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Direct measurements of the ionospheric convection variability

near the cusp/throat
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For the first time precise measurements obtained using
Super Dual Auroral Radar Network (SuperDARN) radars
are used to quantify the temporal variability in the con-
vection velocity and identify the cause of the variations for
a particular event located in the vicinity of the cusp. Us-
ing SuperDARN line-of-sight (LOS) Doppler velocities near
1200 magnetic local time and a standard fitting technique,
the observed temporal variability is related to dayside con-
vection features such as the cusp, convection throat, and
convection reversal boundaries (CRBs). Two distinct re-
gions of variability are observed: a region of high (often
>500 m s−1) hourly temporal variability occurring near the
dayside CRB of the dusk convection cell during interplane-
tary magnetic field (IMF) By < 0, and a region of very low
(<100 m s−1) temporal variability in the convection throat.
The source of the high variability near the dayside dusk CRB
is caused primarily by motion of the large-scale convection
pattern most likely due to the variable IMF. The line-of-
sight velocities in this region fluctuate between sunward and
antisunward directed flow depending on the position of the
CRB relative to the radar observation area. In the con-
vection throat, however, steady antisunward directed flow
exceeding 500 m s−1 is observed despite the variable IMF.
Based on these observations it is expected that increased
Joule heating due to variability in the electric field occurs
near the dayside CRB of the crescent-shaped convection cell
and little additional Joule heating occurs in the convection
throat.

1. Introduction

Variability of the convection electric field (or equivalently,
the convection velocity) has been shown to be an important
factor in calculating Joule heating rates in the upper atmo-
sphere. General circulation models (GCM) of the thermo-
sphere typically underestimate the magnitude of Joule heat-
ing when only the average electric field is included [Codrescu
et al., 1995]. Because Joule heating is proportional to the
average of the square of the electric field, magnetospheric
energy dissipation can be significantly increased when vari-
ability of the electric field is included in Joule heating cal-
culations [Codrescu et al., 1995, 2000].

A complete characterization of the variability in the con-
vection electric field would require simultaneous measure-
ments of the field over the entire high-latitude ionosphere.
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Because such measurements are not possible, variability
must be characterized by some other means. One method
that has been used involves computing the sample standard
deviations of the variances of electric field (or plasma drift)
measurements from an empirical or statistical model. Co-
drescu et al. [2000] use this technique with incoherent scatter
radar (ISR) drift measurements, while Matsuo et al. [2002]
use plasma drift measurements from the Dynamics Explorer-
2 (DE-2) satellite. Both studies result in bin-averaged maps
of electric field variability that can be used with the average
fields in Joule heating calculations.

While characterizing electric field variability in a statis-
tical sense is convenient for use with GCMs and results in
enhanced Joule heating rates, it may not be the best method
for understanding the dynamics and possible causes of the
variability. It is, however, the only choice when using spa-
tially localized measurements from a single satellite or ISR,
or when the measurement uncertainties are large, as is typ-
ically the case with, for example, ISRs.

If measurement uncertainties are low and available over
extended regions, it is possible to characterize the variability
in terms of the temporal variability, that is, by determining
the amount of variation from a mean calculated from a set
of measurements spanning a specified period of time. Char-
acterizing variability in this manner is particularly useful
in associating the observed variations with convection fea-
tures often partially obscured by bin-averaged models. In
some instances, as will be demonstrated, it is also possible
to identify the direct cause of the variations.

The focus of this study is on variations in the convec-
tion electric field which impact Joule heating rates. A 1-
hr time scale is selected to emphasize variations that occur
faster than the times typically required for the neutral at-
mosphere to respond to changes in the electric field through
ion-neutral collisions [e.g., Ponthieu et al., 1988]. Using
line-of-sight (LOS) velocity measurements from the Super
Dual Auroral Radar Network (SuperDARN) HF radars [e.g.,
Greenwald et al., 1995], the temporal variability is deter-
mined as the weighted variance of the LOS deviations from
a weighted hourly mean. The SuperDARN radars provide
extended spatial measurements which are not only necessary
for a non-statistical study, but are also useful for construct-
ing maps of the large-scale convection pattern in order to in-
terpret the variability measurements. These measurements
of the temporal LOS velocity variability provide some in-
sight into the processes which cause the observed variations
that ultimately contribute to enhanced Joule heating rates.

2. Technique

The standard SuperDARN radar mode sweeps sequen-
tially through 16 different beam directions every 2 min to
complete a single scan. The integration time for each beam
is, therefore, ∼7 s. The range resolution is set by the pulse
width and is 45 km in the standard radar mode. A mul-
tipulse transmission sequence is used to determine a 17-lag
autocorrelation function (ACF) at 70 distinct ranges. Each
radar/beam/range is referred to hereafter as a range-gate.
Standard processing (fitACF) renders estimates of the LOS
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Figure 1. (a) 1-hr temporal variability map of the LOS Doppler backscatter from two SuperDARN HF radars in the
cusp/throat region for the period 1742–1842 UT. Color indicates the degree of variability. A representative global convec-
tion pattern determined with the fitting technique of Ruohoniemi and Baker [1998] using data from all eight SuperDARN
radars is shown for the period 1812–1814 UT. Expanded views of each radar are shown in (b) and (c). Time-series of raw
spectra for the 1-hr period are shown for two representative range gates of each radar in (d)–(g). A red line indicates the
LOS Doppler velocity determined from the fitACF procedure for each spectrum.

velocity (vlos) within each range-gate, and the associated er-
ror [Villain et al., 1987; Baker et al., 1988].

The temporal variability for a particular range-gate is de-
fined in this study as the weighted variance (σ̂v) of the devi-
ations of the LOS velocities (vlos) from a weighted mean (µ̂v)
over a 1-hr period. Specifically, the weighted mean (µ̂v) of
a set of N LOS velocity samples {vlosi

} and weights {wi} is
given by:
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A further analysis of the vlos values can be performed to
determine the large-scale convection pattern for each 2-min
radar scan using the standard Johns Hopkins University Ap-
plied Physics Laboratory fitting technique [Ruohoniemi and
Baker , 1998; Shepherd and Ruohoniemi , 2000]. These pat-

terns allow the variability to be associated with features that
may be responsible for the observed variations.

3. Observations

A 1-hr period, 1742–1842 UT on 7 April 2001, was chosen
for this study, in part, for the occurrence of extended Super-
DARN backscatter in the high-latitude ionosphere, partic-
ularly near the cusp and convection throat. The extended
observations were necessary to ensure an accurate determi-
nation of the large-scale convection pattern in the dayside
region. During this day eight northern hemisphere Super-
DARN radars were operating the standard radar mode, com-
pleting a scan every 2 min.

Figure 1a shows σ̂v calculated for the period 1742–1842
UT from the two SuperDARN radars looking into the con-
vection throat, located at Kapuskasing, Ontario (KAP) and
Saskatoon, Saskatchewan (SAS). The magnitude of σ̂v is in-
dicated by the color scale in the figure. Only ranges for
which vlos was obtained for at least half of the 1-hr period
are shown. Variability measurements from both KAP and
SAS are shown in Figure 1a and generally agree, despite the
different look directions of the radars. A convection map
calculated using the gridded vlos data from all eight radars
for the 2-min period starting at 1812 UT (the mid-point) is
shown in Figure 1a.

Figures 1b and 1c show expanded views of σ̂v for each
radar. Two range-gates are selected from each radar to il-
lustrate the behavior of vlos over the entire 1-hr period in
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the two distinct regions. Time-series of KAP vlos data for
beam and range (13,33) and (10,45) are shown in Figures
1d and 1e, respectively, while SAS vlos data for beam and
range (13,39) and (6,39) are shown in Figures 1f and 1g,
respectively.

The time-series plots (Figures 1d–1g) all have the same
format and scales. In these figures both the derived quanti-
ties obtained from fitACF and the raw spectra of the ACFs
are plotted for each 7-s integration period at 2-min intervals.
Each spectrum has been normalized to unity for comparison
purposes. A solid red line is overlaid on top of each plot to
indicate the values of vlos obtained from fitACF.

4. Discussion

Flow Near the Convection Reversal Boundary

The velocity data shown in Figures 1d and 1f were col-
lected from the vicinity of the sharp CRB feature in the
dayside portion of the dusk convection cell. They show that
the velocity variation was large (> 1 km s−1) and that this
variability arose largely from switching between conditions
of fairly stable sunward (vlos ∼ 500 m s−1) and antisunward
(vlos ∼−600 m s−1) directed flow. The implication is that
within these fixed volumes the radars alternatively sampled
flows from either side of the CRB, and that the velocity vari-
ability within the volumes arose largely from variability in
the position of the CRB. The uncertainties in the velocity
measurements were typically 10–50 m s−1, i.e., much less
than the magnitudes of the velocity jumps seen in Figures
1d and 1f. Thus it is safe to conclude that the plasma within
these fixed volumes underwent sudden and large changes in
velocity.

Inspection of vlos data in sequential range-gates of sev-
eral adjacent beams in the vicinity of the dusk CRB (not
shown), show that the CRB is most often (1) well-defined by
an abrupt transition from sunward to antisunward flow in a
single range-gate (implying that the distance across the CRB
is smaller than the 45 km range resolution) and (2) spatially
extend over several hundred km (implying a large-scale fea-
ture). Previously reported sources of localized CRB motion
include ULF waves and traveling convection vortices [e.g.,
Clauer and Ridley , 1995; Ridley and Clauer , 1996]. Here we
see that variations in the large-scale convection pattern can
give rise to large velocity variations.

Closer inspection of Figures 1d and 1f reveal that double-
peaked (D-P) spectra are occasionally observed. The pres-
ence of multi-peaked spectra are most likely a consequence
of variations occurring on scales smaller than those consid-
ered here. Other studies have looked at variability in the
form of spectral width broadening of SuperDARN backscat-
ter for even smaller scales than are considered here. These
studies attribute broadened spectral widths in the cusp to
small-scale vortices [Schiffler et al., 1997; Huber and Sofko,
2000].

It should also be emphasized that while the presence of
D-P spectra can affect the degree of variability, depending
on the relative power in the spectral peaks, the D-P spec-
tra of the previous studies are of a very different character
than those observed in Figure 1. The separation of peaks
in the D-P spectra of previous studies were much smaller
than the >1 km s−1 separations occasionally observed here.
The large separation between sunward and anti-sunward di-
rected flow clearly indicates proximity to the CRB in the
occasional instances where D-P spectra are observed, rather
than the presence of small-scale vortices. Large-scale motion
of the CRB is otherwise observed.

This result is not entirely unexpected. Data from the
ACE spacecraft (not shown) show that while the pressure

and IMF magnitude remain relatively constant for this pe-
riod, the IMF orientation is quite variable. It is known
from both theoretical studies of high-latitude convection
[e.g., Cowley and Lockwood , 1992] and empirical models
[e.g., Ruohoniemi and Greenwald , 1996] that variations in
the IMF cause changes in the large-scale convection pat-
tern, particularly near the dayside CRBs. The example re-
ported here confirms that variability in the instantaneous
convection pattern gives rise to localized and intense veloc-
ity fluctuations.

It is expected that the variability will be larger in the dusk
(dawn) convection cell for IMF with a dawn (dusk) com-
ponent. The statistical models show that for dawn (dusk)
directed IMF the dusk (dawn) cell is more crescent shaped
and narrower on the dayside than the more round dawn
(dusk) cell. Figure 1a shows that the convection pattern for
this period is consistent with such a configuration for IMF
By < 0. Any movement in the location of the dusk cell
CRB will, therefore, result in more dramatic variations of
vlos than would occur near the dawn cell CRB. This IMF
By related asymmetry is seen in the statistical variability
maps of Matsuo et al. [2003]. Their result is confirmed by
the case study presented here and, furthermore, the cause
of the enhanced variability observed near the dayside CRB
has been identified as resulting from motion of the CRB.

Flow in the Convection Throat

In contrast to the highly variable flow near the dusk CRB,
the flow in the convection throat is remarkably uniform and
simple. The velocity data shown in Figures 1e and 1g were
collected by the radars from a higher latitude region which
was associated with fairly unstructured antisunward flow of
∼500 m s−1 throughout this period. The steady nature of
the flow extends longitudinally for more than 1000 km and
over 600 km in range (latitude), into the polar cap above 80◦

magnetic latitude, up to the far-range limits of the backscat-
ter seen by the radars during this period.

The temporal variability for the two range-gates in Fig-
ures 1e and 1g is <100 m s−1 and is representative of the
general nature of the flow in this region. Any variability
in the global convection pattern had little impact on the
convection velocity in the poleward portion of the dayside
convection throat. Accordingly, the variation in velocity was
small compared to the variation encountered in the vicinity
of the structured flows around the dusk CRB.

Joule Heating

The importance of including a component of the electric
field (E) due to small-scale or rapidly varying fluctuations
in estimating Joule heating rates was demonstrated by Co-
drescu et al. [1995]. It is, therefore, expected that Joule
heating will be pronounced in the vicinity of structure in
the convection pattern, such as the CRB, especially in com-
bination with variable behavior in the IMF. In the vicinity
of the dusk CRB the Joule heating associated with the vari-
able flow component (σ̂v > 500 m s−1) is larger than that of
the steady flow component (µ̂v ∼ 200 m s−1). By contrast,
the variable component (σ̂v < 100 m s−1) is small compared
to the steady component (µ̂v ∼ 600 m s−1) and makes only
a small contribution to Joule heating in the high dayside
convection throat.

The situation is, of course, significantly more compli-
cated than suggested here. The expression for the height-
integrated Joule heating rate is often written as QJ =
ΣP E′2, where ΣP is the Pedersen conductance and E′ is the
electric field in the rest-frame of the neutrals [e.g., Thayer ,
1998]. Upward field-aligned currents, for one, are likely to
increase ΣP and also contribute to enhanced Joule heat-
ing near the CRB. A complete treatment of Joule heating
would require detailed knowledge of both the neutral winds
and ΣP .
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5. Summary

LOS Doppler velocities obtained from two SuperDARN
HF radars looking into the cusp/convection throat have been
analyzed to determine the 1-hr temporal variability in these
data. Two distinct regions of variability and flow were ob-
served during this period. A region characterized by large
(>1 km s−1) and rapid (<2 min) fluctuations in the LOS
velocity is located near the dayside dusk CRB and another
region at higher latitudes in the convection throat is char-
acterized by relatively uniform flow over the polar cap at
roughly 600 m s−1.

The velocity variations near the dusk CRB arise from mo-
tion of the CRB causing a fixed volume to alternately sam-
ple from sunward and antisunward directed flows. The dusk
CRB is more favorable for large velocity variations than the
dawn CRB owing to the sharpness of the reversal which is
controlled by the IMF By orientation. The temporal vari-
ability near the dusk CRB is relatively high (often >500 m
s−1) while the variability of the uniform flow in the convec-
tion throat is low (typically <100 m s−1).

For the first time the origin of variability encountered
in convection velocity on small temporal scales (2-min) has
been shown. In this example the velocity within fixed vol-
umes was observed to vary widely owing to the shifting po-
sition of structure in the convection pattern. The swings
in velocity were large compared to the measurement uncer-
tainties (∼1 km s−1 versus ∼50 m s−1). The highly variable
velocities contrasted with the low variability within the re-
gion of unstructured flow.

It is concluded that based on the work of Codrescu et al.
[1995, 2000] and the observed velocity variability, Joule heat-
ing is likely to be pronounced in the vicinity of structured
features of the convection, such as the CRB, especially in
combination with variable behavior in the IMF. This study
shows that variability of the convection pattern within the
regions of structured flow is a significant factor for the cou-
pling of energy from the magnetosphere to the ionosphere.
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