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Mesoscale Plasma Convection Perturbations
in the High-Latitude lonosphere
Yun-Ju Chen' (2} and Roderick A. Heelis'

'William B. Hanson Center for Space Sciences, University of Texas at Dallas, Richardson, TX, USA

Abstract An investigation of flow perturbations with spatial scale sizes between 100 and 500 km in the
high-latitude ionosphere is presented. These localized flow perturbations are deviations from the large-scale
background convection, expected to give us new insights into the magnetosphere-ionosphere coupling
process. lon drift measurements from the Defense Meteorological Satellite Program F17 are utilized to
identify these mesoscale flow perturbations. Our intent is to discover the properties of these perturbations in
terms of perturbation flow speeds, location, scale size, and occurrence frequency as well as their dependence
on the interplanetary magnetic field (IMF) and underlying large-scale convection pattern. Observation
suggests that flow perturbation locations strongly depend on the IMF orientation as does the occurrence
frequency of the flow perturbations. For southward IMF, more flow perturbations occur in regions of sunward
background flow than in regions of antisunward background flow. For flow perturbations with speeds over
300 m/s, an asymmetry in the preferred direction and scale size is seen for those embedded in sunward
and antisunward background flows. Significantly less asymmetry is present for flow perturbations with speeds
between 100 and 300 m/s. The flow perturbations exceeding 300 m/s are most likely closed locally with lower
magnitude return flows or with adjacent flows across the convection reversal boundary and representing
additional sources of frictional heating and momentum transfer to the thermosphere. The perturbation flow
speed is almost independent of the scale size and underlying convection speed, but the largest speeds are
preferentially seen at scale sizes between 200 and 300 km.

1. Introduction

A large-scale two-cell circulation of plasma in the high-latitude ionosphere is a characteristic feature that pre-
vails at all times during periods of southward interplanetary magnetic field (IMF; Dungey, 1961, Reiff & Burch,
1985). Studies of this convective flow from satellites and ground-based radar facilities have produced empiri-
cal models of the electrostatic potential that broadly represent the characteristics of the plasma flow and its
dependence on the dominant drivers in the solar wind (Cousins & Shepherd, 2010; Ruohoniemi & Baker,
1998; Weimer, 2001). Refinements to the representation of the plasma flow from empirical models are pro-
vided through data assimilation procedures (Lu et al., 1996; Richmond & Kamide, 1988) that provide more
insight into the time dependence and the spatial configuration of the convection cells. Both empirical models
and data assimilation typically describe features in the ionospheric convection that have gradient-scale
lengths of 500 km and above. They are used in computational models that describe the ionosphere and ther-
mosphere (Fuller-Rowell et al.,, 1996; Richmond et al., 1992; Roble & Ridley, 1994) and their coupling to the
magnetosphere and the solar wind at these typical scale sizes and above. In particular, these models describe
the global circulation and temperature distribution of the thermosphere that result from heating by ener-
getic particle precipitation and frictional heating with the ions. However, Codrescu et al. (1995) describe
the deficiencies in these models in specifying the neutral temperature and point out that variability in the
plasma flow, or equivalently the electric field, will be an important additional heat source. Following this rea-
lization, several attempts to quantify the effects of structure in the plasma velocity with small and intermedi-
ate scale between 10 and 500 km have been undertaken (Codrescu et al., 2000; Cousins & Shepherd, 2012;
Crowley & Hackert, 2001; Johnson & Heelis, 2005; Kivang¢ & Heelis, 1998; Matsuo et al., 2003) and have led
to the generation of models to describe this additional energy source to the ionosphere and thermosphere
(Cosgrove & Codrescu, 2009; Matsuo & Richmond, 2008), which may be accounted for in terms of an addi-
tional heating rate.

At scale sizes less than 500 km, there exist coherent flow structures that deliver both energy and momentum
to the neutral atmosphere in a manner that is not adequately described by a parameterized heating rate
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(Deng & Ridley, 2007; Deng et al., 2009). Models of the high-latitude convection pattern, cited above utilizing
harmonic functions, do not typically allow for a significant spatial variation in the flows across the auroral
zone. Thus, these intermediate-scale size features may exist as systematic properties of the large-scale flow
pattern in addition to isolated flow features that may be superimposed upon the larger scales. Such flow fea-
tures have previously been identified in the cusp region and related to the signatures of sporadic merging
events at the dayside magnetopause (Milan et al., 2000; Pinnock et al., 1993; Shepherd et al., 2003). So-called
flow bursts have also been observed across the nightside associated with intensifications of emissions at the
poleward boundary of the aurora and the onset of auroral substorms (Lyons et al., 2011; Wild & Yeoman,
2000; Zou et al.,, 2014). The distribution of these events is also reported by Gabrielse et al. (2018) from the sys-
tematic examination of data from the Super Dual Auroral Radar Network radars.

In this work we describe the nature of flow features in the high-latitude convection pattern with scale sizes
between 100 and 500 km. Our intent here is to discover the properties of these features in terms of the mag-
nitude, location in magnetic latitude and magnetic local time, scale size and occurrence frequency of these
flow features, and their dependence on the properties of the large-scale convection pattern and the orienta-
tion of the IMF.

2. Observations

In this investigation we utilize observations from the Defense Meteorological Satellite Program (DMSP) F17
satellite that has an approximately Sun-synchronous orbit at an altitude near 840 km with an orbital plane
approximately in the dawn-dusk meridian. The satellite orbital period of about 100 min provides 14-15 orbits
a day. The offset of the magnetic pole and the geographic pole produces a sampling in magnetic latitude and
magnetic local time that almost covers the entire auroral zone and polar cap if both the Northern and
Southern Hemispheres are considered. The Special Sensor for lons Electrons and Scintillation provides mea-
surements of the plasma velocity, which is in the direction perpendicular to the satellite track, with a cadence
of 1 s, thus describing spatial structures of scale sizes greater than 20 km. In order to obtain a high fidelity
signal that is not compromised by low plasma density, the time period covers only local summer months
of May to August 2012 in the Northern Hemisphere and November, December, January, and February
2012 in the Southern Hemisphere to ensure that the dayside region where plasma enters the polar cap
remains in sunlight.

The 1-min average IMF measurements are used in this study and are available via the Space Physics Data
Facility OMNIWeb interface. The IMF data are shifted by 10 min to account for propagation from the Earth's
bow shock to the high-latitude ionosphere (Hairston & Heelis, 1995; Ridley et al., 1998; Yu & Ridley, 2009).

3. Approach

An example pass of the DMSP F17 satellite almost parallel to the dawn-dusk meridian in the northern summer
hemisphere during a time of southward IMF is shown in Figure 1. It takes about 20 min for the satellite to tra-
verse the high-latitude region and produce a signature of the convection pattern. While the entire convection
pattern can change within this time, we assume that the satellite encounters stationary structures on time-
scales less than 2 min. This allows a simple conversion between the time series data obtained by the instru-
ment and the spatial scale size utilizing the satellite velocity of 7.8 km/s. For the purposes of describing the
background flow itself a linear adjustment to a baseline is made to ensure that the sunward flow observed at
50° magnetic latitude on both dawnside and duskside is about zero (Chen & Heelis, 2018, and the references
therein). This procedure, which reflects the average behavior of the convection pattern, does not change the
following characterization of plasma flow structures.

To extract plasma flow structures in the underlying large-scale convection pattern, we first identify a signa-
ture in the measured cross-track ion drift by attenuating all features with scale sizes less than 600 km utilizing
an 81-point boxcar average filter (black curve in the top panel of Figure 1). Regions of positive velocity in the
black curve are indicative of sunward flow at low latitudes, while regions of negative velocity indicate the
antisunward flow at high latitudes, which is consistent with a typical two-cell convection pattern. A boundary
that separates the sunward flow from the antisunward flow is often called the convection reversal boundary
(Chen et al,, 2015, 2016). Focusing on flow structures with the spatial size larger than the spatial size resolved
by the sample cadence (1 Hz) of the instrument (~20 km), we also apply a low-pass seven-point boxcar
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Figure 1. A pass of F17 satellite across the high-latitude regions in the sitivity limit of the instrument (15 m/s) beyond which velocity perturba-

Northern Hemisphere. (top panel) Red curve indicates the filtered signal
that flow structures with scales less than 50 km are removed, and black curve
indicates large-scale background convection velocity. (bottom panel)

tions are considered as flow perturbations. The distance between
consecutive excursions both above and below the threshold (horizontal

Residual velocity is the difference between the black and red curve in the top ~ PIU€ lines in the bottom panel of Figure 1) and the extremum in the velo-
panel and represents the flow structure with scales between 50 and 600 km  City between the excursions (red dots in the bottom panel of Figure 1) are
superimposed on the background convective flow. Spatial scale sizes defined as the spatial size and the speed, respectively, of each so-called

(horizontal blue lines) and the magnitudes (red dots) of the flow perturbation

are shown in the bottom panel.

flow perturbation. This allows some perturbations to have multiple
extrema as seen in the event near 15:48 UT. As described above, we further
use the satellite speed (7.8 km/s) to calculate the spatial scale size from
the horizontal distance in time of each perturbations and only include the flow perturbations with scales
size between 100 and 500 km. We also select only flow perturbations that have the extremum shown
both in the small-scale filtered signal and the residual to ensure the local extrema in the flow perturbations
are not due to the difference between the gradient in the large-scale background and small-scale
filtered signal.

4, Results

To describe the properties of the flow perturbations identified using the methodology above, we examine
~1,800 satellite passes in each summer hemisphere in 2012. Figure 2 shows the perturbation flow speed
as a function of spatial scale (left column), the numbers of the perturbations distributed by spatial scale size
(middle column) and flow speed (right column). Positive flows are directed sunward (blue) with respect to the
background, and negative flows are directed antisunward (red) with respect to the background. The top
panels refer to those perturbations observed on the dayside of the dawn-dusk magnetic meridian, and the
bottom panels refer to those perturbations observed on the nightside of the dawn-dusk magnetic meridian.
This local time division broadly separates observations taken in the Northern and Southern Hemispheres,
respectively, and discussed in more detail in Figure 3. However, it indicates that little distinction can be made
based on the relatively small range of solar zenith angles that are present in the observations. More perturba-
tions are seen on the dayside than the nightside, and the majority of perturbations are seen at scale sizes
between 100 and 400 km. The perturbations with scale size less than 500 km represent subgrid scale varia-
tions in typical ionosphere-thermosphere models that would be accounted for in parameterizations of the
frictional heating rate described by Matsuo and Richmond (2008). The largest population of flow perturba-
tions occurs with speeds less than 200 m/s. They represent very small deviations in the large-scale flow
and are less important contributors of momentum and energy to the ionosphere and thermosphere than
those features with larger magnitudes. At scales sizes between 100 and 500 km many flow perturbations
are seen to exceed 300 m/s and represent coherent momentum and energy transfer features to the neutral
thermosphere that should be considered in addition to the large-scale convection pattern in which they are
embedded (Deng & Ridley, 2007).

Thus, we first consider the location of the flow perturbations exceeding 300 m/s at scale sizes between 100
and 500 km as a function of magnetic latitude and magnetic local time and as a function of the direction of
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Figure 2. Perturbation flow speed as a function of spatial scale (left column), histogram of spatial scale (middle column), and histogram of perturbation flow speed
(right column) for flow perturbation with magnitude larger than 100 m/s. Top row shows the observation taken from the dayside of the dawn-dusk meridian,
and bottom row shows the observation taken from the nightside of the dawn-dusk meridian. In the right two columns, blue indicates the sunward directed per-
turbation and red indicates the antisunward directed perturbation with respect to the background.

the IMF B, component. Figure 3 shows the distribution of these flow perturbations in magnetic latitude and
magnetic local time in the Northern (left column) and Southern Hemispheres (right column) and for
southward (top row) and northward IMF (bottom row). The observations are made on the dayside of the
dawn-dusk magnetic meridian in the Northern Hemisphere (left column), and most of the observations in
the Southern Hemisphere (right column) are made on the nightside of the dawn-dusk magnetic meridian.
Red indicates antisunward directed perturbations, and blue indicates sunward directed perturbations with
respect to the background. For southward IMF, flow perturbations are largely absent in the regions above
80° magnetic latitude and appear in a region that extends to 60° magnetic latitude. By contrast, during
periods of northward IMF, flow perturbations migrate to higher latitudes and tend to fill in the region
above 80° magnetic latitude.

To further pursue the description of flow perturbations, we restrict our attention to those seen during south-
ward IMF when the flow perturbations are embedded in a well-recognized large-scale two-cell convection
pattern as shown in the top panel of Figure 1. Figure 4 shows the distribution of these flow perturbations
separated by the background flows in which they are embedded: sunward, identified as the region poleward
of the convection reversal boundary (top panels) and antisunward, identified as the region equatorward of
the convection reversal boundary (bottom panels). From left to right in each case are shown the distribution
of background flows as a function of local time, the number of flow perturbations observed in 2-hr local time
bins, the median background flow associated with each flow perturbation in each local time bin, and the
location of each flow perturbation in magnetic local time and magnetic latitude. Positive background

CHEN AND HEELIS

7612



~1
AGU

100 Journal of Geophysical Research: Space Physics 10.1029/2018JA025716

ADVANCING EARTH
'AND SPACESCIENCE.

Locations of the flow perturbations over 300 m/s for Southward IMF

1260 sunward 1260
antisunward

14 10 14 10

0
Locations of the flow perturbations over 300 m/s for Northward IMF
12 12
14 60 10 14 60 10
16 8
18 6
20 4
22 2
0

Figure 3. Location of the flow perturbations with magnitude exceeding
300 m/s at scales between 100 and 500 km in magnetic coordinate for
southward IMF (top row) and northward IMF (bottom row) in Northern
Hemisphere (left column) and Southern Hemisphere (right column). Red
indicates antisunward directed perturbations, and blue indicates sunward
directed perturbations with respect to the background. IMF = interplanetary
magnetic field.

flows are sunward, and negative background flows are antisunward. As
before, blue denotes those parameters for flow perturbations that are sun-
ward and red denotes those parameters for flow perturbation that
are antisunward.

The dominance of a two-cell convection pattern is clearly seen in the left
panels of Figure 4 with broad regions of sunward flow for all perturbations
observed in the dawn and dusk sectors. In the regions around dawn and
dusk flow perturbations embedded in the antisunward background flow
are confined to slightly higher latitudes (bottom polar diagram) than flow
perturbations embedded in the sunward background flow (top polar dia-
gram). We also find that most of the flow perturbations located in the
regions around 12 MLT are embedded in antisunward background flows.
The same is true of flow perturbations observed across 00 MLT. This simply
describes a two-cell convection pattern that has antisunward flow at
higher latitude and sunward return flows at lower latitude with antisun-
ward flows near 12 and 00 MLT. A convection reversal boundary, which
separates the sunward flow from the antisunward flow, is most likely
located between ~75° and 80° representing the lowest latitude of the
perturbations in the bottom polar diagram and the highest latitude of
the perturbations in the top polar diagram, respectively.

In the middle two columns of Figure 4, there are many more flow pertur-
bations embedded in sunward background flow, where the median back-
ground flow is about 500 m/s (top panels), than are embedded in
antisunward background flow where the median background flow is
about 300 m/s (bottom panels). More flow perturbations embedded in
the sunward background flow have enhanced sunward flows (blue histo-
gram and dots in the top panels) rather than antisunward flows (red

F17 Northern and Southern Summer 2012 Southward IMF Perturbations Flow Speed > 300 m/s Scales: 100-500 km
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Figure 4. The distribution of background flow speed associated with flow perturbations exceeding 300 m/s as a function of magnetic local time (left column), histo-
gram of flow perturbations (middle column), and median background flow speed in 2-hr local time bins (right column). The locations of flow perturbations in
magnetic local time and magnetic latitude are shown in the right polar diagrams. Top panels refer to the flow perturbations embedded in the sunward background
flows, and bottom panels refer to flow perturbations embedded in the antisunward background flows. IMF = interplanetary magnetic field.
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Figure 5. Perturbation flow speeds as a function of background flow speed with the medians indicated by triangles and histogram of flow perturbations in each
100-m/s background flow bins in the region of sunward background flows (left two columns) and in the region of antisunward background flows (right two
columns) in four local time regions—10-14, 2-10, 14-22, and 22-2 hr (top to bottom)—for flow perturbations exceeding 300 m/s. IMF = interplanetary magnetic

field.

histogram and dots in the top panels), while more perturbations embedded in the antisunward background
flow have enhanced antisunward flows (red histogram and dots in the bottom panels) rather than sunward
flows (blue histogram and dots in the bottom panels). We note that the histograms of flow perturbations that
are embedded in the antisunward background flow (bottom panel) show an apparent preference for occur-
rence in the dawn sector. However, this characteristic is a sampling bias that we discuss in more detail later.

Based on the local time extent of the sunward and antisunward background flow speed as seen in Figure 4,
we further group all the flow perturbations into four local time bins—10-14, 2-10, 14-22, and 22-02 hr—to
study the dependence of the perturbation flow speed on the background flow as shown in Figure 5 with the
sunward background cases on left and the antisunward background cases on right. Note that we have con-
fined the local time regions across local noon and local midnight to more correctly represent the regions of
reconnection on the dayside and the nightside. In the dawn and dusk sectors (second and third rows), the
majority of flow perturbations are embedded in the sunward background flow (left column pair), of about
500 m/s and the majority of flow perturbations are directed sunward (blue histogram). However, the flow per-
turbations embedded in the antisunward background flow (right column pair) are concentrated at the con-
vection reversal boundary, where most of the background flow speeds are much less than 500 m/s and most
of the flow perturbations are directed antisunward (red histogram) in the dawn and dusk sectors (second and
third rows). Most of the flow perturbations embedded in the antisunward background flows are directed anti-
sunward across the 12 MLT (right columns and top row), while across 00 MLT (bottom row) the observed
number of flow perturbations is low and a preferred direction is not pronounced.

We find that the perturbation flow speed is largely independent of the background flow except in the dawn-
side, where the median speed of sunward perturbations embedded in sunward background flow (blue
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Figure 6. Perturbation flow speeds as a function of spatial scale size with the medians indicated by triangles and histogram of flow perturbations in each 100-km
scale size bins in the region of sunward background flows (left two columns) and in the region of antisunward background flows (right two columns) in four local
time regions (top to bottom) for flow perturbations exceeding 300 m/s. IMF = interplanetary magnetic field.

triangles, left columns, second row) increases weakly as the background flow increases. Though not
illustrated here the perturbation speeds independent of typical magnetic activity parameters like Ap and
AE, while the background flow itself increases with increasing magnetic activity as expected. Thus, in the
presence of small background flows at the poleward and equatorward edges of the auroral zones the flow
perturbations represent the dominant flow characteristics, whereas in the region with large background
flow such as the heart of the auroral zone they represent reconfigurations of the large-scale flow geometry.

We further investigate the dependence of the perturbation flow speed on the spatial scale size for different
local time sectors in the region of sunward background flow (left column pair) and the region of antisunward
background flow (right column pair) as shown in Figure 6 in a similar format to Figure 5. While the IMF B,
component affects the location of flow perturbations, to be discussed later, it has little effect on the distribu-
tion of spatial scales for flow perturbations with speeds greater than 300 m/s in the scale size range from 100
to 500 km, and thus, we combine both positive and negative B, observations here.

It is found immediately that the perturbation flow speed is almost independent of scale size (Figure 6), but
note that as shown in Figure 2, the largest flow speeds are preferentially seen at scale sizes between 200
and 300 km. We note again that almost all flow perturbations observed across 12 MLT and across 00 MLT
(top and bottom panels) are embedded in antisunward flows. The total number of sunward and antisunward
directed perturbations is shown by the blue and red numbers, respectively. The ratio of antisunward to sun-
ward directed perturbations is also shown in each local time region. The asymmetry in the preferred direction
of flow perturbations in the region of sunward background flow and the region of antisunward background
flow is immediately seen. In the region of sunward background flow (left column pair), sunward directed per-
turbations are preferred by a factor of 2 over antisunward directed perturbations. In the region of antisunward
background flow (right column pair), antisunward directed perturbations are preferred over sunward directed
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Figure 7. Perturbation flow speeds as a function of spatial scale size with the medians indicated by triangles and histogram of flow perturbations in each 100-km
scale size bins in the region of sunward background flows (left two columns) and the region of antisunward background flows (right two columns) in four local
time regions (top to bottom) for flow perturbations with speed between 100 and 300 m/s. IMF = interplanetary magnetic field.

perturbations by a factor of 2. It is also apparent that the preferred sunward directed flows in the region of
sunward background flow (left columns) have a distribution of scale sizes that is weighted to larger spatial
scales compared to the smaller number of antisunward directed perturbations. In the region of antisunward
background flow (right columns), antisunward directed perturbations are preferred and in the dawnside
(second row) this preferred population has a distribution of scale sizes that is weighted to larger spatial
scales compared to the smaller number of sunward directed perturbations. The same preference is weakly
held in the duskside where the background flow is antisunward (right columns and third row). In the 10-14
MLT sector (top panel), a preference for smaller scale sizes is present in the antisunward background region.

The systematic asymmetry in scale size and direction of perturbations is not seen in the flow perturbations
with speeds less than 300 m/s. Figure 7 shows the same scale size characteristics for flow perturbations with
speeds between 100 and 300 m/s in a format identical to that shown in Figure 6. As before, the perturbation
flow speed is independent of spatial scale in both the sunward and antisunward background region. In the
sunward background region (left column pair), the number of sunward and antisunward directed perturba-
tions on both the dawn and dusk sides (second and third row) is about the same, as is the distribution of spa-
tial scales. In the antisunward background region (right column pair), a preference for antisunward directed
perturbations with larger spatial scales than the accompanying smaller number of sunward directed pertur-
bations remains on both dawn and dusk sides (second and third rows), but with a smaller asymmetry than
seen in the larger perturbations flow speed shown in Figure 6. Across 12 and 00 MLT (top and bottom panels),
the number of sunward and antisunward directed perturbations in the antisunward background region (right
columns) is about the same with the same distribution that is weighted to the smallest scale sizes. In the sun-
ward background region (left columns), a preference for smaller-scale size is seen for antisunward directed
perturbations and a preference for larger-scale size for sunward directed perturbations is present.
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Finally, we present the probability of occurrence of flow perturbations in

0 0.005 0.01 o,o15Proggglmyo,ogs 0.03 0035 0.04 Figure 8. Note that we find a dependence of the location of the flow per-
T . . ] turbations on IMF B, that is opposite in the Northern and Southern
IMF B <0 IMF B >0 Hemispheres. Thus, we combine observations in the Northern and

12 Sunward BaCkgroun(:A' 12 Southern Hemispheres using the opposite polarity in IMF B, to recast the

14 g, 10 Flow Region

Southern Hemisphere observations for the equivalent Northern
Hemisphere state. We divide the region into bins that are 2° by 2° in mag-
netic latitude and magnetic longitude, and for each bin we count the num-

6 ber of flow perturbations observed within it and the number of times the
satellite intersects the same bin. The resulting occurrence probabilities for
flow perturbations with speeds greater than 300 m/s observed in sunward
background flow region (top row) and antisunward background flow
region (bottom row) for positive IMF B, on right and negative IMF B, on left
are shown in Figure 8.

12 Antisunward Background 12

.................. 10
60,

Flow Region 14 . s, In this map there is an apparent increased probability to find a flow pertur-

bation in the dawnside in the region of sunward background flow for both
polarities of B, (top row) and in the region of antisunward background flow
for positive B, (bottom right). When B, is negative the dawn-dusk asymme-
6 try is less apparent in the region of antisunward background flow (bottom
left) and also decreases in the region of sunward background flow (top
left). We note that the dynamic range for the occurrence probability has
been chosen to illustrate the spatial variations in all cases shown in
Figure 8. In the dawnside regions where the occurrence frequency is satu-
rated (top row), it may rise to 15%. It should also be emphasized that

Figure 8.The occurrence probability for flow perturbations with speed  changes in IMF B, have a dramatic effect on the orientation of the back-

greater than 300 m/s observed in the region of sunward background flows
(top row) and the region of antisunward background flows (bottom row) for
negative IMF B, (left column) and positive IMF By (right column).

IMF = interplanetary magnetic field.

ground flows, and likely the flow perturbations, with respect to the satellite
track, which is almost parallel to the dawn-dusk meridian. Thus, for B, posi-
tive the flow perturbations in the dusk sector, where the background con-
vection cell is almost circular, are aligned more parallel to the satellite track
and the cross-track component of the flow used to recognize them is reduced. In this case the detection
threshold of 300 m/s is more representative of flow perturbations with higher speed. To illustrate the impact
of this selection threshold, Figure 9 shows the occurrence frequency for perturbations with speeds between
100 and 300 m/s. Under these conditions the occurrence frequency maximizes in the duskside sunward back-
ground flow region for both polarities of B, (top row in Figure 9) but increases in the duskside, where it may
rise above 20% when B, is positive (top right). This is an observational attribute that cannot be explained by
the expected reorientation of the underlying large-scale convection pattern. Notice that in the region of anti-
sunward background flow, the occurrence probabilities are always lower than those found in the region of
sunward background flow but show an increase in the dawnside when B, is positive.

5. Discussions

This work examines the mesoscale signatures embedded in the large-scale high-latitude ionospheric convec-
tion pattern at altitudes near 800 km during the summer months from the DMSP satellite F17. The measure-
ments are taken when the thermal ion density is usually in excess of 10° cm > and very low noise signals from
the instrumentation are obtained. The underlying large-scale convection pattern is described by attenuating
discrete features with scale sizes less than 600 km. Such a description accommodates large changes in the
gradient scale of the ion drift across the auroral zone and may represent significant variations from descrip-
tions of the electric potential in an empirical model (cf. Weimer, 2001). Discrete features are isolated in the
convection pattern with scale sizes between 100 and 500 km that display a local extremum in the flow.
Thus, the perturbations we identify do not result from the inability of the filtering process to accommodate
a large-scale gradient in the background convection. The maximum number of flow perturbations is seen at
the smallest resolvable scale size, but the maximum flow speeds in a perturbation occur at scales between
200 and 400 km, where perturbation flow speeds as large as 900 m/s are observed.
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Perturbation flow speeds are almost independent of the underlying convec-

Probability
0 0.01 002 003 004 005 006 007 0.08 tion speed in which they are embedded except for sunward directed pertur-
L e — I E ] bations in the dawnside embedded in sunward background flow and,
IMFB <0 IMF B >0 though not illustrated here, are weakly dependent on the spatial gradient
12 Sunward Background 12

14 e e, 10

12 Antisunward Background 12 . K
Flow Region 14 . — turbations with flow speeds greater than 300 m/s have a preferred

.......... TR (0]
60,

Flow Region

in the underlying flow as has been previously reported in other studies
(Johnson & Heelis, 2005). During periods of southward IMF, perturbations
are found throughout the region of sunward background flow and just pole-
ward of the convection reversal in a region of antisunward background flow.
6 The highest probability of occurrence for flow perturbations in the Northern
(Southern) Hemisphere is in the region of sunward background flow on the
duskside when IMF B, is positive (negative). That is, the convection cell with
the most circular geometry hosts the largest number of flow perturbations.

14 e o .'10

There are many more flow perturbations in the region of sunward back-
ground flow than in the region of antisunward background flow, and per-

direction being sunward in the sunward background flow region and anti-
sunward in the antisunward background flow region. Accompanying anti-
sunward flow perturbations in the sunward background flow region and
6 sunward perturbations in the antisunward background flow region have
smaller spatial scales than the dominant population. Thus, observation
suggests that flow perturbations exceeding 300 m/s are closed with smal-
ler spatial size return flows or are closed with the lower magnitude but lar-
ger spatial size return flows. In addition, the dominant flow perturbations
exceeding 300 m/s may be closed with adjacent flows across the convec-

Figure 9. The occurrence probability for flow perturbations with speed  tion reversal boundary. The asymmetry in the preferred direction of the
between 100 and 300 m/s in the region of sunward background flows (top  flow perturbations in excess of 300 m/s also suggests that, in the scale size

row) and the region of antisunward background flows (bottom row) for
negative IMF By (left column) and positive IMF By (right column).

IMF = interplanetary magnetic field.

range from 100 to 400 km, these flow perturbations in a given volume
represent additional sources of frictional heating and momentum transfer
to the thermosphere. Further studies will elucidate the temporal persis-
tence of these features, which would determine the effectiveness of these sources. Considering flow pertur-
bations over the same scale size regime but with speeds between 100 and 300 m/s, we find significantly less
asymmetry in the direction of the flow. Thus, while these features are efficient sources of frictional heating,
they will be less efficient for momentum transfer to the neutral gas.

In this analysis we have not characterized each flow perturbation by a fraction of the underlying large-scale
convection speed, but it is generally true that in the sunlit conditions considered here, except for those per-
turbations that span the convection reversal boundary, the remaining flow perturbations are embedded in
higher-speed background flows. Thus, near the convection reversal boundary, the flow perturbations repre-
sent a region of locally intense vortical flow and in the regions of sunward background flow, the flow pertur-
bations represent local constrictions in the more uniform flow described by the background. These features
are 1° to 2° wide (~200 km) in latitude and near dawn and dusk may map to displacements in the equatorial
plane of about 1 Re in the dawn-dusk dimension but in excess of 3 Re along the tail (Tsyganenko & Sitnov,
2007). Across the convection reversal boundary, the spatial scales are too large to represent local vortices
within the plasma sheet boundary layer. However, it is possible that individual events are attenuated and
broadened by local field-aligned potential drops to produce the larger-scale flow features observed in the
ionosphere (Weimer et al.,, 1985). In the region of sunward background flow, the perturbation flow speeds
are typically much smaller and occur over a wider range of local times than those characterized as bursty bulk
flows in the magnetosphere (Angelopoulos et al., 1992, 1994), which may represent a small subset of the flow
perturbations described here. Those flow perturbations occurring across the dayside are also smaller in mag-
nitude than the flow perturbations associated with sporadic merging events described by Carlson et al.
(2006). However, the spatial scale is typically the same and thus the flow perturbations described here may
again represent less dramatic signatures of the same phenomenon.

The flow perturbations described here can, in principle, be represented discretely in models of the coupled
ionosphere and thermosphere with the appropriate spatial and temporal resolution. The analysis
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procedures undertaken here provide reasonable estimates of the scale size of events in latitude but incom-
plete insights into the extent of any given flow perturbation in local time (or equivalently longitude). Further
analysis is required to describe the single cell or two-cell configurations that describe the flow perturbation
and the accompanying closure flows required in the ionosphere. Finally, we point out that these flow pertur-
bations are necessarily accompanied by field-aligned current distributions and accompanying energetic par-
ticle precipitation that more completely define the energy inputs to the ionosphere from the magnetosphere
and the effective area over which they are delivered. Further work on this data set will allow any systematic
links between these energy inputs to be described in more detail.

6. Summary

A systematic study of high-latitude ionospheric flow perturbations at mesoscale size between 100 and
500 km was conducted by analyzing ion drift measurements from the DMSP F17 during the summer
months in 2012. Discrete flow perturbations that are identified are not simply due to the difference
between large-scale gradients in the original signal and the filtered signal representing the background
flow. The location of flow perturbations is concentrated inside and just poleward of the region with sun-
ward background convective flow for southward IMF while more distributed at higher latitudes for
northward IMF.

During times of southward IMF, there are many more flow perturbations embedded in sunward background
flow than antisunward background flow. There is an asymmetry in the preferred perturbation flow direction
between region of sunward and antisunward background flow, and an asymmetry in the scale size between
the sunward and antisunward directed perturbations with speeds exceeding 300 m/s. However, for flow per-
turbations with speeds between 100 and 300 m/s significantly less asymmetry in the direction of the flow per-
turbation is seen. Many flow perturbations exceeding 300 m/s must be closed locally with lower magnitude
return flows. This suggests that these mesoscale flow perturbations in excess of 300 m/s are additional
sources of frictional heating and momentum transfer to the thermosphere.

The perturbation flow speeds are found to be almost independent of scale size and the background convec-
tion flow speed in which they are embedded, but the largest speeds are preferentially seen at scale sizes
between 200 and 300 km. Maps of occurrence frequency for perturbation flow speeds above and below
300 m/s show that the highest probability of occurrence for flow perturbations is on the duskside (dawnside)
in the region of sunward background flow for positive IMF B, in the Northern (Southern) Hemisphere. Thus,
the convection cell with the most circular geometry has the largest number of flow perturbations.
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