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Abstract. Using data from the Super Dual Auroral Radar 1 Introduction

Network (SuperDARN) we investigate the ionospheric con-

vection response to magnetospheric substorms. Substormdagnetospheric substorms are understood to be one of the
were identified using the Far Ultraviolet (FUV) instrument primary mechanisms by which the Earth’s magnetotail rids
on board the Imager for Magnetopause-to-Aurora Global Ex-itself of stored magnetic flux and energy that are accumu-
ploration (IMAGE) spacecraft, and were then binned accord-ated through the action of reconnection with the interplane-
ing to the magnetic latitude of their onset. A superposedtary magnetic field. Whilst the exact time sequence of events
epoch analysis of the ionospheric convection patterns foivhich surrounds the onset of magnetospheric substorms is
each onset-latitude bin was then performed using radar datgtill under debate, it has recently been suggested that sub-
for the interval 60 min before onset to 90 min after. It is Storms are initiated by near-Earth reconnection in the magne-
found that lower onset-latitude substorms are associated witkotail (Angelopoulos et al.2008, which pinches off closed
generally more enhanced convection than the higher latitud&agnetic flux and then closes open magnetic flux, exciting
substorms, although they suffer from a significant localisedmagnetospheric convection (eBgker et al. 1996. Within
reduction of the flow in the midnight sector during the expan- & few minutes a disruption of the cross-tail current is also ob-
sion phase. Higher-latitude substorms are associated with 8erved in the inner magnetosphere, leading to the creation of
significant and rapid increase in the nightside convection fol-the substorm current wedge (elgii, 1996 and an associ-
lowing substorm onset, with all onset-latitude bins showingated ionospheric auroral disturbanégasofu 1964. There

an enhancement over onset values~60 min into the ex- have been mixed reports, however, regarding the nature of the
pansion phase. A rudimentary inspection of the concurrentonospheric convection that accompanies this disturbance.
auroral evolution suggests that the duration of the flow reducWe address this issue in the present paper.

tion following substorm onset is dependent on the strength It was suggested bZowley et al.(1998 that reconnec-

and duration of the expansion phase aurora and its associaté@n during substorms should excite large-scale twin-vortex
conductivity enhancement. flow in the high-latitude ionosphere. In an early study of

Sondrestrom radar datBJanchard et al(1997 found that

an increase in the tail reconnection rate occurs near midnight
shortly after substorm expansion phase onset. Initially, how-
ever, this increase was mainly manifest in a poleward mo-
tion of the inferred open-closed field line boundary with the
flows becoming elevated only after an interval~080 min.
Somewhat correspondinglWeimer (1999 presented a sta-
tistical survey of low-altitude electric field data from the DE-

2 spacecraft, separated according to the IMF direction and
into substorm and non-substorm intervals. The flow patterns

Correspondence toA. Grocott for a given IMF orientation showed a more pronounced “Ha-
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55° 60° 65° 70° 75° 80° the interval from 60 min before, to 90 min after, each of the

SRR 1979 isolated Northern Hemisphere substorms in the Frey
list, using the radar data set discussediyd and Grocott
(2008. We find that there is a clear difference in the iono-
spheric convection response to substorms of differing onset
latitudes. Higher-latitude substorms are associated with a

104w significant and prompt increase in the nightside convection
following onset, whereas lower-latitude substorms appear to
be associated with an initial decrease in the nightside flows,
with a delay of up to~60min before any enhancement is
observed.
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Using the FUV instrument\lende et al.2000ab) on the IM-

AGE spacecrafErey et al.(2009) identified 2437 substorms
Fig. 1. The locations of Northern Hemisphere isolated substorm on-occurring between May 2000 and December 2002, subse-
sets, observed by the FUV instrument on-board the IMAGE Sate"quently extending this number to 4193 after considering the
lite, presented in magnetic latitude — mqgrjetic local t_ime coordi-.\_—,_y(_:.ar period up to December 200&ild and Grocot{2008
nates. The occurrence of substorms within each latitude — locajoine i this list to 3005 isolated events (by excluding those
time bin is colour coded according to the scale at the bottom. L

known to have occurred withie:2 h of another substorm),

1979 of which were observed in the Northern Hemisphere.

The onset locations of these 1979 events (see Fihave
than during non-substorm intervals, but the total transpolara mean magnetic latitude of 8&nd a mean magnetic local
voltage values showed little overall difference. On the othertime (MLT) of 23 h. For the purposes of the present study we
hand, Opgenoorth and Pelline(l998 presented evidence have grouped these events into 10 magnetic latitude bins: be-
for flow enhancements in the dusk auroral zone immediatelyiow 61°, 61-62. .., 68—69, and above 69 For each event
following expansion phase onset in the midnight sector, leadwe define a “substorm epoch” as being an interval of time
ing to an immediate increase in the global “directly driven” running from 60 min before, to 90 min after, the onset time
current system. They suggest, however, that diversion of thef the substorm.
twin-vortex flow around the low-flow high-CondUCtiVity au- |Onospheric flow data for each substorm epoch are pro-
roral bulge formed during the expansion phase (égrelli  vided by the Super Dual Auroral Radar Network (Super-
et al, 1995 Yeoman et al.2000 may play a role. More DARN). The SuperDARN network of HF radars provides
recently, Grocott et al.(2002 presented an analysis of Su- aimost continuous measurements of ionospheric convection
per Dual Auroral Radar Network (SuperDARN) flow data velocities in the auroral regions of the Northern and Southern
obtained during an isolated substorm, and found evidenceHemispheresQreenwald et al.1995 Chisham et a).2007)
for the excitation of twin-vortex flow cells centred in the and this facilitates the routine production of large scale maps
nightside ionosphere, which enhance the transpolar voltaggf the high-latitude convection using the “Map Potential”
by ~40kV compared with pre-onset values. Further studiestechnique Ruohoniemi and Bakerl999. This technique
using SuperDARN have produced mixed results, howeverijnyolves the mapping of line-of-sight radar velocity measure-
by providing evidence for both the excitation (e@ocott  ments onto an equal area polar grid and using them to derive
et al, 2006 Provan et al.2004 and reduction (e.d.yons 3 pest-fit solution to amth-order expansion of the electro-
et al, 200, Bristow and Jenser2007) of the flows follow-  static potential, expressed in spherical harmonics. An inves-
ing substorm onset. tigation into the sensitivity of the choice ofon the results

Using theFrey et al (2004 substorm databadéilan etal.  of the present study revealed that a relatively low sixth order

(2009 performed a superposed epoch analysis of the auroragxpansion was suitable for resolving the larger-scale charac-
evolution of substorms. They found that the auroral mor-ter of the convection pattern. A boundary defining the zero
phology was only reproducible in an average sense if subpotential at the equatorward edge of the convection pattern
storms were grouped according to onset magnetic latitudeis also determined from the radar data to help constrain the
due largely to the fact that substorm intensity is intrinsically solution at lower latitudes.
linked to the pre-existing open flux content of the polar cap. Two methods of investigating the average substorm con-
In the present paper we therefore use a similar latitude groupvection have been adopted for this study. The first method
ing to produce a set of average substorm convection patterngrovides a means by which we can investigate the best-fit av-
for each onset-latitude group. These patterns are obtained farage large-scale convection patterns and involves using the
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Map Potential “gridded” radar data files generatedvisjd

and Grocott(2008 to derive superposed epoch convection

patterns for the ten onset-latitude bins. This is achieved by
combining the gridded radar data from all of the substorm
epochs in each of the ten onset-latitude bins into ten super{
posed substorm epochs and then performing the Map Poten
tial fit on each one. The maximum number of substorms in
any one onset-latitude bin is 305, however, owing to data
processing limitations we restricted the number of substorm
epochs combined in any one Map Potential fit to 150. Where
an onset-latitude bin contained more than 150 substorms 4
random sample of 150 was used. Having performed the anal
ysis on a number of different random samples we can confirm
that little difference is evident in the large-scale nature of the
patterns.

It is also necessary to manually specify the magnetic lat-
itude of the zero-potential boundary,o, for these average
convection maps. In the Map Potential analysis, this bound-
ary is set to be the lowest latitude at which a significant
number of flow vectors above a specified velocity threshold
are observed. For the usual “individual-epoch” analysis this
is usually set to be 3 flow vectors above 100nt,swhich
is generally sufficient to exclude any noise and interferenceFig' 2. The locations of the statistical data po_in_ts used in_the redu_ced
which might otherwise mislead the algorithm and force it to SuperDARN database, plotted on a polar grid in magnetic local time

set the boundary too low. When adding such a large volume. magnetic latitude coordinates with noon to the top and dusk to
y ) 9 9 &he left. The data points are located at the centre of the red boxes

of radar data togeth_er hqwever, _as is the case fqr the SUP€Lhich themselves delimit the area in which local data coverage is

posed epoch analysis, this technique generally fails. We havgefined. The latitudes of the boxes is shown on an arbitrary scale,

therefore specified the boundary to be the mean of the boundseing dependent on the location of the zero potential boundayy,

aries identified at each time step for all of the individual sub- (shown in green) in each case. Data from the shaded boxes are

storm epochs. Whilst this might not necessarily be the bestliscusses in the text.

choice in each individual case, it is an objective and con-

sistent method across all times and onset-latitude bins and »

makes direct comparisons between different convection patMPosed a condition that there must be at least 2 radar data

terns straightforward. points in a box for the corresponding velocity value to be
The second method we have used to investigate the aveised. This does mean that the number of events contributing

age convection involves using a statistical database of ionol® the velocity averages is not the same for each time step

spheric convection data to study the average nightside flow$0verall it results in between 30% and 50% of the substorms

in a more localised manner. This database has been creat&§ing included in the averaging for each onset-latitude bin)
to facilitate studies involving large volumes of SuperDARN but it ensures that the velocity averages from each substorm

data and consists of a reduced set of 40 velocity measureEC'r€spond to regions of the convection patterns where radar
ments (and associated data coverage information) for ever§fat@ Were present to constrain the fitting. In S8c2 we

2 min interval between 1999 and 2006. These measuremenf¥€sent data from the boxes which are shaded inZig.

are derived for the centre points of a set of boxes, the loca-

f[ions of which are fixed in m_agnetic local time put are scaledy  gpservations

in magnetic latitude according to the overall size of the con-

vection pattern, as shown in Fig. In other words, the lowest 3.1 Large-scale convection

latitude boxes are located just poleward of the zero-potential

boundary of the convection patterng, (the green curve in  Examples of the average ionospheric convection (derived us-
Fig. 2), with a further three sets of boxes at latitudes evenlying the first method described in Seg). surrounding sub-
distributed between the first set and the pole. By fixing thestorm onset are presented in Fwhich shows two sets of
latitude of these boxes relative Agy, similar statistical points  average superposed-epoch Northern Hemisphere patterns. In
correspond to the same region of the convection pattern ircolumn (i) we show data from the 6162 onset-latitude bin
each case rather than simply the same magnetic latitude/locand in column (ii) we show data from the 8869 bin. Six

time. The boxes themselves delimit the area in which “lo- epoch-times are shown in each case: (a) 20 min before onset,
cal” data coverage is defined. In the present study we havé¢b) 10 min before onset, (c) at onset, (d) 8 min after onset, (e)
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Fig. 3. Average convection patterns for the (i)%652, (ii) 68°-69% onset-latitude bins at selected times surrounding substorm onset,
presented in magnetic latitude — magnetic local time coordinates with noon to the top and dusk to the left. The equipotential contours represent
the plasma streamlines of the fitted convection pattern, with vectors showing the fitted velocity at the locations of the radar measurements.
The velocity vectors are colour coded according to the scale shown along side each panel.

20 min after onset and (f) 50 min after onset. These convectential contours represent the plasma streamlines of the fitted
tion patterns are presented in magnetic latitude — magneticonvection pattern, with vectors showing the fitted velocity at

local time coordinates from G0latitude to the pole, with the locations of actual radar measurements input to the anal-
noon to the top and dusk to the left. In each case, the equipoysis. The velocity vectors are colour coded according to the
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Fig. 3. Continued.

scale shown along the side of each panel. Also shown, in theubstorms (ii) as evidenced by both the larger size of the con-
bottom right hand corner of each panel, is the total transpovection patterns and the higher values/gf.. The more in-

lar voltage,Vp ¢, which provides an indication of the overall tense large-scale flows during the growth phase for the low-
strength of the convection pattern. latitude substorms (i, a—b), are presumably due to a higher
rate of dayside reconnection adding open flux to the magne-
Hosphere in this case, as shown Mylan et al. (2009. At

éhe time of substorm onset (c) some modest localised flow

The data presented in Fig.reveal a number of features:
the lower onset-latitude substorms (i) are associated wit
generally more enhanced convection than the higher latitud
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Locally, the midnight-sector flows still appear strong for both
onset-latitude bins.

The results described above show that the ionospheric
flows change in response to the substorm cycle. Whilst the
evolution of the flows appears to be quite complex it is quite
apparent that a difference exists between substorms of differ-
ent onset latitude. To study their time-evolution more eas-
ily, Fig. 4 presents an overview of (a) the transpolar volt-
age,Vpc, and (b) the magnetic latitude of the zero-potential
i boundary,Ag, derived from the superposed-epoch convec-
60 -30 O 30 60 90 tion patterns. In each case, data from the ten onset-latitude

Minutes since substorm onset bins (vertical axis) are plotted versus substorm epoch-time,

T relative to substorm onset (vertical dotted line). The num-

63 ber of substorms that contributed to the global convection
62 analysis for each onset-latitude bin is shown on the right-
61 hand side of panel (a) (where 150 was an imposed maxi-
60 mum, as described in Sed). Itis clear from (a) that in gen-
59 eral the convection becomes enhanced20 kV, ~20 min
58 prior to substorm onset (first vertical dashed line). For
57 the higher-latitude substorms (onset-latitudes abe®&°)
56 this enhancement persists throughout the expansion phase
: with little evidence of any subsequent reduction. For the
60 =30 O 30 60 90 lower-latitude substorms (onset-latitudes bele®5°) there
Minutes since substorm onset is some evidence of a reduction afteBO min (second ver-
tical dashed line) to pre-growth phase levels. There is also
some evidence of a discontinuity between the voltage values
in the lowest two onset-latitude bins. This is likely to be a

Onset Latitude Bin
(A1) >

Onset Latitude Bin
(N o) %

Fig. 4. (a) The ionospheric transpolar voltagép~ and (b) the

magnetic Iat'tuqe of the zero-potential boundary of the_ ConveCt'.onresult of the lowest bin containing substorms that initiated at
pattern,Aq, derived from the results of the Map Potential analysis

and plotted as a function of time relative to substorm onset for thelatltudes lower than 60 Later on in the expansion/recovery
ten onset-latitude bins. In each case the parameter's magnitude RNase a number of smaller enhancements appear to occur,
indicated by the corresponding colour bar. The vertical dotted lineswhich could be associated with further reconnection events
indicate the time of substorm onset in the superposed-epoch anguch as poleward boundary intensifications which are known
the dashed lines highlight times which are referred to in the text.to occur during the substorm recovery phakgo(s et al,
On the right-hand side of panel (a) the number of substorms thatl998. Overall, however, there is no clear pattern to the evo-
contributed to the global convection analysis for each onset-latitudgution of Vp¢ during the expansion phase beyond0 min.
bin is shown. In panel (b) the average latitud&g, of the zero-potential
boundary of the convection patterns is shown for each onset-
latitude bin, to give an indication of the variation in the size
enhancements are evident in the midnight sectoraf° of the polar cap. In addition, curves are superposed to more
for both onset-latitude bins, although globally there is little clearly illustrate the (relative) variation in boundary-latitude
appreciable change, as indicated By.. A few minutes for 3 selected onset-latitude bins: undef gwer), 64—
later, however, a significant reduction of the nightside flows65° (middle), and over 69 (upper). The scale for these
is readily apparent at this location for the low-latitude sub- curves is such that°lon the vertical axis corresponds toa 2
storms (i,d). By comparison, (ii,d) reveals a modest en-change in boundary-latitude. The relationship between po-
hancement in the convection over pre-onset levels for thdar cap size and onset latitude that is implied by the variation
higher-latitude substorms. By 20 min into the substorm ex-in Ag is very pronounced, with approximately ariation
pansion phase (e) the midnight-sector flows associated witliblues through to oranges) over the D@ the different onset-
the lower-latitude substorms have recovered somewhat (i,e)atitude bins. The variation in convection pattern size over
althoughVp¢ is still less than that during the growth phase the 90 min of the superposed-epochs is much less (of the or-
(62kV vs. 69kV). The value oWVpc associated with the der of 2), but still clearly shows an expansion of the convec-
higher-latitude substorms (ii,e) also shows a modest increaston pattern during the growth and early expansion phases,
(to 46 kV), as do the nightside flows at7(°. These trends followed by a contraction of the pattern during the late ex-
continue through the expansion phase to 50 min after onsgbansion and recovery phases. These are the variations that
(f) by which time Vpc has decreased further for the lower are predicted by the expanding-contacting polar cap (ECPC)
onset-latitude bin and increased for the higher-latitude binparadigm, which explains how variable rates of dayside and
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Fig. 5. Nightside ionospheric flow speeds derived from the results of the Map Potential analysis, plotted as a function of time relative to
substorm onset for the ten onset-latitude bins. The locations of the flow measurements are indicated by the numbers in the upper right-hanc
corner of each panel, which are defined in RigOn the right-hand side of each panel, the mean number of substorms that contributed to
the statistics for each onset-latitude bin is shown. The flow magnitudes are indicated by the colour bars on the right-hand side of the figure,
with panels common to a row sharing the same scale. The vertical dotted lines indicate the time of substorm onset in the superposed-epoch
the dashed lines are described in the text.

nightside reconnection lead to changes in the size of the polaB.2 Small-scale flows
cap and excite magnetospheric and ionospheric convection
(Cowley and Lockwood1992. Figure4b therefore illus-  Figure5 presents flow data obtained from the statistical con-
trates that dayside reconnection dominates during the subsection database described in Se&ttfrom four of the box
storm growth phase, resulting in the expansion of the poladocations shown in Fig2 (32, 23, 21, and 11). These were
cap, but that during the substorm expansion phase it is nightehosen because they encompass the bulk of the substorm on-
side reconnection which dominates, resulting in a net closureset locations, as can be seen by comparison withIFighe
of open flux and the observed decrease in size of the polamagnitude of the average flow measurements for each of the
cap. ten onset-latitude bins is presented, in a similar format to
This concept provides a possible explanation for the lackFig. 4. Again, the vertical dotted line on each panel indi-

of any significant change i¥ip¢ during the expansion phase, cates the time of substorm onset; the dashed lines are dis-
discussed abové/p¢ is determined by both the dayside and cussed below. Additionally, on the right-hand side of each
nightside reconnection rates such that, for example, if an infpanel, the mean number of substorms that contributed to the
terval dominated by dayside reconnection driven flows wasstatistics for each onset-latitude bin is shown. As discussed
followed by an interval dominated by nightside reconnec-in Sect.2 this number is not constant over the 150 min of
tion driven flows, there is no requirement f@pc to change.  the superposed-epoch, however, an inspection of the vari-
Spikes in the reconnection rates, such as those which mighation suggests little deviation from this mean. The advan-
be produced by variable reconnection as suggested abov#gge of allowing this number to vary is that the flow averages
will be manifest inVpc, but a change of dominance from presented are derived only from intervals where radar data
dayside to nightside reconnection will not. It is perhaps morewere present at the location of the box. As will be discussed
helpful, therefore, to look locally at the flows on the nightside below, these localised flow measurements appear to exhibit
which might be more directly related to nightside reconnec-more variability than the transpolar voltage over the evolu-
tion. tion of the substorm, as well as reinforcing the onset-latitude

dependence which was previously noted.

Consider the top-left panel, which shows flow data from
statistical box 32. Approximately 20 min prior to substorm

www.ann-geophys.net/27/591/2009/ Ann. Geophys., 27,680-2009
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Fig. 6. 10-min averages of WIC auroral electron counts, plotted for the same locations as the flow dat& asFdunction of time relative
to substorm onset, for five onset-latitude bins. The dotted and dashed lines are asitaftarMilan et al, 2009.

onset an enhancement can be seen in the flows, most obviodiom ~150m s1 to ~250m s1 after ~10min. Looking

in the highest four and lowest two onset-latitude bins, whichagain at the lower onset-latitude bins, this post-onset flow
is similar to the growth phase enhancemen¥pf seen in  enhancement can also be seen to occur, but after a delay
Fig. 4. Around the time of onset, further changes are evidentwhich appears to be approximately inversely proportional to
in the data. For onset-latitudes abové @&re is an enhance- the latitude of the onset(5 min per degree, as indicated by
ment in the flows from-200m s to ~250m s, whereas  the dashed slope). For the lowest onset-latitude bin this en-
below 67 there is a reduction of about the same magnitude hancement is therefore not evident unti60 min after on-
The duration of this reduction, however, appears to be relatedet. Finally, turning to the data in box 21 (a locatied.5 h

to the onset-latitude, with a subsequent enhancement occuwest of box 11), a similar pattern is evident in the flows.
ring ~15min after onset for the 6468 bin, but not for a  Here the delay is somewhat more prolonged, certainly for
further ~15 min for the 62—63 bin. This is suggestive of higher onset-latitudes where it 1830 min longer, although

a relationship between the onset-latitude and the duration ofor onset-latitudes below64° there is some evidence of a
the post-onset flow reduction, discussed further below. threshold to this delay of60—70 min where this linear rela-

tionship breaks down.
A similar but somewhat less clear pattern can be seen in

the data from statistical box 23 (top-right), although any re-3.3 Substorm auroral evolution

lationship in this case is not as obvious. The data from both

of the lower-latitude statistical boxes (21 and 11, bottom pan-As discussed in Sect, it has previously been suggested that
els), however, clearly reinforce the idea of a relationship be-the ionospheric convection during substorms is related to the
tween onset-latitude and the duration of a flow reduction dur-associated auroral development. In this section we therefore
ing the early substorm expansion phase. In both cases this rériefly consider the auroral development as a possible expla-
lationship appears to be linear, as indicated by the dashed diration for the delayed convection response described above.
agonal lines. Consider first the data from magnetic local mid-In Fig. 6 we show data based on the work Milan et al.
night (box 11). For the lowest onset-latitude bins the growth(2009 that was derived from a subset of theey et al (2004
phase flows of up to 300 nT$ are reduced dramatically at list of substorms, similar to the subset used in the present
substorm onset, dropping to under 100Mh by 10to 20min  study. Auroral electron counts from the Wideband Imag-
into the expansion phase. For higher onset-latitudes (abovang Camera (WIC) on the IMAGE spacecraft are presented
66°), however, the magnitude of the growth phase flows isas a function of substorm epoch-time, for a range of onset
less. In this case, rather than decreasing at onset, the flowatitudes, for the same set of locations discussed in %:ig.
exhibit little immediate change but then proceed to increaseThe onset time is again marked with the vertical dotted line
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in each panel, and the dashed lines from Bigre also re-  here, one would also expect there to be an observable onset-
produced for comparison. The bottom two panels clearly il-MLT dependence. This would introduce further complexity
lustrate that there is a strong dependence of substorm aurde the nature of the convection which is not revealed by the
ral intensity on onset latitude, with the lowest onset-latitude present study. Further work, currently in progress, will inves-
substorms having the brightest expansion phase aurora. It isgate the MLT dependence as well as any relationship to the
also evident that the lowest onset-latitude substorms have theffects of theBy-component of the interplanetary magnetic
longest duration expansion phase, with the time taken for thdield.
!nltlal peak in intensity to return .to some lower threshold be- Acknowledgements/Ve would like to thank the Pls of the Super-
In'g dependent on the .onset-latltude. The'dashed lines f_rorEARN radars for provision of the radar data and R. J. Barnes of the
Fig. 5 are therefore qglte well qurela'Fed with the auroral IN- 3ohns Hopkins University for the “Map-Potential” algorithm. AG
tensity drop, suggesting a relationship between the duratioRyas supported during this study by STFC grant PP/E000983/1. Su-
of the auroral brightening and the duration of the flow re- perbARN operations at the University of Leicester are supported
duction. The upper two panels, being representative of thesyy STFC grant PP/E007929/1.
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