk) is the result of this analysis indicating the feature location and spatial scale size.

movement of the perturbations due to expansion and contraction of the large-scale convection pattern. A
percentage change (Pc) in the peak velocity of the ﬂow perturbations observed by two consecutive passes
is calculated to determine the growth or decay. We also require that the peak velocity of at least one of
the ﬂow perturbations observed by two encounters be larger than 100 m/s. Flow perturbations that are
observed in only one pass are designated as appearing or disappearing with Pc of 100%. The time
difference between ﬁrst and second encounter of ﬂow perturbations and the change in magnitude of
the perturbations provides a time constant for growth, decay, appearance, or disappearance.
To investigate a dependency on the IMF and geomagnetic activity, each pair of ﬂow perturbations captured
by the two consecutive satellites is tagged with a median value of IMF and AE index over the time between
the two encounters. Based on the median value of IMF and AE index, the observations are further divided
into different groups: northward (Bz > 0) and southward IMF (Bz < 0) groups and disturbed (AE > 100)
and quiet (AE < 100) groups. We note that our purpose is to compare the temporal characteristic of ﬂow perturbations under different geomagnetic activity conditions, so the choice of the 100 nT threshold is driven by
the need for sufﬁcient statistics in each category.

4. Results
We collected a total of 3,378 consecutive passes from any combinations of measurements from the F13, F15,
F16, F17, and F18 satellite taken between 2007 and 2015 in both hemispheres. The local time separation
between the consecutive passes is less than 0.5 hr, and the universal time separation is less than 20 min.
Figure 3 shows the numbers of consecutive passes (blue histogram) and the numbers of ﬂow perturbations
observed by the ﬁrst satellite (red histogram) and second satellite (black histogram) as a function of the time
separation between the two (Δt). More than 50% of the consecutive passes have a time spacing less than
4 min, and thus, large numbers of perturbations are identiﬁed in that time separation region. The numbers
of ﬂow perturbations observed by the ﬁrst satellite are approximately the same as the numbers observed by
CHEN AND HEELIS
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the second satellite, which implies that mesoscale perturbations are
commonly present in the high-latitude region at all times. We found
that the sample size of perturbations with scale sizes between 400 and
600 km is quite small, and thus, we only consider scale sizes up
to 400 km.

Figure 3. The numbers of consecutive passes (blue), ﬂow perturbations observed
by ﬁrst satellite (red), and ﬂow perturbations observed by the second satellite
(black) are plotted as a function of the sampling time spacing.

The locations of the ﬂow perturbations in magnetic coordinates
observed by the ﬁrst (left) and second (right) satellite are shown in
Figure 4. The coverage in local time is limited to the dusk and
dawn sectors due to the conﬁguration of the DMSP satellite orbits.
There is no satellite in the noon-midnight meridian during the
years of 2007 through 2015. Thus, the DMSP data are not sufﬁcient
to investigate the temporal characteristic of ﬂow perturbations in
the local noon and midnight regions. With the coverage around
the dawnside and duskside, the perturbations are located in the
auroral zone and polar cap region, but there are fewer ﬂow perturbations at really high latitudes (above 85°). Note that we include
the identiﬁed perturbations under all IMF orientations and magnetic activity levels and will discuss the dependence of the temporal characteristic of the perturbations on the IMF Bz and
geomagnetic activity in a later section. In addition, the data used
in this study cover only summer seasons and thus we will not
examine the seasonal dependency of the characteristic time.

We ﬁrst separate the identiﬁed perturbations into two groups based
on the scale size: 100 to 200 km and 200 to 400 km and two groups
based on the Pc in the magnitude of the perturbations, indicating
growth or decay. To describe the temporal characteristics of the ﬂow perturbations, we consider those
perturbations that have grown or decayed by more than 50%. Figure 5 shows the histograms of all decaying perturbations (left) and decaying perturbations with changes greater than 50% (middle) as a function
of the separation time between passes. Smaller scale sizes (100–200 km) are in the top panels, and larger
scales (200–400 km) are in the bottom panels. Note that the sample numbers for different time separations are nonuniform. Thus, the right-side panels show the percentage of the perturbations decaying by
more than 50% in each 2-min time separation bin. We then deﬁne a rise time as the shortest separation
time at which more than 60% of these features are observed and a saturation time as the shortest separation time at which more than 80% of these features are observed. The right-side panels show that nearly
60% of the smaller scale perturbations that have decayed by more 50% are observed after 2 min and 60%
of the larger scale perturbations that have decayed by more than 50% are observed after 5 min. Thus, the
rise time for decay is about 2 min and 5 min for small and large scales, respectively. The time at which
more than 80% of perturbations that have decayed more than 50% are observed is ~10 and >20 min for
small and large spatial scales, respectively. We note that both the rise time and saturation time for decaying features are shorter for smaller scale sizes.
Figure 6 shows the histograms of all growing perturbations (left) and growing perturbations with
changes more than 50% (middle) for smaller scale sizes on the top and larger scales on the bottom.
As discussed above due to the nonuniform distribution of the samplings, in the right-side panels we
show the fraction of growing perturbations with more than 50% changes in magnitude as a function
of the time separation. In this case, as before, the rise time is shorter for the smaller scales (less than
2 min) than for the larger scales (~3 min). However, the saturation time is approximately the same
(~5–10 min) for both smaller and larger scales.

In summary, we conﬁned our consideration to those ﬂow perturbations that are seen to grow or decay in
magnitude by 50% or more. For these perturbations we ﬁnd that growth times are shorter than decay
times for both scale sizes and that rise times for both growth and decay are shorter for smaller scales.
The granularity with which we can observe the saturation time at which more than 80% of the growing
perturbations are observed is insufﬁcient to accurately distinguish a difference for different scale sizes.

CHEN AND HEELIS

463

Journal of Geophysical Research: Space Physics

10.1029/2018JA026128

Figure 4. Location of the ﬂow perturbations observed by (left) ﬁrst and (right) second satellite in magnetic coordinate.

We further investigate the dependence of decaying and growing ﬂow perturbations on magnetic activity.
Figure 7 shows, as a function of time separation, the numbers of decaying perturbations (left), the numbers
of perturbations that decay more than 50% in magnitude (middle), and the percentage of perturbations that
decay more than 50% in magnitude (right) for disturbed times (AE > 100, red) and quiet times (AE < 100,
black). For both smaller and larger scale perturbations, a higher fraction of perturbations that decay more
than 50% is seen for disturbed times than quiet times (right panels). If we also choose an 80% threshold,
the time separation at which smaller spatial scale perturbations are seen to decay more than 50% in

Figure 5. (left) The numbers of all decaying perturbations, (middle) decaying perturbations with more than 50% changes in
magnitude, and (right) the percentage of the decaying perturbations with more than 50% changes in magnitude as a function
of time difference.

CHEN AND HEELIS
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Figure 6. (left) The numbers of all growing perturbations, (middle) growing perturbations with more than 50% changes in
magnitude, and (right) the percentage of the growing perturbations with more than 50% changes in magnitude as a
function of time difference.

Figure 7. The format is same as Figure 5 for decaying perturbations during disturbed (red) and quiet time (black).

CHEN AND HEELIS
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Figure 8. The format is same as Figure 6 for growing perturbations during disturbed (red) and quiet time (black).

magnitude is slightly shorter for disturbed times (~9 min) than for quiet time (~11 min). For larger spatial
scale perturbations, the same separation time is also shorter for disturbed times (~13 min) than for quiet time
(>20 min). In addition, within the ﬁrst 5 min, there are more decaying perturbations that have decayed by a
factor 2 for disturbed times than for quiet times. This is consistent with the shorter times at which ﬂow perturbations are seen to grow by 80% during higher geomagnetic activity for all ﬂow perturbations.
The dependence of growing ﬂow perturbations on the magnetic activity is shown in Figure 8 in a similar format to Figure 7. For both smaller and larger scale perturbations, at the shortest time separations a slightly
higher fraction of perturbations is seen in the right panels for disturbed times compared to quiet times.
Smaller spatial scale perturbations take a slightly longer time to reach an 80% threshold during quiet time
than during disturbed times, but within the ﬁrst 2 min, the growth is quite rapid during both disturbed
and quiet time. Larger scale perturbations are seen to grow more rapidly for disturbed time when observed
with less than 5-min separation, but the separation times at which ﬂow perturbations are seen to grow by
80% are almost the same for both disturbed and quiet conditions.
Note that we have also investigated the inﬂuence of IMF orientation for both growth and decay cases by
examining the same histograms as Figures 7 and 8 during the periods of northward and southward IMF.
Those histograms are found to be identical and suggesting that the temporal persistence of the mesoscale
perturbations (100–400 km) does not depend on the direction of IMF Bz.

5. Discussions
In this study the temporal characteristics of mesoscale (100–400 km) plasma ﬂow perturbations in the highlatitude ionosphere are described by characteristic times derived from the separation between consecutive
samples in nearly the same volume. We have used the observed change in the magnitude of a ﬂow perturbation by more than 50% to designate the total emergence or extinction of an event. With this deﬁnition, we
specify a rise time and saturation time for growth and decay as those times at which 60% and 80% of ﬂow
perturbations observed either emerge or are extinguished. Using observations from two consecutive passes
of DMSP satellites at almost constant altitude, we ﬁnd rise times for decaying perturbation within a given
volume of order 2 and 5 min, respectively, and saturation times of order 10 and 20 min, respectively, for
CHEN AND HEELIS
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smaller spatial scales (100–200 km) and larger spatial scales (200–400 km). Corresponding rise times for
growing perturbation for the same scale sizes are signiﬁcantly different, with rise times of less than 2 min
and about 3 min, respectively, and saturation times of 5 min for both scale sizes.
Gjerloev et al. (2011) presented a statistical study of the spatial and temporal characteristics of FACs using
two consecutive satellites from the ST5 satellite and have shown that highly correlated FAC signatures
exist for time scales shorter than a few minutes for scale size less than 400 km and on time scales of a
few to 10 min for larger scales (>400 km). Coherent structures in auroral particle precipitation on a time
scale of 1.5 min for scale sizes larger than 100 km have been reported by Boudouridis and Spence (2007),
and the stability of these coherent structures decreases as the scale size decreases. Both features in the
current and particle precipitation show approximately the same temporal characteristic on order of a
few minutes. It is not possible to directly compare our results with those previously reported since the
analysis techniques and thresholds for detection are quite different. However, the same trend is evident
with larger scale size perturbations being resident in a given volume for longer times than the smaller
scale perturbations.
For observations made by satellites in almost the same orbit plane the observed time evolution may be due to
temporal variations within a ﬁxed volume or due to the motion of a spatially conﬁned perturbation through
the volume. If the ﬂow perturbations grow and decay in place, then we ﬁnd that their characteristic times for
growth (1–5 min) are much shorter than the time for decay (2–20 min). Thus, the duration of a ﬂow perturbation in a ﬁxed volume is between 3 and 25 min. Over this period the ﬂows imposed from the magnetosphere may additionally be inﬂuenced by changes in the effective impedance of the ionosphere (Matsuo &
Richmond, 2008; Vickrey et al., 1986).
It is also possible that the difference in characteristic time for growth and decay is produced by motion of a
ﬁxed structure through the observed volume. In this case the apparently different characteristic times can be
produced by different spatial distributions for the ﬂows at the leading and trailing edges of the structure.
Previous work by Chen and Heelis (2018) suggests that ﬂow perturbations are embedded in the background
ﬂow with a median magnitude of 500 m/s. If perturbations move with the background ﬂow, these perturbations can contribute to the large differences in characteristic times for growth and decay. Considering the
saturation time for growth (~5 min) and decay (~20 min), the implied longitudinal dimensions for the leading and trailing edges would be up to 150 and 600 km, respectively, suggesting a local time extent for such
convecting ﬂow perturbations of about 750 km (~1.5 hr in local time).
Finally, a weak dependency on the geomagnetic activity is seen for both spatial scale sizes and for both growing and decaying ﬂow perturbation, but almost no dependency on the IMF Bz is seen. Gjerloev et al. (2011)
have shown that the temporal characteristic of FAC on the dayside is independent on IMF Bz and geomagnetic activity, but an increase in variability for disturbed condition is seen in the nightside. In our study,
there are insufﬁcient observations to separate dayside from nightside. However, more than 50% of the observations are in the dayside where we see only a weak dependency on AE and no dependency on IMF Bz. The
work by Cousins et al. (2013) also found a weak correlation with AE index and almost no correlation with
IMF Bz for smaller spatial (<1,000 km) and shorter temporal scale (a few tenth minutes) variability in the
electric ﬁeld.

6. Summary
Consecutive passes of DMSP spacecraft through the same ionospheric volume with time separations
between a few seconds and 20 min have been used to examine the temporal characteristic of mesoscale
plasma ﬂow perturbations with latitudinal scale sizes of 100 to 200 km and 200 to 400 km. We ﬁnd that
within a ﬁxed volume the rise times for growth (1–3 min) are shorter than the rise times for decay (2–
5 min), and both are consistent with similar observations of FAC density and auroral emissions.
Generally, both the rise and saturation times increase with increasing spatial scale sizes, but the saturation
time for growth are about the same for different scale sizes. A weak dependence of rise times on the geomagnetic activity is seen for both spatial scale sizes and is also consistent with previous ﬁndings.
Previous observations of the ﬂow perturbations (Chen & Heelis, 2018) show that they are quite uniformly
distributed in local time and most frequently occupy the high-latitude extreme of the auroral oval and the
CHEN AND HEELIS
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region just poleward of the convection reversal boundary. Since most perturbations are identiﬁed from latitudinal variations of the plasma velocity, the observations specify the latitudinal dimensions of the ﬂow perturbations with high ﬁdelity but restrict our knowledge of their longitudinal dimensions. It is possible that
the mesoscale ﬂow perturbations are local vortical ﬂows with longitudinal and latitudinal dimensions that
are comparable. Such ﬂows most likely appear and disappear in a given volume on time scales between 3
and 25 min. Alternatively, and consistent with the longitude coherence of observed auroral emissions, it
is possible that the mesoscale perturbations have longitudinal scale sizes of 750 km or more (>1 hr of local
time) and move with the background ﬂow.
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