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Abstract Doppler velocities observed by the Rankin Inlet (RKN) PolarDARN radar are assessed with a focus on data in the
beams oriented roughly along the magnetic meridian. Hourly scatter plots for every month are built. They are shown to vary
widely, with median values showing very clear magnetic local time variation with maximum magnitude during pre-noon and
pre-midnight hours. The histograms contain a significant amount of very small velocity data that dominates at farther ranges and
during the daytime. Near noon data show generally antisunward flows but at large ranges/magnetic latitudes and very close to
noon, sunward flows occur for periods of positive IMF B,. The reverse flows are stronger during spring equinox. The velocity mag-
nitude was found to depend linearly on the IMF B, and interplanetary electric field. Velocities are often found to be smaller than
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those expected from the statistical convection model of Ruohoniemi and Greenwald —1996.
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1 Introduction

One of the mgjor products of the Super Dual Auroral Radar
Network (SuperDARN) project are global-scale ionospheric
plasma circulation maps. These are inferred from Doppler
velocity measurements from individual radars under the
assumption that the velocity measured is the cosine com-
ponent of the ExB plasma drift. Routinely, the velocity data
from individual radars are not investigated; they are auto-
matically added to a common data block. However, it is
interesting to examine characteristics of the velocity meas-
ured by individual radars of the network, specifically, their
diurnal, seasonal and solar cycle trends. In this respect, of
special interest are observations during the last several
years for which the plasma circulation maps are dominated
by measurements with the two PolarDARN radars located
at Rankin Inlet (RKN) and Inuvik (INV).

The PolarDARN velocities are of interest for severa
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reasons. First, SuperDARN velocity measurements of
plasma flow through the central polar cap are very limited.
This is because with typical auroral zone SuperDARN ra-
dars the echoes at these latitudes can mostly be detected via
one and half hops propagation mode. This requires specific
ionospheric conditions, to bend the radar wave, and these
conditions are not always easy to satisfy. It is not a surprise
that SuperDARN plots are typically limited to magnetic
latitudes equatorward of 80°, see for example Figure 2 of
Ruohoniemi and Greenwald"!. The PolarDARN radars de-
tect echoes in the polar cap viathe direct propagation mode,
and they significantly outperform the auroral zone radarsin
terms of echo occurrence!?,

Secondly, the polar cap plasma flows are expected to
saturate for extreme values of external drivers of the global
plasma circulation, often characterized by the Interplanetary
Magnetic Field (IMF) and Interplanetary Electric Field
(IEF). Fiori et a.l® attempted to look at this effect by com-
paring RKN velocities with the Polar Cap North (PCN)
magnetic index, but the amount of data significantly
dropped off as magnetic activity increased (PCN>4). It
would be interesting to investigate the effect further.
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The HF echo occurrence at high latitudes is more fre-
quent during equinoxes¥. It would be interesting to see if
this is coupled with enhanced ExB drifts during these sea-
sons. One would expect such relationship because the
gradient-drift plasma instability, the major source of
F-region ionospheric irregularities, depends on the electric
field®™. Eventually, the solar cycle effect in Doppler veloc-
ity would be interesting to investigate, but up until now
PolarDARN data are only available for years during solar
minimum.

Finally, there is a general feeling that some RKN ve-
locities could be a mixture of ionospheric and ground scat-
ter so that the observed velocities do often not reflect ExB
plasma drifts. This effect has been discussed by Chisham
and Pinnock!® with respect to other SuperDARN radars.
Direct comparison of the RKN and INV velocities with
ExB measurements from the Canadian Digital lonosondes
(CADI) and the Defense Meteorological Satellite Program
(DM SP) satellites showed occasiona significant discrepan-
cies between the instrumentsl”®. These can be related to
non ExB flows as observed by the SuperDARN radars.

The goal of this study is a general assessment of the
RKN velocity, investigation of the velocity relationship
with external drivers and comparison of the velocities with
adtatistical model of the high-latitude plasma circulation.

2 Rankin Inlet radar field of view and data
sdection

In this study we concentrate on RKN observations. Data for
the INV radar are consistent with those reported for the
RKN radar. Figure 1 shows the location of Rankin Inlet and
Inuvik PolarDARN radars and their fields of view (FoVs)
for range gates 5-50. The range in kilometers to the target
gate can be calculated from the eguation: range=180+
gatex45, km. In the present work, we focus on measure-
ments in beams 6, 7 and 8; these are shown in Figure 1 by
grey shading. These beams were selected because they are
roughly aligned in the direction of the magnetic meridian so
that the velocities reflect the meridional component of the
plasma flow which is of special importance for observa-
tions near magnetic noon and midnight when the ExB
flows are predominantly meridional. We also consider a
limited number of range gates, between 9 and 45. At shorter
ranges, E-region echoes are usually detected. Since their
velocities do not always reflect the ExB flows, they are not
of interest to this study. Measurements at farther ranges are
not considered here because the amount of RKN data is not
significant there®¥. The dark rectangular area in Figure 1
denotes radar beams and gates for which more detailed
analysis was performed and to which numerous references
will be made.

3 Data presentation

Data for the year 2010 were selected as a major period for
this study. Data for other years of RKN operation

(2007—-2011) show similar tendencies.

BRKN T

-120°

Figurel Locationsand fieldsof view of the Rankin Inlet (RKN)
and Inuvik (INV) HF radars. The dot indicates the location of
Resolute Bay. The light shading shows the beam/gates of the radar
data used in this study as described in the text. The black rect-
angle is the area within which data were largely discussed in the
text. Heavy lines represent geomagnetic latitudes of 60°, 70° and 80°.

3.1 Daily variation of the velocity

Figure 2a presents all velocities measured by the RKN ra-
dar in March 2010 in range gates 24—-26. More than 52 000
points are available. The reason for the selection of March
data (i.e. for the equinox) is that echoes are observed fre-
quently during al hours of the day, as opposite to other
seasons when echoes occur predominantly during near
magnetic noon hours (12 MLT).

The magnetic noon (midnight) for the RKN radar lo-
cation is around 1830 (0630) UT. Visualy, more echoes
were detected during dusk-midnight-dawn hours. In this
period, the cloud of points shows a general shift to larger
positive velocities with maximum values achieved around
midnight. The trend for the data in the dawn-noon-dusk
sector is confusing. The velocities become more and more
negative after 1000-1200 UT but around noon the positive
velocities seem to occur as frequent as the negative veloci-
ties. Later, after ~2200 UT, the velocities are predominantly
negative. To show the differences between near noon and
midnight observations more explicitly, we show distribu-
tions of the velocity in these two sectors, in Figures 2¢c and
2d. Figure 2c (midnight) shows bell-shaped distribution
with a maximum around 250 m-s™. This distribution is
fairly wide, ~1000 m-s?, but consistent with observations of
the aurora zone radars at lower latitudes, e.g. references 9
and 10. Figure 2d (noon) shows about equal occurrence of
echoes with positive and negative velocity. We note that the
distribution has a minor peak at 500 ms™. This peak is
reminiscent of observations with the Hankasalmi radar™
athough its peak at 500 ms* was very pronounced. The
positive near-noon velocities are unexpected if the plasma
circulation pattern is two-cell like. The initial hypothesis for
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Figure2 Scatter plot of the RKN velocity versus UT time observed in March 2010. Measurements in beams 6, 7 and 8 and range gates
24, 25 and 26 were considered (a). Total number of available points (n) isindicated. b, Median values of the RKN velocity for 1-hour UT
time bins. Dotted line corresponds to medians for all velocities available in each bin while black dots connected by solid line correspond
to medians for velocities with the magnitudes above 50 m-s™. Vertical bar represents atypical standard deviation of the velocity in various
bins. Vertical dashed lines indicate approximate time for the magnetic midnight (0630 UT) and magnetic noon (1830 UT). For the beams
considered, the magnetic loca time is close to the local solar time. ¢, Histogram distribution of the measured velocities between
0600—0700 UT for the data presented in panel a. d, The same as ¢ but for measurements between 1800 and 1900 UT.

the occurrence of the positive near noon velocities was the
onset of sunward (reverse) plasma flows during intervals
with positive B,. This hypothesis will be pursued |ater.

The other feature recognizable in Figure 2ais the fre-
guent occurrence of low-velocity data with velocity magni-
tudes of <50-100 m-s'. These are seen as horizontal
“stripes” around the zero velocity line between ~1600 and
2400 UT. Domination of the low-velocity data with velocity
magnitudes below 100 m-s™ is obviousin Figure 2d.

To infer velocity trends in a quantitative way, we
binned the data with 1-hour periods and selected the median
value for each bin, Figure 2b. Two kinds of medians were
used here, one for al datain abin (shown by dotted line in
Figure 2b) and another for all velocities with magnitudes
above 50 ms™ in a bin (shown by solid line with large dots
in Figure 2b). In Figure 2b the trends are similar for both
types of binned velocities with the first type showing
smaller magnitudes. The differences are more significant in

the dawn-noon-dusk sector where low-velocity data consti-
tuted a significant portion of all points. Both types of me-
dians show maximum values of ~300 m-s™ near midnight
and small positive values around noon. In the following
analysis, data with velocity magnitude below 50 m-s™* will
not be considered. The reason for thisis that these data may
affect the median velocity values in significant way, as evi-
denced by the data in Figure 2b. The reason for low-veloc-
ity echo occurrenceis not clear. One hypothesisisthat these
are mixed ground-scatter/ionospheric echoes or misidenti-
fied ground scatter echoes. These hypotheses require further
investigation.

3.2 Low-velocity echoes

Although the low-velocity data were excluded from the
statistical assessment of typica RKN velocities, we at-
tempted to infer the typical pattern in their occurrence. We
consider in this section echoes with the velocity magnitude
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below 50 m's™, echo power above 3 dB and spectral width
below 500 m-s™. Figures 3a and 3b show UT variations of
the proportion of low-velocity echoes to all echoes detected
for winter (December 2010) and equinox (March 2010),
respectively. Data for the summer period shows a predomi-
nant occurrence of low-velocity echoes most of the time
with less frequent occurrence during near noon periods, but
the amount of datais not as significant as for other seasons,
and so they are not presented.
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Figure 3 UT variation of the hourly ratio of the number of low
velocity data (magnitude <50 ms?) to the number of al data in
each 1-hour bin for Decemebr 2010 (a) and March 2010 (b). Data
in RKN beams 6, 7 and 8 and various range gates were considered;
every group of range gates is represented by a line of certain
thickness. The legend for the line thickness is shown in the top
right corner of pandl (a).

Figure 3a shows that the proportion of low-velocity
echoes varies between 0.1 and 0.3 with the largest values
near magnetic (and local solar) noon and in largest range
gates of 21-35. In smaller range gates of 9-17, the variabil-
ity is not as strong. In gates 21-35, another enhancement is
seen around 1000—1400 UT. This enhancement is expected
as during this period the radar beams are oriented perpen-
dicular to the average flow. The data of Figure 3a support
the notion that the daytime RKN echoes during winter can
be related to the ground scatter that is strongest during these
hours™. The preferential occurrence of low-velocity ech-
0es at near noon hours is more obvious for observations in
March 2010 at range gates 27-35, Figure 3b. For range
gates 9-23, there is no such effect. Although the data pre-
sented show typical situations, data for some individual
months show somewhat different patterns in occurrence
implying that a more thorough investigation is required.
Such a study might explain the reasons for the occurrence
of low-velocity echoes.

3.3 Typical velocities at various ranges and radar
look directions

To assess the velocity of RKN F-region echoes we plot
hourly median velocity values for various radar look direc-
tions, ranges and UT time, Figure 4. All four plotsin Figure
4 have the same x and y axis; UT time and radar range gate,
respectively. The contour color scheme is the same in all
plots. The plots go from the west-oriented beams 0-2 (Fig-
ure 43), to central beams 6—8 (Figure 4b) and 9-11 (Figure
4c) to the east-oriented beams 13-15 (Figure 4d).
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Figure 4 Contour plot of the RKN velocity (hourly medians)
versus UT time at various radar ranges for observations in beams
as follows. a, 0-2; b, 6-8; ¢, 9-11; d, 13-15. Data for March
2010 were considered. Contours are 100 ms* apart.

There is a great deal of similarity between the plots.
All show positive vel ocities between ~0000 and ~ 1200 UT,
i.e. for observations on the nightside. During these hours,
the largest velocities are observed close to the local mid-
night (0630 UT) in most east-oriented beams (13—15) with
magnitudes in excess of 400 m's’. Between ~0800 UT
(Figure 4a) and ~1300 UT (Figure 4d), the polarity of the
velocity changes to negative. The largest magnitudes of
negative velocities are observed again in most east-oriented
beams (13-15) close to the local noon (1830 UT). The
maximum values here are in access of 400 ms™. These
values are also achieved in the most west-oriented beams
(0—2) but in very limited range gates and a limited time
sector. Earlier “transition” from positive to negative veloci-
ties for west-oriented beams as compared to east-oriented
beams is expected if the plasma circulation pattern is pre-
dominantly two-celled.

At near noon hours, the plots for the centra beams
(6-8 and 9-11) are quite different from the ones at two
other beam orientations as one can clearly see the occur-
rence of positive velocities indicated by contours with
green color. The effect is stronger in beams 9-11. Such
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velocities are not seen at range gates smaller than ~24.

3.4 Seasonal variations of the velocity at latitudes of
Resolute Bay

To show the seasonal variations in the velocity of RKN
echoes we plot hourly-medians in gates 24—26 of beams
6-8 (meridionally oriented beams) for all 5 years of con-
tinuous operation, Figure 5. The plot clearly shows (1) a
transition from negative to positive vel ocities between 1000
and 1200 UT, (2) maximum velocity magnitudes near mid-
night and noon, and (3) the occurrence of “islands” of ech-
oes with velocities of positive polarity. Interestingly enough,
the near-noon positive velocities occur predominantly dur-
ing spring equinox. A similar plot for range gates 27—-29
also shows the occurrence of such flows during spring
equinox. Importantly, such plots do not show this effect at
smaller range gates. Another interesting feature of Figure 5
data is that maximum magnitudes of negative velocities are
observed during summer season. This feature is not repeti-
tive on plots for other range gates, and is likely an anomaly.

RKN/Beam=[6-8)/Gate=[24-26]
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Figure 5 Variation of the RKN velocity (hourly medians) with
UT time in beams 6, 7 and 8 and at radar range gates 24, 25 and
26 for observations in 2007—2011. Contours are 100 m-s* apart.
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3.5 Positive near noon velocities and IMF B, polar-
ity

To test whether the near-noon positive velocities occur un-
der positive B, conditions, and are thus due to the onset of
sunward (reverse) flows, we made histogram distributions
of the velocity in beams 68, range gates 24—26 for obser-
vations under IMF B, positive (B; ) and IMF B, negative
(B; ) conditions, Figure 6. For completeness, histograms
are presented for midnight observations as well. According
to Figure 6a, there are very few positive velocities for B,

conditions while they are abundant for B; conditions, Fig-
ure 6b. Contrary to this, velocities are amost all positive
for the midnight observations irrespective of the B, polarity.

3.6 Velocity in meridional beams and external driv-
ers, IMFB,and |IEF

Since the RKN beams 6-8 are oriented roughly along the
magnetic meridian, one would expect a velocity magnitude
dependence on the IMF B, and the IEF, as these are the
major drivers of the high-latitude plasma circulation. Figure
7 shows scatter plots of the RKN velocity in gates 24-26 as
afunction of (a) IMF B, and (b) |EF for near noon observa
tions. Figures 7c and 7d are similar plots but for midnight
observations. For the data presented in Figure 7 only peri-
ods with |B,>|B,| were considered to avoid possible in-
volvement of the IMF B, component in the formation of a
plasma circulation pattern. The |EF was computed as a
product of solar wind velocity and IMF B,. Data on the IMF
and solar wind were taken from the OMNI data base with
an addition 8-min shift to allow disturbance propagation
from the bow shock to the ionosphere.

The raw datain Figures 7aand 7b are spread along the
bisectors in the quadrants 1 and 3. To characterize the de-
pendence, the raw data were binned (1-nT steps for Figure
7a and 0.5-mV-m* steps for Figure 7b), and the linear fit
lines were computed for the binned values of the velocity
(red solid dots). The dlopes of the lines a and the
y-intercepts b are reported on each of the panels. Both a
and b values vary from one month to another, however, the
reported numbers for the slope are very typical, 70—
100 ms™nT™* and 150-200 m?s™(mV)™ for the depend-
ence upon B, and IEF, respectively. The slopes for the
nighttime dependences are usually smaller.

As expected, the midnight observations, Figures 7c
and 7d do not show much anti-sunward flows (the veloci-
ties are mostly positive). The slopes of the best fit lines
(calculated for the binned values of the velocity, similarly to
Figures 7a and 7b) are smaller than the ones for the near
noon observations indicating a weaker response of the
plasma flows on the externa drivers on the nightside.
Comparing the nighttime data for positive and negative
IMF B,, Figure 7c, one can conclude that the slopes of the
lines are comparable. Plots for the velocity versus |EF, Fig-
ure 7d, show stronger dependence for positive |EFs. Thisis
perhaps not a real effect as the data for positive |EFs are
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Figure 6 Histogram distribution of the RKN velocity for the echoes observed in March 2010 under a, b IMF B; conditions and ¢, d,
IMF B; conditions. a and b are for the noon sector (18-19 UT) while ¢ and d are for the midnight sector (06—-07 UT).

scarce at large | EFs.

3.7 Comparison with the Ruohoniemi-Greenwald
—1996 model

Velocity measurements of the PolarDARN radars have not
been used yet in the development of the statistical models
of the high-latitude plasma circulation, including the most
recent model by Pettigrew et a.!*¥. The PolarDARN data,
however, would be beneficial to use asit would improve the
quality of the model predictions at polar cap latitudes. We
note that the polar cap data ingested into the existing mod-
els were limited. In addition, as was mentioned earlier, the
velocity of some echoes could be non ExB-related and con-
sideration of such data might introduce errors in the model.
Investigation of the consistency between the statistical
model predictions and the actual RKN measurements in the
polar cap thus has a merit.

To date, SuperDARN convection maps have been
predominantly produced (with results published) using the
Ruohoniemi and Greenwald—1996" model (we will be
referring to it as the RG-96 model). To be consistent with
published research, the RG-96 model will be used in this
paper. The RG-96 model is based on long-term data from

the Goose Bay radar located in the auroral zone. In this
section we investigate the consistency between the RG-96
model predictions and the actual RKN measurements in the
polar cap. We select for presentation one specific latitude,
MLAT=83°, the latitude of Resolute Bay, Figure 1.

The RG-96 model is parameterized by the IMF trans-
verse component B, =/Bz+B¢ and the IMF clock angle.
Possible clock angles are grouped into eight 45° sectors
centered at clock angles 6 of 0°, 45°, 90° and so on. All
possible combination of the RG-96 model parameters were
considered, but only the results for 0<<B,<<4nT and various
clock angles for this range of B, are presented, as the
amount of data was the largest for this range of B;. Also,
results were limited to winter conditions and, to have rea-
sonable stetistics, data for December of 2007, 2008, 2009
and 2010 were combined into one block. In addition, the
clock angle sectors were enlarged to 90°. To make com-
parison with the RKN measurements in the meridional
beams straightforward, the northward component of the
total RG-96 velocity vector was considered.

Figure 8 presents results of the comparison for four
different sectors of the IMF clock angle as shown in each
panel. Each crossin Figure 8 represents the median val ue of
the velocity during the respective hour. In computing the
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Figure 7 Scatter plots of the RKN velocity versus a, ¢ IMF B, and b, d interplanetary electric field (IEF) for observations at near mag-
netic noon hours (panels a and b, 1800-1900 UT) and a near midnight hours (panels ¢ and d, 0600-0700 UT). Observations with
[B.[>|By| were only considered. All the data were collected in RKN beams 6-8 and range gates 24—26.

median values, all velocity values available for a specific
hour were considered, including low-velocities with mag-
nitudes below 50 m-s™. This has been done as no filtering
of the raw data has been done in data selection for the
RG-96 model. The vertical bar by each cross in Figure 8
denote the standard deviation from the median value for
each bin. These bars can be treated as the typical spread of
the velocities observed. The crosses are connected by black
lines to better view the data trends. The red line shows the
expected northward velocity component according to the
RG-96 modéel for the conditions considered. In these plots,
magnetic local time was used; the UT bin was simply
shifted by 6 hours as this is considered to be the difference
between the UT and MLT time for the RKN location.

Both the RKN data and model predictions in Figures
8a—8c show similar trends in terms of the velocity transition
from positive to negative values around 0600 MLT and re-
verse transition from negative to positive values around
1800 MLT, as expected for a 2-cell pattern. The model ex-
pects maximum positive (negetive) velocities during
pre-midnight (pre-noon) hours (Figures 8b—8d) and the

maxima are to be shifted towards later hours for 6=270°.
The RKN data are in agreement with these expectations. In
terms of the velocity magnitude, there are significant dif-
ferences between the model and the data for some periods.
For northward IMF (6=0°) these are not as strong as for the
other IMF orientations, but there is an important difference
between the model and RKN data at near noon hours. The
model does not expect positive velocities here (reverse
convection flows) while they were regularly observed over
several hours of UT by the RKN radar. For negative IMF B,
(6=180°) both the near midnight and near noon observed
velocity magnitudes were smaller by a factor of roughly 2.
The difference in largest/smallest velocities during mid-
night/noon hours are not strong for positive B, dominated
IMF (6=90°), but still the observed velocities were smaller.
For the IMF negative B, configuration (6=270°), the sig-
nificant difference occurred during near noon hours.
Although the data presented in Figure 8 point at no-
ticeable differences between the model and RKN measure-
ments, our analysis showed that the disagreements are get-
ting smaller at larger radar ranges, i.e. at larger magnetic
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latitudes, and at stronger IMF magnitudes. In terms of sea-
son, analysis showed that the agreement is getting worse
toward the summer.

December 2007—2010: MLAT=83°
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Figure 8 Hourly medians of the RKN velocity (crosses) for
beams 6-8, range gates 24-26 versus magnetic local time under
various IMF clock angle sectors 6 of the Ruohoniemi and
Greenwald-1996 model. Vertical bars indicate the standard devia-
tion of the velocity within each bin. The model velocity values
(meridiona component) are shown by red line. All RKN radar
data were obtained for 0<B,<4nT( B; = /B%+B¢ , where B, and
B, are the IMF components) as given by the OMNI data set.

4 Discussion

Data presented on typical RKN velocities for observations
roughly along the magnetic meridian are consistent with
expectations from the body of knowledge on plasma circu-
lation in the polar cap. The data can be explained by as-
suming that most of the time the plasma circulation pattern
consists of two cells with anti-sunward (regular) flow
through the central polar cap. On average, the noon “throat”
of the flow, an area where the plasma enters the polar cap
on the dayside, was shifted toward morning hours, as ex-
pected™. Under sufficiently strong IMF B, conditions, the
reverse (sunward) flows were seen, but only very close to
the magnetic noon.

Although the data are consistent with general under-
standing, several interesting details emerged. One is with
respect to reverse plasma flows. It is clear that such flows
occur under positive IMF B, on the dayside and they do not
extend to the nightside as almost no negative velocities
were detected during near midnight hours while positive
velocities often occurred near noon (Figures 2a, 6d). We

examined RKN data for larger latitudes and found that the
amount of midnight negative velocities increases with lati-
tude but at MLATs> 85° the amount of available measure-
ments drops drastically so that no clear conclusion can be
made. In this respect, it would be interesting to investigate
the effect with McMurdo radar data because this radar de-
tects echoes at larger latitudes, all the way to the magnetic
pole.

An important conclusion with respect to the reverse
flows is their alignment with the magnetic meridian, Figure
4; no reverse flows were seen in beams 0-2 and 13-15 that
are much more off the magnetic meridian (for beam orien-
tation, Figure 1). Such flows occur in a very short time pe-
riod of about two hours around magnetic noon, and they
seem to be stronger in beams 9-11 whose orientations are
very close of the magnetic meridian. Typical magnitudes of
the reverse flows were rather low, <100 ms*. We note that
this is an apparent effect as we presented in Figure 4 the
median velocity for each hour of observations. Individual
velocity of a reverse flow can be as large as 800 m-s?, see
for example Figure 6b.

Long-term data on the RKN velocity for observations
at MLAT=83° (Figure 5) showed that reverse plasma flows
are consistently faster during spring equinoxes. The reverse
flows were also seen during the summer and during fall
equinox at larger MLATS. The reason for lower velocities of
winter reversed flows is not clear. One of possible explana-
tions is more favorable conditions for the lobe reconnection
(under positive IMF B,) in the summer hemisphere as dis-
cussed, for example, by Crooker and Rich!*®.

The second interesting feature of the data presented is
the difference in the MLT times for a change in the velocity
polarity for observations during dawn hours, Figure 4b.
According to Figure 4b, the polarity changes first at far
ranges (large MLATS) and later at shorter ranges (smaller
MLTs). This feature is seen in other beams/directions of
observations as well (Figure 4). This is an indication that
the polar cap flow is not uniformly antisunward at MLAT=
83°; it seems to be crescent-like even at these latitudes.
Ruohoniemi and Greenwald™® showed various degrees of
“curving” for the crescent part of the convection pattern,
depending on the IMF conditions. Our data seem to be con-
sistent with their By dominating pattern (their Figure 5).

Our results with respect to the regular antisunward
flows are consistent with expectations. The magnitudes of
the near noon flows were somewhat larger on the nightside
as compared to the dayside (Figure 2a, and compare the
distributions of negative velocities in Figure 6a with the
distributions of positive velocities in Figure 6b). We note
that this noon-midnight difference varies with range and
season. We found that at shorter ranges and especially dur-
ing winter, the around noon velocity magnitudes are usually
larger than the midnight velocities. In the midnight sector,
the most east- (west-) oriented beams measured largest
(smallest) velocities. This difference is surprising as beams
0-2 and 13-15 are amost symmetricaly oriented with re-
spect to the magnetic L-shells and one would expect very
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comparable velocities if the 2-cell convection pattern
dominates. In the noon sector, largest velocity magnitudes
were also detected in the most east-oriented beams 13—15.

We showed (Figure 7) that the meridional flows are
faster for larger IMF B, and |EF magnitudes. This is con-
sistent with earlier limited analysis by Fiori et a.”®! who
showed that the RKN velocity for near noon observations
aong the magnetic meridian increases linearly with the
PCN magnetic index. The PCN index is a good proxy for
IEFY. More recently, Bristow et al.™® showed that
McMurdo velocity of the flow aong the noon-midnight
meridian increases linearly with the IMF B, and |EF mag-
nitude with some evidence for the velocity saturation at
large magnitudes. The typical McMurdo velocity values
were <400 m-s® with maximum observed velocities of
~600 ms™. It should be noted that Bristow et al.l*¥ pre-
sented the component of the flow, the total velocities were
larger. The RKN data presented in this study are fully con-
sistent with the above notion of larger velocity at stronger
external drivers. Moreover, the slopes of the linear fit lines
were larger than the ones for the McMurdo datal*®. We
comment that no clear saturation effect was seen in our data;
however, few points were available for IEF>3 mV-m'* for
which the effect is highly expected™.

A comparison performed between the RKN velocities
and expectations of the RG-96 statistical model gave mixed
results. Trends in the data for various orientations of the
IMF were similar but the velocity magnitudes were often
significantly smaller. In many occasions the model velocity
magnitude was larger than the median velocity magnitude
plus the standard deviation of the median velocity in hourly
bins. One of the reasons for larger model velocities could
be the fact that the RG-96 model is based on the Goose Bay
data collected for periods of both low and strong solar ac-
tivity. In this study we demonstrated that with intensifica-
tion of external drivers (controlled by the Sun) the RKN HF
velocities tend to be larger. As additional testing, we proc-
essed Saskatoon radar data for March 2010 and found that
hourly velocity medians values at latitudes >80° are con-
sistent with the RKN data.

Another factor to consider is the occurrence of low-
velocity RKN echoes. These might affect the median ve-
locities in a significant way. For example, this was the case
for December 2010 when few reverse flow velocities were
observed but the velocity medians were still around zero
(the raw data were not presented here). As mentioned ear-
lier, the low-velocity data could be a mixed ionospheric-
ground scatter echoes. The more frequent occurrence of
such echoes during daytime with generally better propaga-
tion conditions and preferential occurrence of ground scat-
ter™@ favor this explanation, but more definite analysis
needs to be done.

5 Conclusions

The results of this study can be summarized as follows.
(1) For meridionally-oriented radar beams the statisti-
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cally typical RKN velocity shows clear magnetic local time
variation with maximum positive (negative) velocity occur-
ring during pre-midnight (pre-noon) hours. Maximum ve-
locity values are between 400-500 m-s?, independent on
the season. The MLT velocity variation is consistent with
the 2-cell convection pattern with the exception that close
to the magnetic noon, within plus-minus one hour, and at
MLATs>82°-83° the reverse (towards the Sun) plasma
flows occur. These reverse flows occur for the periods of
positive IMF B, component. Over 5 years of observations,
the reverse flows were found to be strongest during equi-
noctial/summer time.

(2) The velocity magnitude increases almost linearly
with the IMF B, and interplanetary electric field. The data
did not show the velocity saturation effect but neither IMF
nor 1EF reached the values for which the saturation effect
has been seen in data from other instruments.

(3) The RKN velocity magnitude distribution is often
affected by the presence of low-velocity echoes whose ve-
locity magnitude is below 50 m-s®. Such echoes often
dominate during daytime and at larger radar ranges. These
echoes were excluded from consideration in the current
study.

(4) The MLT variation of the typical RKN velocity
(for relatively small IMF B, and winter conditions) are con-
sistent with expectations of the statistical model of plasma
circulation a high latitudes by Ruohoniemi and
Greenwal d—1996 but the velocity magnitudes are somewhat
smaller than expected.
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