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Abstract. A numerical model embodying the concepts taneous Ridley et al, 1998 Ruohoniemi and Bakefl998
of the Cowley-Lockwood Cowley and Lockwood1992 Ruohoniemi and Greenwald@998 — this will be referred to
1997 paradigm has been used to produce a simple Cowley-as the REA model.

Lockwood type expanding flow pattern and to calculate the

resulting change in ion temperature. Cross-correlation, fixeq: : i
. . onvection responseMurr and Hughes200% Lu et al,
threshold analysis and threshold relative to peak are used t9002 Nishitanipet al, 2002 to a cr?angsge in]Ehe magneto-

determme the phase speed of.the ch_ange In convection pak, g6 reconnection rate. These papers present observations
tern, in response to a change in applied reconnection. Eac

f th thods fails to full th : f th at show that both quasi-instantaneous and expanding re-
0 ?s? trr?e 0ds ‘?S 0 1uly rect(;]veir' 'ehexpa?.s,lciﬂ ot esponses can occur concurrently, however, no consensus has
onset of the convection response that Is Innerent I e SIMWq 00 reached on a mechanism that incorporates both re-
lations. The results of this study indicate that any expansio

; ) 7 . sponses within a single framework. Further, modelling of the
of the convection pattern will be best observed in t'me'se”esionospheric convection response byckwood and Morley
data using a threshold which is a fixed fraction of the peak

We show that th thod d to determine t 2004, using a numerical implementation of the Cowley—
response. vve show that these methods used to determine theyey o4 (1992 1997 paradigm, showed that a quasi-
expansion velocity can be used to discriminate between th

: ) '¥hstantaneous response could occur in tandem with the ex-
two main models for the convection response to a change 'rﬂ)ected expansion, to an extent that depended on the pre-

reconnection. existing flow before the change.

Keywords. Magnetospheric  physics ~ (Magnetosphere- 5 yocant paper byFreeman(2003 described both the CL
ionosphere interactions) — lonosphere (Plasma convection, 4 R models within a single mathematical framework of
Modeling and forecasting) the expanding-contracting polar cap (ECPC) model. This an-
alytical solution assumed a uniformly expanding polar cap.
For the REA model, the centres of the convection cells are
1 Introduction fixed, whereas the CL model requires the propagation of
these points. HoweveFreemanuses a variant of the CL

The nature of the ionospheric convection response to 4nodel since the polar cap maintains circularity at all times
change in the IMF is the subject of much discussion, with@nd the CL paradigm necessarily requires an anisotropic ex-
evidence for two apparently conflicting viewpoints. The pre- Pansion of the polar cap followed by a progressive return to
vailing views are 1) that the convection response first appearg§auilibrium by means of the resultant convection. The vari-
locally on the dayside before evolving around the flanks and@nt CL solution followed the initial postulation &owley

into the nightside llockwood et al. 1986 Etemadi et a].  and Lockwood(1992, where the entire equilibrium bound-
1988 Saunders et 311992 Khan and Cowley1999 Cowley ~ ary was allowed to respond instantaneouBheemardid not

and Lockwoog 1992 1997 — henceforth referred to as the Model the effects of an expanding perturbation to equilib-

CL model, 2) that the convection response is globally simul-fium, introduced to the CL paradigm in later papets\ley
and Lockwood 1997 Lockwood and Cowleyl999, but ac-

Correspondence tdS. K. Morley knowledged that the instantaneous response at all local times
(steven.morley@newcastle.edu.au) was due to their adoption of a circular polar cap boundary.

Some recent papers have reported a two-stage ionospheric
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It is interesting to note thatreemancompared the results amount of open flux contained within the polar cap. The
from the REA model and the variant CL model and noted speed at which the perturbation to the equilibrium bound-
that visual inspection of convection maps showed difficul- ary propagates antisunward is the limit to the expansion of
ties in distinguishing the two. The response seen in time seresponse of the OCB, and hence to the expansion of the con-
ries data was far clearer akdleemarconcluded that the CL  vection pattern. Process G then advances the model in time
model explained the observations to date more satisfactorilyand process H assesses the input reconnection rate for the
The description of a two-stage response within a singlecurrent timestep. The processes are then repeated.
framework is beyond the scope of this paper, but will be pre- The model outputs are marked 0.1-0.4. The latitudinal
sented in a later paper. In the present paper, we present@nvection velocity (Process B) is used to specify the dis-
single example of expanding flow, simulated usingltbek- tribution of electric potential around the polar cap boundary
wood and Morley(2004 numerical model, and apply the (Output 0.1) and the peak potential difference is the trans-
commonly-used methods that are found in the literature topolar voltage,®pc (Output O.2). Using the ionospheric
derive flow velocities from time series data. We then exam-convection solution given iffreeman et al(1991 see their
ine and compare the techniques to address the question dfppendix A), the instantaneous convection velocity for all
how each method affects the derived rate of expansion. Agoints in the modelled high-latitude ionosphere (Output O.3)
we can apply these techniques in a controlled situation wherés specified for any given timestep.
the model inputs and expected expansion rates are known, The secondary products (Output 0.4) include parameters
we can evaluate the robustness of the various techniquesuch as the global distribution of ion temperature, as dis-
We will also show that different measuring techniques havecussed in the next section.
potential for discriminating between models of ionospheric  Note that the input 1.3 includes an azimuthal expansion
convection response. speedi¢, /dt, of the perturbation to the equilibrium bound-
ary. The specification of the reconnection rate in input I.1
also contains an azimuthal expansion speed — that with which
2 Modelling expansions in the ionospheric flow re-  changes in reconnection rate propagate away from the centre

sponse of the merging gap. Thus the model has two inherent expan-
_ sion speeds: the aim of this paper is to investigate the extent
2.1 The Lockwood—-Morley numerical model to which they are recovered by various procedures that can

. . ) ) be applied to observations.
A numerical model of ionospheric convection, embody-

ing the concepts of the Cowley—Lockwood992 1997 2.2 Modelled convection and ion temperature variations
paradigm, has recently been presentsatkwood and Mor-
ley, 2004 henceforth referred to as Paper 1). The numeri-The example results presented in Paper 1 are for a merging
cal model described in Paper 1 uses non-circular polar cagap centred on 13 MLT and the reconnection rate variation
and equilibrium boundaries, and takes the propagation of thepecified with two pulses of reconnection. The repeat period
perturbation in the open-closed field line boundary (OCB)was set at 8 min, that characteristic of putative signatures of
into account. Full details of the model, together with a dis- reconnection bursts at the magnetopause called flux transfer
cussion of the assumptions and limitations can be found irevents Rijnbeek et al.1984 Lockwood and Wild 1993.
Paper 1. In this section we outline the basic features of the This paper presents a simpler reconnection specification.
model which are relevant to the expansion of the simulatedThe centre of the merging gap is located at noon MLT and a
flow patterns. single reconnection pulse is applied to the X-line. The pulse

Using this model we can calculate the evolution throughlasts 1 min at each MLT it propagates over and adds a to-
time of the OCB and the equilibrium boundary latitudes, tal open flux of 185x 10’ Wb (2.3% of the pre-existing to-
Aocp andAg at any MLT. The operation of theockwood  tal). All the other inputs are as in Paper 1. Fig@rgives
and Morleymodel is summarized in Fid.. The figure shows the modelled boundary locations and convection patterns for
that there are 3 sorts of input to the model: the input reconthe reconnection specification used in this study. Each frame
nection rate £) variation (1.1), the initial conditions of the shows the pattern of flow streamlines, above which is the
model high-latitude ionosphere (1.2) and the constants asvariation of the input reconnection voltage, integrated along
sumed for the return of the OCB to equilibrium (1.3). the X-line,®x; and the output transpolar voltagepc. The

The processes involved in the operation of the modelvertical green bar in each panel shows the simulation time of
are labelled A-H. Process A defines the convection velocitythe convection pattern below.
across the boundary/(), in its own rest frame, for a given The model has also been extended to calculate ionospheric
time. Process B then calculates the latitudinal convection veion temperature, and the convection enhancement is studied
locity at the boundary¥{.,,) and process C determines the here using the model response in ion temperatfjre This
latitudinal velocity of the OCB ¥,,). Thus the latitude of is because ion temperature is a scalar quantity and thus is
the OCB (Aocp) is defined at all MLT for any given sim- not dependant on viewing angle, which makes it very use-
ulation time, s, (Process D). Processes E and F update thdul for detecting motions and changes of fast flow regions.
equilibrium boundary latitudeX g) to accommodate the new Indeed, the expansion of the convection pattern was first
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Fig. 1. Flowchart describing the operation of the model presented in Paper 1. Inputs to the model are shown in boxes 1.1, 1.2 and 1.3. Model
processes are shown in the boxes labelled A-H. Outputs are shown in boxes 0.1-0.4. (see text for further details).

detected byLockwood et al.(1986 using incoherent scat- neutral drift velocities. The terms on the right-hand side of
ter radar measurements of ion temperature. A similar scalaEq. 1 represent heat exchange with the neutral gas and direct
that has been used for this purpose is the magnitude of th@n—neutral frictional heating. The largest term neglected in
horizontal magnetic deflection seen on the ground, which isEq. 1 is heat exchange with the electron gas, and this may
dominated by the effect of the Hall currents associated withlead to a consistent underestimationfby some tens of
convection. However, because magnetometers are sensitidegrees$t. Maurice and Hanso982. For simplicity it is

to currents over an extended region and are influenced bassumed thaV¥,, is zero in this model. This is satisfactory
horizontal structures in conductivities, these data are not aas we are interested in the change in ion temperature and the
straightforward to interpret in the real ionosphere as the iomeutral wind is not believed to respond on timescales as short
temperature data. We use a first-order approximation to th@s the response of the ionospheric flows. Equatiaiso

ion temperature: assumes that one neutral species dominates the atmospheric
m composition in the upper F-region ionosphegt. (Maurice

T =T, + —=(V; — V,)? 1) and Hanson1982. The neutral particle masss,, is set to
3k 16 a.m.u. (atomic oxygen).

where T, is the neutral temperaturég is the Boltzmann For each timestep of the model the ion temperature at a se-

constantyn,, is the neutral mass/; andV,, are the ion and ries of simulated stations at a constant latitude is calculated.
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Fig. 2. Multiple output convection patterns from the model. Each frame has two panels. The top panel shows the variation with simulation
time, t5, of the input reconnection voltage (in blud); divided by five to fit the same scale as the resulting transpolar voltage (in red),
@ pc. The simulation time of the output frame is marked by the vertical green line. The lower panel shows the convection pattern (using
3kV equipotentials) plotted in an MLT-invariant latitude coordinate system. The outer circle represents the equatorward boundary of the

modelled region and the inner circle represents the OCB. Non-reconnecting segments of the OCB are shown in black, while active x-line
footpoints are marked in red. The green line delineates the region of newly-opened flux. The convection plots are shown with a two minute

spacing, except for fram@) (top row, left column) which is for;=60s.
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As there is a symmetry about the noon-midnight meridian, 1040
we here employ a latitudinal ring of 72 simulated stations in

the dawn hemisphere (at§i.e. outside the polar cap), with 10201
a 2.5 (equivalent to 10 min of MLT) spacing. Note that the

polar cap is centred on a latitude of°9ib the frame used 1000
and not offset towards the nightside as in a conventional ge-g 1040
ographic or geomagnetic frame. Therefore, using a station
latitude of 67 in this frame ensures that the (equilibrium)
OCB is equidistant from the station at all MLTs. This al-
lows us to isolate the azimuthal expansion of the convection
pattern (i.e. it is not mixed with any latitudinal expansion).

1020

lon Temperature [K]

1000

1040 - —

1020

3 Methods of deriving expansion velocities

. I |
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From the point of view of detecting propagation speeds, an
ideal situation WO.UId be _to hav_e a. tlr_ne-sgnes ObS(:“rvatloq:ig. 3. A three-panel plot showing model ion-temperature time
from one measuring station which is identical to the obser-ggies  The top panel shows data from a simulated station at

vation at another station, subject to a time lag. However, in0.05 MLT: the middle panel is the same data lagged by 140s; the
real stuations the variation waveform and amplitude is notiower panel is data from a simulated station at 07:49 MLT. The blue
the same at different locations. Some of the problems aseashed lines mark a 1010 K threshold and the vertical lines mark
sociated with observing propagation speed are illustrated inhe times that the data series first exceeds the threshold.
Fig. 3. The top panel shows a modelled ion temperature se-

ries, taken from a simulated station at 10:05 MLT (just out- Comparison of correlation methods Late67 deg
side the extent of the merging gap). The black dash—dot line ‘ ‘ ‘ ‘
marks the time when the ion temperature exceeds a selecte

fixed threshold (in this example we use 1010K, shown by [ o
the blue dashed lines). The middle panel shows the ideal | i
case, where the same data sequence is reproduced at a diz & o

ferent location after a time lag. In this case the time lag gsof 1
(to the green dash—dot line) would be independent of thresh-
old and cross-correlating the data series would give a per-
fect match and show the same time lag as threshold analysis &
The lower panel shows the model data for a simulated station £ ... 9
at 07:49 MLT. The red dashed line shows when the obser- *_| N N
¢

Velocity [l
[
T
L

20

vations from this simulated station exceed the same 1010K R

threshold. As can be seen here, the waveform of the respons 1} o S
varies with location and so the time lag derived will depend
on the threshold used. This point was also raisedlojey % 5 " p s m 12
et al.(1999 and the same form of response seen in the model MLT [hrs]

time-series in Fig.3 can also be seen in the magnetometer

data in their Fig. 4. Cross-correlating these data series wil . . ) .

. . . response to reconnection, derived by cross-correlation techniques
no longer find a perfect agreement and the Filﬁergnpes In th?methods 1 and 2, respectively). The diamonds show the velocities
growth and decgy of the Comp?red data Ser.'es will IntrOdUCqjerived by correlation with a fixed reference station (at 12 MLT),
an extra lag (which can be positive or negative). the crosses show the velocities derived using correlation with the

The expansion of the convection response to changed readjacent (sunwards) station.
connection can be derived in several ways. This paper will
examine methods we characterize as: 1) cross-correlation of
the variation seen at a station with that from a fixed reference All of these methods determine the mean phase velocity,
station; 2) cross-correlation using a floating reference statiorVg, of the convection enhancement along the direction con-
(e.g. comparing data from a station with that from it's nearestnecting the pair of observation stations considered. The mean
longitudinal neighbour); 3) comparing times when the scalarphase velocityVg, is obtained from the best estimate of the
exceeds a fixed level threshold; and 4) comparing times wheipropagation delayAtr,. This yields, for stations separated
the scalar exceeds a threshold that is a fixed percentage of they a distanceAl, VE=Al/At,,.
peak response at that station. Analysis of the movement of Specifically, for method (1) the data from each statign,
the peak is a limiting case of the threshold analysis (4) usingwherei=2, 3,..., n), is cross-correlated with the data from a
a 100% threshold relative to peak. fixed reference statior$y. At is the lag that gives the peak

IFig. 4. A comparison of the velocities of the expansion of the model
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correlation. Method (2) is similar to method (1), except that responding to 11.4knT¢ at 67 latitude. This is the limit

the data from each station is cross-correlated with its nearesb how fast the OCB can react to the applied reconnection

neighbour,S;_1. In method (3)At, is the delay betweef; and will limit the expansion of the flow response. Close to

rising above a fixed threshold at a pair of stations, whereasoon (i.e. across the maximum extent of the merging gap),

the threshold employed in method (4) is different for eachexpansion is not limited by either of these two expansions.

station because it is a fixed fraction of the pdakeen atthe  Rather, as the reconnection voltage increases, flow stream-

station in question. lines will expand along the merging gap (10-14 MLT) ac-
The cross-correlation analysis follows the same methodcording to Laplace’s equation (incompressible flow).

regardless of our choice of reference station. To derive the

expansion velocity of the response to reconnection we eval3.1 Cross-correlation methods

uate the lag between datasetsandy. We first find the cor-
relation coefficient at thg’" lag, r;, betweeny andy for a These common methods of finding response timescales avoid

range of lags: the complications of choosing a threshold and of how that
threshold level conditions our interpretation of data (e.qg.
Etemadi et a].1988. In investigating the convection re-

n, il] .
ley,ﬂ le ZyW sponse of theLoc_kwood and M(_)rlt_ay(2004) modgl to im-
= I posed reconnection voltage variations we consider the over-
ri= 12 all response, as well as the onset. Selection of a reference
n nj nj . . . . .
Xj:x B Zx 2’: 2 2’: . point for timing the delay is of some importance to a study of
i s Vit s it the ionospheric response timeuyohoniemi et a).2002. Se-

lecting either the moment of presumed arrival of the new IMF

wheren; is the number of pairs of common datapoints at the magnetopause, or the moment of presumed arrival of
at lagj. The best correlated lag is then used to derive theinformation (of this change in IMF) in the high-latitude iono-
mean expansion velocity between the simulated stations Sphere would give rise to a timing uncertainty. Both options
andY. If the temporal separation of datapointsisthe lag  rely on estimating the propagation lag between the upstream
At=jst. The lag giving peak; is At, and the expansion monitor and the magnetopause. They also require knowledge
velocity Ve=Al/At,. of the magnetopause location and the A&lfivwave travel

As discussed above, two threshold techniques are used, abme to the ionosphere. Thus they will add an uncertainty
solute threshold levels and threshold relative to peak (methto the delay to onset of the ionospheric response.
ods 3 and 4). Absolute thresholds are chosen by inspection To examine the propagation of the onset of change, as a
of the data: we here use a range of thresholds for ion temperfunction of MLT, we are concerned with the timing delay
ature between .0017,, and 1027,, where7, is the neutral  between data-series from different locations; this uses the
exospheric temperature that is set at 1000 K. To determingnoment of the first measured response at a location within
the threshold relative to the peak temperature for each stathe high-latitude ionosphere as a reference point. It will not
tion we find the maximum temperature measured at the staaffect the reconfiguration timescale after the arrival of infor-
tion, 7;,,, and subtract a background component, taken hergnation about the turning in the IMF. The uncertainties in the
to beT,, the exospheric temperature. The threshold for thispropagation of the IMF and the communication of changes
station is then given as a fractighof this change, added to in the IMF to the high-latitude ionosphere are problems that
the backgroundT,,+ f (T,,—T,). have been addressed in other studies @wphoniemi and

Once the threshold is determined (by whichever method) Baker, 1998. Here we restrict the study to comparing the rel-
each time series is searched for the first datapoint at whiclative response times, based on lags between locations around
the ion temperature exceeds the threshold level. The timethe auroral oval.
of passing threshold between adjacent stations are then sub- When performing a cross-correlation study comparing rel-
tracted to find the lag between stations. The model is rurative response times within the high-latitude ionosphere, we
with time steps of 1s: hence all lags less than or equal tchave two options for a reference point. These are methods 1
2 s are deemed undetectably small and not used. The deriveahd 2, namely correlation with either a fixed reference or a
lags are then used to deduce the mean expansion velocity. floating reference point. We here cross-correlate the model

Any derived expansion speeds should be compared witliemperature time series against the variation modelled at a
the expansion speeds that are inputs to the model. There afixed point (taken here to be noon).
two such expansions, as discussed in S&dt. The first is Figure4 compares the velocity of expansion of the mod-
inherent in the characterization of the reconnection rate vari€lled convection response to reconnection, as a function of
ation in space and time: changes in the reconnection rat®ILT and for fixed latitude, as derived using cross-correlation
propagate along the merging gap away from noon at 1 houwith a fixed reference (method 1, blue diamonds) and a float-
of MLT per 1.5 min, an expansion speed of 7.6kmatan  ing reference (method 2, red crosses). In this case, the float-
invariant latitude of 67. The second expansion is the veloc- ing reference is the adjacent station on the sunward side. The
ity with which the equilibrium boundary perturbation prop- limitations of correlation with a fixed reference is immedi-
agates towards midnight. This is set at 1 h MLT miincor- ately apparent in the extent of derived expansion velocities,
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whereas the model is constructed with just two expansion ve- Comparison of thresholds (Lat=67 deg)

locities. The velocity derived is an average velocity between = o0k ‘ ‘ ‘ o

the reference station and the comparison station, hence mus || - oiox ‘w |
be applied to the mid-point. As the separation from a fixed o~ 1020K ‘

reference point increases, average speeds are more accurate s ‘ 1
measured. However, there is more variation about that mear _ N
between the stations and if that variation is not linear the ac- £
tual value at the midpoint will not be accurately measured. 2
One major disadvantage of using a fixed reference is thatgzo’
the modelled time series does not maintain a constant shap: ¢ .|
across different stations and the differences become more @
marked at larger separations. Thus this method very rapidly |
loses good correlation as station separation increases an
the significance of the result becomes very low. This shape s-
change can be minimized by correlating with an adjacent sta-
tion, however this reduces the time lag and leads to a higher % 2 s MLTé[hrs] s 10 12
measurement error.

city [km s’

Fig. 5. A comparison of the velocities of the expansion of the model
response to reconnection as determined using fixed threshold analy-
) ) _sis (method 3). The threshold temperatures are absolute values, and
Figure 5 shows plots of the convection response expansionyre set at intervals above the input neutral temperature, 1000 K.
velocities obtained using fixed threshold analysis. The major

problem associated with this technique is that as we increase

the threshold we become further removed from examining s Comparison of hresholds e
the propagation of the onset of change — measuring the actua
onset would require us to be able to detect an infinitesimal 3¢
change from the background. To examine the propagation
of the onset of change the threshold selected must be as lov
as the noise level in the background allows. As the thresh-
old is raised, the characteristic expansion observed is that of
higher level of response which will not necessarily propagate
with the same velocity, or even over the same extent. For ex-
ample, using magnetometer dakdurr and Hugheg2001)
have demonstrated the expansion of the convection patterr
but noted that the expansion velocity depended on which fea-
ture of the response was studied. The effect on the derived

3.2 Threshold methods

30

N
a
T

Expansion Velocity [km 5_1]
& S
T

10-

.. . . . . 5H - 10% i
velocities can be seen in Figas the threshold is increased. i
Further, the ion temperature distribution is not uniformand ~ ,[.==%%) ‘ ‘ ‘ ‘
2 4 8 10 12

any temperature enhancement at the reconnection footprin MLT [hrs]
will decay as it propagates around the auroral oval. This ef-

fect means that following a fixed threshold artificially slows Fig. 6. A comparison of the velocities of the expansion of the re-
the observed propagation of the convection response; that i§Ponse to reconnection as determined using relative threshold anal-
we will underestimate the rate of expansion. This effect pe-ysis (method 4). The threshold temperatures are calculated as a
comes more pronounced both as we move further from thdercentage of the peak temperature change measured for each sim-
reconnection footprint, and as higher thresholds are chosenu.Iatecj station.

A further effect of following a fixed threshold as the ion tem-

perature decays is that eventually the temperature will dropg pe more pronounced using an 80% (of peak) threshold
below the threshold value and the expansion can no longefeye| than using a cross-correlation (correlating the entire

be monitored. _ data-series). As the threshold level is reduced, as a fraction
To eliminate this problem, we can take a threshold that will 5f the peak response, the derived velocities more closely re-

always be present at a given simulated station, i.e. we Use 8emple the expected form of the initial response.
fixed percentage of the (background subtracted) maximum

value as the threshold for that location. Figérehows the
response as determined by this relative threshold analysis. 4 Discussion
The derived expansion velocities at relative thresholds
closer to the peak value naturally reflect the bulk responseThe results shown in Figd, 5 and6 can be compared with
rather than the propagation of onset. This effect can be seethe expansion speeds that are inputs to the model. The two
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gap according to Laplace’s equation (incompressible flow).
Outside the merging gap we expect the speed of 11.4%ms
to dominate.

Because we are examining the onset of the ionospheric
convection response to reconnection we need to minimize
the effects of the peak flow on our determination of the ex-
pansion. This means that cross-correlation is not a suitable
method for studying the onset of convection — it is ideal for
examining the bulk response. Figuseshows that the in-
put expansion velocity of 11.4 km' is well recovered over
a large range of MLT outside the merging gap (2—10 MLT
on the dawn flank presented), but the accuracy and the range
of MLT that it can be used over decreases as the threshold
is increased. Therefore, using a fixed threshold will follow
the onset (given a sufficiently low threshold above the back-
ground), but raising the threshold increases the errors in the

Fig. 7. A formedogram showing the ion temperature response withexpansion speed recovered and too low a threshold intro-

time, at various MLT (for a fixed latitude, here 97 The scenario
modelled is for a single burst of reconnection, starting,at60 s
and having a duration of 1 min at all MLT from 12 MLT to 10 MLT
(in bins of (360/256)). The expansion velocity of the X-line foot-
print at 67 latitude is 10min—1. The station numbered 1 is at
12 MLT and station number 72 is at 0 MLT.
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Fig. 8. A formedogram of the model;Tresponse (see Fid), nor-
malized to the local maximum for each simulated station.

duces problems with noise or spatial structure in the mea-
sured background level. This effect will be most marked
if the reconnection pulse is small and the flow is weak;
conversely, a large pulse and a stronger response will give
smaller errors. Taking the threshold as a percentage of the
maximum change in each data series will be conditioned to a
degree by the the bulk flow, as can be seen by following the
100% threshold, equivalent to the movement of the peak re-
sponse. However, this method does have the advantage over
fixed threshold that the threshold always exists for a given
station at which there is a detectable response. Figure
shows that taking a threshold of 10% of the peak change,
applicable to real data where better than 10% noise is at-
tainable, gives better than 20% accuracy for much of the re-
gion where the velocity of the OCB perturbation dominates
the flow expansion (6—10 MLT). However, increasingly on
the nightside this method overestimates the expansion speed.
This is because of the non-linear nature of the ion tempera-
ture rise (see Eg4), an effect that would not be present for
other scalars (such as the magnetometer perturbation).

To help us interpret these findings, Figshows the ion
temperature profile as a function of time and station num-
ber (which varies linearly with MLT from noon for station
1 to midnight for station 72). This formedogram (from the
greek “formedon” — meaning “in layers crosswise”) has a
very high information content and provides a powerful means
of presenting the data. Analysis by fixed threshold follows an

expansions, discussed previously, are reiterated here. Theotherm, i.e. the expansion velocity at any given ion temper-

first is inherent in the characterization of the reconnectionature threshold level can be seen as the slope of that contour
rate variation in space and time: changes in the reconnectionn the formedogram. The movement of the peak response
rate propagate along the merging gap away from noon at 1s easily seen on a formedogram, as is the change of shape

hour of MLT per 1.5min, an expansion speed of 7.6 kth s
at an invariant latitude of 67 The second expansion is the
velocity with which the equilibrium boundary perturbation
propagates towards midnight. This is set at 1 h MLTndin
corresponding to 11.4kn$ at 67 latitude. Across the

maximum extent of the merging gap (10-14 MLT), expan-

of the response profile with MLT (i.e. with station number).
By subtracting the background (here the neutral exospheric
temperature) and normalizing the measured ion temperature
change relative to the maximum change for each simulated
station, the formedogram shows contours of relative change.
Figure8 shows the model; response seen in Fig.but here

sion is not limited by either of the two expansions that arethe response measured at each simulated station is normal-
explicitly input into the model. Rather, as the reconnectionized to the maximum at that station. From these plots it can
voltage increases, flow streamlines expand along the merginge seen that the relative threshold technique performs well
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in recovering the expected expansion in the modelled iono- The merits of using either time-series data or convection
spheric ion temperature, at least up to station 35 (i.e. daysidenaps have been discussed in deptirlgemar(2003. Free-
MLTs). Further onto the nightside the expansion is overes-man contrasted model results from implementations of the
timated, particularly for the higher relative thresholds. As REA model and a variant of the CL model. In the variant
we are using a relative threshold we do not see the artificialCowley—Lockwood model employed Byreeman(2003, as
slowing of the expansion due to the higher temperatures nothe entire polar cap is allowed to respond simultaneously, the
propagating all the way around the polar cap. onset will be globally simultaneous. They concluded that, for

The temperature anomaly seen in station 3 of Figrises  the “standing wave” (REA) solution and “travelling wave™
due to the proximity of the active reconnection X-line foot- (variant CL) solution, the distinction between the models is
print. The equatorward edge of the active reconnection releast evident in global convection mapRuohoniemi et al.
gion has strongly enhanced ion temperatures and as the OCE002 have also raised questions about the accuracy of the
erodes equatorward and propagates away from noon the entesidual potential” maps used IRidley et al.(1998. These
hancement is seen at station 3. It is only seen at this staconsiderations show that time-series data is the most useful
tion as the bulge relaxes equatorward as the X-line footprinfor distinguishing between the competing models, provided
propagates towards midnight. Examination of the effect ofthere is reasonable data coverage. Further, the results of this
latitude on the anomalous temperature enhancement shovudy indicate that any expansion of the convection pattern
that the magnitude of the anomaly is diminished at lowerWill be best observed in time-series data using a threshold
latitudes and is not observed inside the polar cap. This igelative to peak.
also observed in Fig across all simulation times as the en-  These different measuring techniques have potential for
hancement gives a much higher peak to which the data is nodiscriminating between models of ionospheric convection re-
malized, suppressing the lower temperatures. The apparentigponse. If the convection pattern shape is fixed, as in the
guasi-instantaneous response seen at midnight i8Bigses ~ REA model, then a cross-correlation study would show a si-
from numerical noise in the model being amplified during the multaneous response. Further, as they state that the pattern is
normalization and is of order 0.1 K. fixed and the strength increases lineafyjdley et al, 1998

we would not expect to see any expansion using a thresh-
old relative to peak. In the CL model an expansion will be
) observed using all methods (even if the derived expansion
5 Conclusions speeds are not generally accurate). Since both the convec-
tion pattern and strength vary with time, cross-correlation
TheLockwood and Morley2004 numerical model has been  will still recover the bulk flow. Given sufficiently clean data
used to simulate a convection response to a single pulse of rehe simultaneity of onset may be revealed using a low thresh-
connection. Using a first-order approximation, the model hasold relative to peak. In any of these cases an expansion will
been extended to simulate the scalar ion heating responsee observed using a fixed threshold, though this may be mis-
From the input variation in reconnection rate the model pro-leading asRidley et al.(1999 pointed out. Following a fixed
duces a Cowley—Lockwoodl992 1997 type expanding threshold level will show an expansion even for a fixed pat-
twin-vortex convection pattern and hence the variation oftern of convection, provided it is increasing in strength.
ion temperature associated with this convective flow. The
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of the onset of the convection response — this is the veloc-
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