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Abstract. For the first time three different methods have convect over the poles and then be closed by reconnection
been used to calculate the global merging rate during theprocesses on the nightside in the magnetotail. This circula-
same substorm growth phase. The ionospheric plasma drifion of flux was originally assumed to be a steady-state phe-
was monitored by six of the Northern Hemisphere Super-nomenon, with the rate of creation and destruction of open
DARN radars, allowing the convection pattern to be stud-flux being equal at any one instant of time. Russell (1972)
ied over 12h of magnetic local time. The radars observedsketched the ionospheric flows resulting from a non-steady
reconnection signatures on the dayside simultaneously witlsubstorm cycle; reconnection on the dayside and in the tail
substorm signatures on the nightside. The three methods tbecame viewed as two separate time-dependent processes re-
calculate the global merging rate are: (i) the equatorwardsulting in non-steady plasma flow in the high-latitude iono-
expansion of radar backscatter on the nightside, which prosphere (Russell and McPherron, 1973; Siscoe and Huang,
vides an estimate of the rate of polar cap expansion, whilel985; Lockwood et al., 1990).

ggigg;r.g:\gE?trr.z?eﬁgfm?ntfegggf Z?Oisg?;tg g;t:%;e- Reconnection at the dayside magnetopause and in the tail
boundarly normal Iplalsma hg\z veIocityI\;ntlj an estimateyofI thegene.rate lonospheric convection. Fi_gure 1a (after Lockwood

. X ) etal.; 1990, Lockwood, 1991) describes the steady-state flow
gxtent of thg |onospher|c. mgrq!ng gap, from radar Obse.rva'driven by balanced dayside and nightside reconnection, when
tion OT dayside reconne_ctlon,_(lll) utilizing the map-potential the polar cap boundary is stationary. The solid-line corre-
technique to map the hlgh-_latlt_ude plasma fiow and Cross IOO'sponds to the open/closed field line boundary and the dashed
lar cap potential (Ruohoniemi and Baker, 1998), allowing

the global dayside merging rate to be calculated. The thre line to the dayside or nightside merging galp, corresponds

%o the potential across the dayside merging ghp, to the
methods support an extensive magnetopaisiee length of : . : . '
between 3&12Rg and 35:15 R (assuming a singl&-line potential across the nightside merging gap &net to the

q tant . ). Such cl t bet cross polar-cap potential. In this paper, the cross polar cap
and constant merging rate). Such close agreement be Weefﬂ)tential is defined as the potential difference between the

the different methods of calculation are ynexpected, ESP€maximum and minimum voltages of the dawn and dusk con-
cially as the length of the magnetopausdine is not well vection cells, and all potentials will be discussed in greater
known. detail in Sect. 4.3. Figure 1b shows the convection pattern
Key words. Magnetospheric physics (magnetopause, cuspenerated by reconnection at the magnetopause alone, when
and boundary layers; magnetosphere — ionosphere interathe polar cap is expanding, and Fig. 1¢ shows the same for
tions; solar-wind magnetosphere interactions) unbalanced nightside reconnection, with a contracting po-
lar cap, as suggested by the expanding-contracting polar-cap
(ECPC) model proposed by Siscoe and Huang (1985). Re-
) connection on either the dayside or the nightside influences
1 Introduction convection at all locations within the polar cap and auroral

) ) . ) ovals (Lockwood, 1991). Convective flow is only excited
The two-cell convection pattern observed in the high-latitude,,han reconnection has recently been in progress, with day-
ionosphere was initially explained by Dungey’s (1961) re- ’

; \ .~ side flow responding rapidly to changes in the IMF and night-
connection cycle. Dungey (1961) stated that during periods;jge flows to changes in the reconnection rate in the tail.
of southward interplanetary magnetic field (IMF), reconnec-

tion on the dayside would lead to the creation of open mag- mpulsive dayside reconnection is now believed to be the

netic flux in the Earth’s polar caps (PC). This open flux would Primary mechanism for the transfer of magnetic flux from the
Earth’s magnetosheath into the magnetosphere, and episodes

Correspondence tds. Provan (gp3@ion.le.ac.uk) of such transient flux transfer are termed flux transfer events
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12 radar to perform a detailed study of the dynamics and ex-
(a) *@E* tent of pulsed anti-sunward moving transient features, de-
tected poleward of a convection reversal boundary (CRB) at
high-latitudes in the CUTLASS field-of-view (f-0-v.). These
18 | [defmmm e 06 pulsed ionospheric flows (PIFs) had an average recurrence
Brec rate of 7 to 8 min, which is close to the average recurrence
rate of FTEs, as first reported by Rijnbeek et al. (1984).
The PIFs were demonstrated to be the ionospheric signa-
@_N_ tures of FTEs created at the footprint of newly-reconnected
24 field lines as they are being pulled anti-sunward by the mag-
netosheath flow (Provan et al., 1998; Provan and Yeoman,
1999; Neudegg et al., 1999, 2000). McWilliams et al. (2000)
performed a statistical study on the occurrence of PIFs as ob-
served by the CUTLASS HF radars. The PIFs were found to
be grouped in the vicinity of the radar signature of the cusp
footprint with a very similar repetition rate to the FTEs at the
magnetopause, and two-thirds occurred when the IMF had a
southward component, a strong indication that they are re-
connection related phenomena.

HF radars studies have investigated the spatial and tem-
poral development of ionospheric conductivities and elec-
tric field during the three phases of geomagnetic substorms;
growth phase, expansion phase and recovery phase. (Morelli
et al., 1995; Yeoman and Pinnock, 1996; Yeoman aialrL
1997; Shand et al., 1998; Lewis et al., 1997, 1998a, 1998b;
Yeoman et al., 1999; Lester, 2000). The substorm growth
phase is an interval of overall magnetic flux addition to the
polar cap. Lewis et al. (1997) observed a small isolated sub-
storm with the Halley HF radar; its growth phase was char-
acterized by a systematic equatorward motion of the radar
backscatter, thought to correspond to an equatorward mo-
tion of the expanding auroral oval. Expansion phase onset is
characterized by a rapid enhancement and large-scale expan
sion of the nightside auroral activity, which is caused by the
enhanced particle precipitation. Many studies have reported
a lack of HF radar data immediately following the expan-
Fig. 1. (a)lonospheric convection pattern resulting from balanced sion phase onset, due to the absorption of radio waves in the
reconnection at the dayside magnetopause and in th€kdniCon- ionosphere (e.g. Lewis et al., 1997; Yeoman afitii. 1997;
vection generated by unbalanced dayside reconneg¢tip@onvec- | ester, 2000). The ECPC model predicts that reconnection of
tion generated by unbalanced nightside reconnection (after LOCkOpen magnetic flux in the geomagnetic tail, such that night-
wood, 1991). side reconnection exceeds the dayside reconnection, is ex-

pected to occur at or after expansion phase onset. The main
(FTEs) (Russell and Elphic, 1978, 1979). Determining theconsequence of this would be the stimulation of flows on the
reconnection rate on the dayside, together with its counternightside and the contraction of the polar cap. If the recon-
part on the nightside, is of primary importance when describ-nection takes place in a bursty fashion, then the stimulated
ing the dynamics of the magnetosphere/ionosphere coupleflows would most likely appear to be bursty in the same way
system. HF radars are now established as powerful tools ims dayside ionospheric convection responds to flux transfer
these types of study. Strong HF radar backscatter near loevents (e.g. Yeoman andihr, 1997; Lester, 2000).
cal noon, with anti-sunward convective flows, has previously HF radars have also proved to be a successful technique
been demonstrated to be co-located with DMSP particle sigfor investigating global convection patterns. Ruohoniemi et
natures of the cusp and poleward moving optical transientsl. (1989) presented a study on the mapping of the large-scale
characteristic of pulsed reconnection (Yeoman et al., 1997)high-latitude plasma convection with coherent HF radars us-
Neudegg et al. (1999) observed an FTE at the magnetopauseg beam-swinging techniques. Subsequently, Ruohoniemi
with the Equator-S spacecraft, while corresponding transienand Baker (1998) described an improved method of deriving
plasma flows were observed in the near-conjugate polar ionolarge-scale convection maps based on all the available ve-
sphere by the CUTLASS HF radar in Hankasalmi. Provan etlocity data, as detected by the HF radar of the Super Dual
al. (1998) have previously used data from the HankasalmiAuroral Radar Network (SuperDARN), thus, deriving the

(b)
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cross polar-cap potential. Taylor et al. (1996) studied the dy-components. Using data from the Hankasalmi and Saskatoon
namic behaviour of the northern polar cap area using an Asradars, both separately and in combination, we have been
similative Mapping of lonospheric Electrodynamics (AMIE) able to infer the global merging rate, and the length and elec-
procedure to derive global electric potential patterns for thetric field of the merging gap, using three different methods of
Northern Hemisphere, while Taylor et al. (1998a, b) did the calculation. All calculations assume a uniform merging rate
same using the SuperDARN radars. The authors were paand a singleX-line.
ticularly interested in the changes in the polar cap area and
ionospheric convection as a response to changes in the IMF
and solar wind conditions. 2 Instrumentation

On 16 September 1998, all the Northern Hemisphere Su-
perDARN radars were run in normal-resolution mode, allow- The ionospheric convection velocities presented in detail in
ing the high-latitude ionosphere to be studied over more tharthis study are provided by the SuperDARN Hankasalmi and
12 h of magnetic local time. The extensive radar networkthe Saskatoon HF radars, both elements of the international
has allowed the first HF radar observations of reconnectiorSuperDARN chain of HF radars (Greenwald et al., 1995).
signatures on the dayside, detected simultaneously with sutiEach radar of the system is a frequency agile (8—20 MHz)
storm signatures on the nightside. We have studied data fromadar, routinely measuring the line-of-sight (I-o-s) Doppler
all the Northern Hemisphere radars for this day, using thevelocity and spectral width of, and the backscattered power
JHU/APL map-potential technique (Ruohoniemi and Baker,from, ionospheric plasma irregularities. The radars each
1998) to map the global ionospheric convection pattern. Aform 16 beams of azimuthal separation 3.2&ach beam
special emphasis has been placed on the line-of-sight velods gated into 75 range bins, each of length 45 km in standard
ities observed by the Hankasalmi and Saskatoon radars, theperations, when the dwell time for each beamis 7 s, giving a
fields-of-view (f-o-v) of these radars being separated by adull 16 beam scan, covering 5t azimuth and over 3000 km
much as~12h of MLT. We study a 4-h period during this inrange (an area of ovesdl(® km?), every 2 min. In this pa-
day when Hankasalmi observes the ionospheric response toer, this data set is supplemented by magnetometer data from
reconnection on the dayside, while Saskatoon observes iondhe CANOPUS array. Figure 2 shows the fields-of-view of
spheric substorm signatures on the nightside. The interplanthe Hankasalmi (F) and Saskatoon (S) radars in geomagnetic
etary magnetic field (IMF), as measured by the WIND space-coordinates, as well as the location of the CANOPUS mag-
craft, has a strong positive, and predominately negativg, netometer stations. The position of beam 4 (beam 5) of the
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IMF Bz component, 16/09/98
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Fig. 3. The IMF B; component measured by the WIND spacecraft for the period 00:00 to 09:00 UT. A 75-min lag time has been added onto
the time scale of the plot, representing the delay between the IMF being observed by the satellite and when it impinges on the magnetopause

Hankasalmi (Saskatoon) radar is marked on the figure with @4:30 to 08:30 UT. During this time, the IMB, component
solid black line. Upstream IMF data from the WIND satellite was predominantly negative, while the IMF;, component
(Lepping et al., 1995) are also included in this study. Low al- was entirely positive.

titude particle precipitation data are provided by the DMSP

F13 spacecraft. Hardy et al. (1984) have provided detailed3.2 Dayside radar observations

information concerning the detectors. ) ) ) )

The map-potential technique (developed by JHU/APL) de-Figure 4a shqws a latitude-time-velocity plot for beam 4
rives the large-scale ionospheric convection maps from I-o-£f Hankasalmi between 04:30 and 08:30 UT on 16 Septem-
velocities observed by the entire network of Northern Hemi- Per 1998. The Doppler velocity is colour-coded with posi-
sphere SuperDARN (SD) radars (Ruohoniemi and Bakerlive (b_Iue) velocities, |nd|ca.t|.ng r_’notllon_towardg, the radar and
1998). The ionospheric convection pattern is calculated by€9ative (red/yellow) velocities indicating motion away from
a mathematical fitting technique using all the available line-the radar, while grey indicates backscatter from the ground.
of-sight measurements (Ruohoniemi and Baker, 1998). Th&igure 4b presents the spectral width for the same period.
solution is constrained by folding in information from a sta- | "€ Spectral widths are colour-coded with red representing
tistical model (Ruohoniemi and Greenwald, 1996), keyed tothe greatest spe_ctral widths, and plue representing the small-
the IMF conditions. For this study IMF information is given €St Hankasalmi beam 4 detects ionospheric backscatter be-
by the WIND satellite. From the global electric field it is [Ween magnetic latitudes of 75.%0 85° (AACGM coordi-
possible to calculate the energy input to the Earth’s iono-nates, Baker and Wing, 1989). At high-latitude the radar ob-

sphere from dayside and nightside reconnection processe§€"vVes high velocities moving anti-sunward. At lower lat-

the cross-polar cap potential, and to deduce parameters vitdides lower velocities are observed, mainly moving anti-
to global models. sunward. These high velocity anti-sunward backscatter are

in general associated with a high spectral width (between
250 and 400 m/s). After 06:30 individual PIF signatures are

3 Data presentation clearly identifiable, these poleward transient features are ob-
_ served at high-latitude and are characterized by large anti-
3.1 IMF observations sunward velocities and large spectral widths. Before 06:30

individual PIFs are harder to identify, but poleward moving

Figure 3 shows thes, component of the IMF as mea- feayres and fluctuations in anti-sunward moving backscatter
sured by the WIND satellite for the time interval 00:00 4.0 clearly observed.

to 09:00UT. At 00:00UT the satellite was located near

ngm = 182RE, Ygsm =4.7Rg andzgsm =—-116RE. A 3.3 DMSP observations

75+5 min lag-time between when the IMF is observed by the

satellite and when it impinges on the subsolar magnetopauskow altitude particle precipitation data are provided here us-

has been calculated using the method outlined by Lester et aing the DMSP F13 spacecraft. In Fig. 5 DMSP measure-

(1993); this time has been added onto the time scale of thenents of precipitating electrons and ions are presented for
plot. In this paper, we will be studying primarily the interval the interval 08:05 to 08:08:30 UT for 16 September 1998.
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HANKASALMI VELOCITY AND SPECTRAL WIDTH
16/09/98 04:30- 08:30 UT
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During this interval, the spacecraft flies from 7516 68.9 auroral zone field lines. Thus, the open/closed field line
magnetic latitude. Between08:05 and~08:06 UT there is  boundary is identified at 08:06 UT, at 74MLAT. Three

an enhanced flux of low energy electrons, clear signaturedines (labelled 1 to 3) have been added to Fig. 5. Line 1 corre-
of open field lines. There is also an increase in the flux ofsponds to the position of the spacecraft at 08:05:20 UT when
energetic ions, and some distinctive dispersed ion precipithe dispersed ion signatures are first observed. Line 2 identi-
tation features. In these features the ion energy is seen tfies the spacecraft position at 08:06 UT when the open/closed
increase as latitude decreases, and there is possibly a “stefield line boundary is detected in the electron data, and Line 3
within the feature at~08:06 UT; such a feature has previ- corresponds to the spacecraft position at 08:08:20 UT after
ously been named a cusp ion step (Lockwood and Daviswhich time no more precipitating hot electrons are observed.
1996). These features are characteristic of bursts of cusp pre-

cipitation, associated with transient magnetopause reconnec- Figure 6 presents a polar plot of the I-o-s velocity ob-
tion for a southward directed IMB.. At 08:06 UT there is served by the Hankasalmi radar at 08:06 UT, as a function of
an increase in the number of precipitating hot electrons; thes&agnetic latitude and magnetic local time. The Hankasalmi

are observed until 08:08:20 UT and are indicative of closed,radar is located at approximately 10:30 MLT and is detecting
backscatter between 08:00 and 14:30 ML~&0° latitude.
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craft, calculated using AACGM coordinates at 850 km alti-
tude, is indicated by a line, with three ticks marks labelled
800 1, 2 and 3, which correspond to the times of the three lines

600 < added to Fig. 5. In studying Fig. 6, the open/closed field
4005 line boundary (tick mark 2) is located abox2° equator-
éoo % ward of the equatorward edge of the ionospheric backscatter.
200 3 The line-of-sight velocity during this scan shows flow to be
_a00 O, predominantly away from the radar. In the easternmost far
600 ranges, very low line-of-sight velocities flows are observed,
-800 whereas the westernmost far ranges detect the strongest ve-
locities. This suggests that the anti-sunward flow has a west-
S ward (dawnward) component, as expected for high-latitude

convection under IMRB; negative,B, positive conditions,
as were measured upstream by the WIND spacecraft.

3.4 Nightside radar observations

Figure 7 presents the LTV plot for beam 5 of the Saskatoon
Fig. 6. Polar plot of the I-o-s velocity observed by the Hankasalmi radar, 04:30 to 08:30 UT. At 04:30 UT, Saskatoon is located
radar at 08:06 UT, as a function of magnetic latitude and magneticat 21:00 MLT and observes backscatter betwe&0:30 and
local time. Overlaid is a black line showing the footprint of the . 02:00 MLT. Between 04:35 and 05:50 UT, the equatorward
DMSP spacecraft. The ticks labelled 1, 2 and 3 shows the Posmorboundary of the ionospheric backscatter observed by beam 5
ic;]flt:rile sg;acecraft at 08:05:20, 08:06 and 08:08:20, respectively (aﬁppears to move in a general, equatorward direction, mov-

g-%). ing from a initial latitude of~78° to a latitude of~71°. At

06:13 UT (marked on the plot with a black dashed line), there

is a general loss of backscatter. Such equatorward propaga-
The Doppler velocity is colour-coded as before, with posi- tion of backscatter followed by a loss of backscatter has pre-
tive (blue) velocities, indicating motion towards the radar andviously been observed by Lewis et al. (1997, 1998a, b) and
negative (red/yellow) velocities indicating motion away from Yeoman et al. (1999). These authors identified the equator-
the radar, while grey indicates backscatter from the groundward motion of backscatter with the substorm growth phase,
The scan corresponds to the passage of the footprint of thduring which newly-opened magnetic flux is added to the po-
DMSP satellite over the center of the radar field-of-view in lar cap on the dayside. The loss of HF backscatter occurred
AACGM coordinates. The footprint of the DMSP space- at the onset of the substorm expansion phase, as has previ-
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SASKATOON L-O-S VELOCITY AND CANOPUS MAGNETOMETER, 16/09/98
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Fig. 7. LTV plot for beam 5 of the Saskatoon radar, 04:30 to 08:30 UT. Overlaid is a black line showing the model calculations of where the
equatorward boundary of the radar backscatter should lie, assumitidiaa length of 35R ¢, and a constant offset of4rom the polar cap
boundary. The dot-dashed line is the model calculation of the location of radar backscatter for a latitudinal offsetdb&®-line length

of 20R g, while the dashed line models the location of radar backscatter for a latitudinal offsetaofi@anX-line length of 50Rg. The

bottom two panels of the figure show tlfeandZ components of 4 magnetometers of the CANPOUS magnetometer array.

ously been reported by Milan et al. (1996), Yeoman aildrl. ~ From the plots we can see that the time of the loss of radar
(1997) and Yeoman et al. (1999). backscatter occurs almost simultaneously with the initial ob-
servations of strong negative bays in tiecomponent and

The bottom two panels of Fig. 7 show tikeandZ com-  positive perturbation in the&-component, both moving to
ponents of 4 magnetometers of the CANPOUS magnetomehigher latitudes with time. These are indicative of an en-
ter array. The stations are presented in order of decreasinfanced substorm westward electrojet located equatorward of
latitude from the top, with RANK (highest latitude), ESKI the magnetometer stations and propagating over them as the
and FCHU all located within the Saskatoon radar f-0-v, andsubstorm expansion phase progresses. Studying this interval
GILL (lowest latitude) located just outside the radar’s f-o-v.



1912 G. Provan et al.: A multi-instrument approach to mapping the global dayside merging rate

Fitted vecs
12MLT

ing at 05:48 UT. The electrostatic potential was expanded
to an order of 8 (Ruohoniemi and Baker, 1998), and the
flow was assumed to be centered flom the pole. The
low-latitude limit of the convection zone was assumed to be
70°. The solution was constrained by folding in information
from a statistical model (Ruohoniemi and Greenwald, 1996),
keyed to the IMF observations. The IMF measurements were
given by the WIND satellite, and a #% min delay time was
considered between the IMF observations at the WIND satel-
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Figure 8 shows continuous data coverage of plasma flow,
from the dayside convection throat over the polar cap and
into the nightside convection throat. The fastest velocities

appear to be in the central polar cap. A few vectors cen-
Fig. 8. Solution for the global convection pattern calculated with the t?ri? a(; atlaiEUds Ofv.zoo It?] the_dgyvnfs ecto; ﬂov:fl fromtttf;1e
map-potential technique using |-o-s velocity data from all 6 of the nig s', € 1o the dayside, thus, indicaling return flow at tnese
Northern Hemisphere SuperDARN radars, 05:48 to 05:50 UT. ThelOW-latitudes. There are far fewer vectors observed for the
electrostatic potential was expanded to an order. of 8 (Ruo-  dusk cell than for the dawn cell, thus, the depicted dusk cell
honiemi and Baker, 1998), and the flow was assumed to be centeredepends more on input from the statistical model than the
4° from the pole. The low-latitude limit of the convection zone was dawn cell.

assumed to be 70

4 Discussion
with POLAR UVI data (not presented) shows the onset of the
expansion phase to be at 06:14 UT. Pulsed flow signatures have been observed in dayside data
from the Hankasalmi HF radar. In the past PIF signa-
tures have been observed at high-latitude in the SuperDARN
radars f-o-v. These PIFs were associated with high |-o-s ve-
We have presented two separate pieces of evidence of iondecity and a large spectral width, and were moving in an
spheric signatures of dayside reconnection processes as obnti-sunward direction. PIFs are easier to identify with high-
served by two SuperDARN radars, one observing backscattefesolution data, created when the radars operate in special
near the dayside cusp and the other in the pre-midnight secscan modes which involves scanning on certain beams more
tor. Between 04:35 to 06:13 UT, the Hankasalmi radar ob-frequently than every 2 min. But such special scan data are
serves ionospheric signatures of dayside reconnection, whileot suitable when attempting to do a global study, when it is
the Saskatoon radar observes signatures of the growth afot viable to sacrifice spatial resolution for temporal resolu-
the polar cap, demonstrating that the dayside reconnectiotion. Individual pulsed flows are observed by the Hankasalmi
rate exceeds the nightside rate. Next, we investigated theadar between 06:30 and 08:30 UT, and can be clearly iden-
large-scale ionospheric convection, using |-o-s velocity datatified as the ionospheric signatures of pulsed reconnection at
from all the Northern Hemisphere SuperDARN radars, to-the dayside magnetopause, especially when seen in conjunc-
gether with the JHU/APL map-potential data visualisation tion with the cusp ion steps detected in the DMSP data. In-
technique (Ruohoniemi and Baker, 1998). dividual PIFs are harder to identify before 06:30 UT, but the

The map-potential technique was used to derive the soluhigh-latitude, high velocity, high spectral width backscatter
tion for the global convection pattern during the entire in- signifies dayside reconnection with the newly-reconnected
terval when dayside reconnection processes were observetield line being pulled anti-sunward by the magnetosheath
From the global patterns, a value of the cross polar-cap poflow at high speed.
tential was derived and will be used to infer a value of poten-  Signatures of a substorm growth phase and the expansion
tial across the dayside merging gap (Sect. 4.3). One of thesphase onset are observed on the nightside, characterized by
global convection patterns is presented in Fig. 8. The patan equatorward motion of the radar backscatter followed by
tern is calculated using |-o-s velocity data from all six of the a sudden lack of backscatter. Simultaneously, PIFs are being
Northern Hemisphere SuperDARN radars, for the scan startobserved on the dayside. We are interested in using both the

3.5 The (JHU/APL) map-potential technique
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dayside and nightside observations, together with data fromechnique of Lewis et al. (1998b), also described by Yeoman
other instruments, to estimate the length of, and the electriet al. (1999). In this method the reconnection electric field
field along, the dayside merging gap. Such a comparisors derived using the solar wind data (Hill, 1975; Sonnerup,
of different methods of calculating the length of the dayside1974), while the variation in the equatorward edge of the
merging gap and its electric field has yet to be done. In or-backscatter is used to provide an estimate of the expansion
der to investigate this we have used HF radar observationsf the polar cap. Faraday’s law of the rate of flux addition
of PIFs, the map-potential technique, and modelled the polastates that:

cap boundary, using the method of Lewis et al. (1998b). We

dA
discuss each of these in turn below. Bp d:C = o) — Py, Q)
4.1 Measuring the length and electric field of the daysidewhered A p¢/dt is the rate of change of the polar cap area
merging gap using nightside observations and Bp is the polar magnetic field at ionospheric altitudes,

~5x107°T. @', is the potential across the dayside merging

The LTV plots from Saskatoon presented in Fig. 7 show agap in its own rest frame, which is equal to the dayside re-
clear signature of the substorm growth phase occurring beeonnection electric field multiplied by the length of the day-
tween 04:35 and 06:13 UT. The characteristic signature okide merging gap, and, is the potential across the night-
the substorm growth phase is a systematic equatorward maside merging gap in its own rest frame, which is equal to the
tion of the radar backscatter, thought to correspond to amightside reconnection electric field multiplied by the length
equatorward motion of the structured precipitation in the au-of the nightside merging gap.
roral oval. At 06:13 UT there is a general lack of backscatter; Assuming, as Lewis et al. (1998b) did, that there is no
such loss of backscatter has previously been identified at thaightside magnetotail reconnectiob’; = 0), Faraday’s law
onset of a substorm expansion phase (e.g. Milan et al., 1996an be re-written as
Yeoman and Lihr, 1997). JA

During the substorm growth phase, the equatorwardBp =EL, (2)
boundary of the radar backscatter moved equatorward be-
tween 04:35 and 05:50UT, with an average velocity of whereL is the length of the magnetopauXeline andE is
160+30m/s. We assume the position of the equatorwardthe electric field along it. Thus, knowing the electric field
edge of the radar backscatter to be directly related to, bufrom the solar wind data, and the rate of polar cap expansion
not necessarily colocated with, the position of the polar capfrom the radar backscatter, Eq. (2) can be used to estimate
boundary. Using a model of the Feldstein oval for= 2 the length of the dayside merging gap.
conditions, it was estimated that the oval would move equa- We assume a circular polar cap and a constant offset be-
torwards with a velocity of 20 m/s during this time as a con- tween the equatorward boundary of radar backscatter and the
sequence of the local time progression of the radar. So th@olar cap boundary. There is no suitable nightside DMSP
polar cap boundary moved equatorward with a velocity ofdata available, so we have assumed that the offset between
140+30 m/s during this time due to the addition of flux to the the polar cap boundary and the equatorward edge of the
polar cap. Using a beam-swinging technique (Villain et al., radar backscatter remains constant-a%throughout (this
1987), which assumes spatial uniformity across the Saskais identical to the offset assumed by Lewis et al., 1998b).
toon radar f-o-v, the average equatorward and azimuthaHolzworth and Meng (1975) suggested a latitudinal offset
components of the plasma flow were measured during thavhen modelling the auroral oval. The offset is suggested to
same substorm growth phase interval (04:35 to 05:50 UT)represent an approximation of the latitudinal extent of the au-
The average equatorward component of the plasma flow veroral oval, with the equatorward boundary of the auroral oval
locity was 13@60 m/s during the substorm growth phase pe- being co-located close to the equatorward boundary of the
riod. Within experimental errors these velocities are equalbackscatter, while the poleward boundary of the auroral oval
and would suggest that, in this instance, the polar cap boundss located in close proximity to the polar cap.
ary is adiaroic (Siscoe and Huang, 1985), that is there is no We estimate a 785 min time delay between when the
plasma flow relative to it, with the convection of the iono- IMF is observed by the spacecraft and when it impinges on
spheric plasma over the polar cap being directly related to thehe subsolar magnetopause. Overlaid on Fig. 7 is a solid
expansion of the polar cap boundary. Cowley and Lockwoodblack line showing the model calculation of the location of
(1992) and Lockwood and Cowley (1992, and see referencethe equatorward edge of radar backscatter. A visual inspec-
within) have previously suggested that the polar cap boundtion of the data has been performed to determine that this
ary can be idealized as such an adiaroic boundary which camodel calculation best fits the observed location of radar
only be perturbed by the creation (due to dayside reconnecbhackscatter. The calculation is parameterized by an assumed
tion) or the destruction (due to nightside reconnection) ofdayside magnetopaugeline length of 35:15 R, although
open flux, leading to the expansion or contraction of the polarthis might be an overestimation, as field line stretching in
cap area. the magnetotail is a factor not included in this model (Yeo-

We have attempted to estimate the reconnection electricnan et al.,, 1999). The lines on either side of the solid
field and length of the dayside merging gap, following the black lines show the extremes of the error calculation; the
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HANKASALMI AND ICELAND WEST, 16/09/98, 08:10 UT
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dot-dashed line is the model calculation of the location of4.2 Measuring the length and electric field of the dayside

radar backscatter for a latitudinal offset ¢f &nd aX-line merging gap using dayside observations
length of 20R g, while the dashed line is for a latitudinal off-
set of 8 and anX-line length of 50R;. The derivedX- As already mentioned in the Introduction, reconnection on

line length of 35:15R:, compares with an average value the dayside is related to the creation of open flux and the
of 12R previously calculated by Lewis et al. (1998), and subsequent expansion of the polar cap area, while reconnec-
of an X-line length of 27R; calculated by Yeoman et al. tion on the nightside destroys open flux and leads to the con-
(1999). 35R; covers approximately 10 h of MLT at the mag- traction of the polar cap area. Both dayside and nightside
netopause boundary, according to the Tsyganenko 89 (Tsyeconnection are thus related to flow across the dayside and
ganenko, 1989) model. nightside merging gaps. The (poleward) boundary-normal
plasma flow velocity across the dayside or nightside merging

The observed and predicted location of the equ::ltorwardgap is given by (Lockwood et al., 1993):

boundary of the radar backscatter during the growth phasq/B =Ve-V', (3)
coincided most closely from 04:35 to 05:50 UT (Fig. 7), and,

therefore, we concentrate on the modelled location of radawhere Vg is the boundary-normal velocityVc is the
backscatter calculated for this interval. The upstream WINDboundary-normal plasma flow velocity across the merging-
data gives the average instantaneous electric field acrosgap in the Earth’'s frame, and’ is the poleward velocity
the dayside magnetopause as @:2610 mV/m, the potential  of the ionospheric projection of th&-line in the reference
across the dayside magnetopause is thep3®kV. Assum-  frame of the Earth.

ing no field-aligned potential drop, the reconnection potential We calculated the flow across the dayside merging gap
across the dayside magnetopause will be equal to the recomluring the substorm growth phase, concentrating on the in-
nection potential across the ionospheric merging gap. Theerval 04:35 to 05:50 UT, as this was the time interval we
Tsyganenko 89 (Tsyganenko, 1989) model was used to maptudied in detail on the nightside. The DMSP pass presented
the magnetospheric electric field to the ionosphere, givingin Figs. 5 and 6, showed that at 08:06 UT, the open/closed
the average electric field along the dayside merging gap afield line boundary was located2° equatorward of the
22+10mV/m in its own rest frame. The substorm growth radar backscatter. This DMSP pass is not within the sub-
phase actually lasts from 04:35 to 06:13 UT, assuming thestorm growth phase, and unfortunately, there are no suitable
expansion of the polar cap is constant throughout this interpasses during the growth phase period. The IMF conditions
val; the polar cap expands by 6.5 x 10°km? during the  at 08:06 UT are similar to the conditions at the end of the
growth phase, with an average magnetic flux addition rate ofgrowth phase, and there are clear signatures of newly-opened
~5x 10* Wh/s. flux at both times. Thus, we are assuming the dayside merg-
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ing gap to be offset from the equatorward boundary of radarthe dayside merging gap out to the dayside magnetopause,
backscatter by 2for the entire interval studied. calculating that if the dayside merging gap covered 7 h of
Figure 4 presents the I-o-s velocity (Fig. 4a) and spectralmagnetic local time, the magnetopauédine length would
widths (Fig. 4b) observed on the dayside by the Hankasalmbe 35-15RE.
radar during the interval 04:30 to 08:30 UT. During the in-
terval of the substorm growth phase (04:35 to 06:13UT),4.3 Measuring the potential across the dayside merging gap
the anti-sunward moving ionospheric backscatter is associ- using the map-potential technique
ated with high spectral widths. Previous studies have associ-
ated such high-latitude, high spectral widths with open field The cross polar-cap potential is an important indication of the
lines, and lower latitude, lower spectral widths with closed rate of energy transfer from the solar wind to the Earth's mag-
field lines (Baker et al., 1990, 1995; Provan et al., 1998). Anetosphere. The map-potential technique produces global
black and white line has been drawn on Fig. 4b, marking theconvection maps, solved by fitting velocity data to an expan-
equatorward edge of the high spectral width region duringSion of the electrostatic potential in terms of spherical har-
the substorm growth phase; this line will be used as a proxynonic functions. Shepherd and Ruohoniemi (2000) stated
for the open/closed field line boundary. that when there were extensive radar measurements of I-0-s
Between 04:35 and 05:50 UT, the equatorward edge ofelocity, and especially when they span the extrema in the
the po'ar Cap boundary moves equatorward at a Ve|ocity opotential diStI’ibutiOI’]S, the Solution fOI‘ the glObal pattern be'
95+30m/s. Using a beam-swinging technique, which as-comes insensitive to the choice of statistical model data used
sumed L-shell aligned plasma flow, the beam-swung plasma0 constrain the data. The cross polar-cap potential (dawn-
flow velocity was derived at °Llatitude intervals. Aver- to-dusk transpolar voltage), as defined by the map-potential
aging over all latitudes, the poleward component of thetechnique, is equal to the potential difference between the
beam-swung velocities averaged for the interval 04:35 tomaximum and minimum voltages of the dawn and dusk con-
05:50UT was 18%95m/s. From Eq. (3), the boundary- Vvection cells.
normal plasma flow velocity across the dayside merging gap Figure 10 presents a schematic illustration of the magne-
is then 28@-100 m/s in a poleward direction. tosphere for southward IMF (Lockwood and Cowley, 1992).
The laws of magnetohydrodynamics state that if the mag-Open field lines are generated at tkidine on the dayside
netized plasma is assumed to be a fluid whose conductivitfnagnetopause. Neglecting any field-aligned voltages, then
is so large that there is no diffusion of the electric field, the P, is the voltage across the daysidleline length (AB) in

velocity of the fluid,, is governed by the equation: its own rest frame and also the voltage across the dayside
merging gap in the ionosphere#) in its own rest frame.
E=vxB. 4) . . L .
Likewise, reconnection in the tail neutral sheet destroys open

Taking B to be the polar ionospheric magnetic fiek},, we flux at a rated’y, the rest frame voltage across the nightside
calculate the electric field across the dayside merging gap te(-line DE and its corresponding ionospheric merging gap
be equal to 145 mV/m. de.

As stated previously, pulsed ionospheric flows (PIFs) are As described before, Figs. 1a and 1b illustrate the day-
believed to be the ionospheric signature of the transfer ofide @p), nightside () and cross polar capMpc) po-
new|y-reconnected flux. We have attempted to measure th@entials in the reference frame of the Earth, for intervals of
azimuthal extent of an individual PIF in the high-latitude Steady, balanced dayside and nightside reconnection, and un-
ionosphere to approximate the length of the dayside mergindp@lanced dayside reconnection, respectively. The area of
gap. Unfortunately, it was impossible to identify individual the polar cap, the region threaded by open magnetic flux,
PIFs during the substorm growth phase. Thus, we have chochanges due to dayside and nightside reconnection; hence,
sen to study a PIF clearly observed by the Hankasalmi radaits boundaries move in the Earth’s reference frame. The po-
at 08:10 UT, a time when the IMF conditions at the subsolartentials across the dayside or nightside merging gaps in the
magnetopauseB,=3.5nT, B, =5nT) were quite similar to reference frame of the Earth are then not equal to the po-
the IMF conditions at the subsolar magnetopause at the enténtial across the dayside or nightside merging gaps in their
of the substorm growth phass,(=4.6 nT,B,=—3.8nT). own reference frames. Siscoe and Huang (1985) assumed a

Figure 9 presents the polar plots from Hankasalmi and Icecircular polar cap. In this case the average cross polar cap
land West, 16/09/98, for 08:10 UT. In studying l-o-s veloc- potential in the reference frame of the Earth is:
ity from the two radars, we can conclude that strong anti- Dp+ Dy
sunward flow is observed over 7 h of magnetic local time. ®pc = oy + ———, (5)

Two solid black lines mark the edges of the merging gap; z

these lines are joined together with a curved black line, repwheredy is the potential due to any viscous-like interaction.
resenting the estimated MLT extent of the merging gap (hot The above equation describes well the situation illustrated
its latitudinal position). A dayside merging gap, covering in Fig. 1la, where balanced dayside and nightside reconnec-
at least 7h of MLT, together with the E-field calculations tion results in steady flow over the poles, and the cross polar-
above, results in a potential across the dayside merging gapap potential is equal to the average value of the potential
of 35+15kV. We utilized the Tsyganenko 89 model to map across the dayside and nightside merging gaps (plus any con-
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Fig. 10. Schematic illustration of
the magnetosphere for southward IMF
(Lockwood and Cowley, 1992).

tribution from viscous interaction). Figure 1b shows the con- B, component is positive, and during the substorm growth
vective flows and cross polar-cap potential initiated duringphase interval of 04:35 to 06:15UT. From Fig. 11 it can be
the substorm growth phase. Such a cross polar-cap potentigkeen that all three cross polar-cap potentials increase during
for an interval of unbalanced dayside reconnection cannot béhe growth phase, as compared with the interval 02:00 to
satisfactorily described by Eq. (5). The cross polar-cap po-03:00 UT. The average value of the potential calculated us-
tential, as defined by the map-potential technique for this siting the observed IMF conditions increased by 21 kV during
uation, however, is equal to the potential difference betweerthe growth phase; the cross polar-cap potential derived as-
the maximum and minimum voltages of the dawn and dusksuming a constan®, positive increased by 19 kV, while the
convection cell. Thus, we assume that during the substorntross polar-cap potential derived assuming a congtanéeg-
growth phase, the cross polar-cap potential is equal to thative increased by 16 kV. The similarity of the increase in the
potential across the dayside merging gap. cross polar-cap potential during the substorm growth phase
The solid dark line on Fig. 11 presents the cross po|ar-ca¢jemonstrates that for this interval, the potential is driven by
potential as calculated by the map-potential technique for théonospheric plasma flows and not by the statistical model.
interval 00:00 to 09:00 UT. As before, the IMF conditions The difference in the increase in the potential between the
were given by the WIND spacecraft; the electrostatic poten-three estimates of the cross polar-cap potential can be used to
tial was expanded to an order of 8, and the flow was assume€lerive an estimate of the error in the potential measurement;
to be centeredfrom the pole, with the low-latitude limit of ~ thus, we assume an error in the cross polar-cap potential of
the convection zone assumed to be &t 7he map-potential ~ SkV.
technique derives the cross polar-cap potential, using both The start (04:35 UT) and end (06:13 UT) times of the sub-
the observed ionospheric velocities and a statistical modestorm growth phase are marked on the plot with vertical
based on the IMF conditions. The error in the potential is re-dashed lines. We averaged the cross polar-cap potential for
lated to the extent on which the potential is dependent on thehe entire interval of the growth phase, giving us a value of
statistical model; a high level of dependency would result ingo+10KkV. The next step was to predict the contribution of
a highly averaged value for the potential. viscous interaction to the total potential. We assumed the
To derive an estimate of the error in the potential, we havecross polar-cap potential during extended intervals of north-
re-calculated the cross polar-cap potential. This time, insteadvard IMF to be equal to the viscous potential. The IMF
of the IMF information being given by the WIND spacecraft, B, component was at its most northernly between 02:20 and
we have assumed that the IMFz component is constantly 02:47 UT (Fig. 3), with the average p¢ during this interval
negative (between —6 to —12nT, presented as a dashed lirst 35+6 kV. Thus, we assumed that of the initial crgaspo-
on Fig. 11), andB, constantly positive (between 0 to 4nT, tential during the substorm growth phase of 60 kK\AEBKV
presented as a dot-dashed line in Fig. 11). These three poters due to dayside reconnection, and this is the potential across
tial estimates follow the same curve (obviously defined bythe dayside merging gap. Assuming (as in Sect. 4.2) that the
the observed data), but the difference in the cross polar-caplectric field across the dayside merging gap it84nV/m,
potential can vary by up to 40 kV from th, positive toB, this would result in a dayside merging gap d@t&h of MLT.
negative estimates. We have averaged the cross polar-cap pd/e used the Tsyganenko 89 model to calculate that if the
tential during the interval 02:00 to 03:00 UT when the IMF dayside merging gap covered-2 h of magnetic local time,
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Cross polar-cap potential, 16/09/98, 00:00-09:00 UT
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Fig. 11. The cross polar-cap potential estimated by the map-potential technique for the interval 16 Sept. 1998, 00:00-09:00 UT, IMF
information was given by the WIND satellite (black line). Overlaid is the cross polar-cap potential assuming cBpstegétive (dashed
line), andB; positive (dot-dashed line).

the magnetopausk-line length would be 3812 Rg. substorm growth phase, the pre-midnight polar cap boundary
These values of the extent and potential across the daysideas found to be adiaroic, as has previously been predicted by
merging gap are smaller than those estimated using the previcowley and Lockwood (1992). Combining the HF radar ob-
ous two methods, although still within the error ranges. Theyservations with WIND, DMSP and magnetometer data, and
have probably been underestimated because we have oveglobal ionospheric convection maps, allowed us to estimate
estimated the contribution that viscous interaction makes tdhe global merging rate using three different methods. A sin-
the cross polar-cap potential. When the cross polar-cap pogle mergingX -line and uniform merging field were assumed.
tential is measured during a prolonged period of northward Two methods were used to estimate the electric field along
IMF, it tends to decrease with time. A value 6fl0-20kV  the dayside merging gap. SuperDARN observation of day-
for the viscous potential has been confirmed by several inside high-latitude plasma flow suggests an electric field along
dependent observations (Eastman and Hones, 1979; Sauthe dayside merging gap of 3 mV/m. Upstream solar
ders, 1990; Mozer, 1984; Lundin and Evans, 1985; Lu et al. wind data from the WIND spacecraft has been used to calcu-
1994). Also, individual maps of ionospheric convection dur- late an average electric field along the dayside merging gap
ing the substorm growth phase clearly support an extendeduring the substorm growth phase of£200 mV/m (Son-
merging region. Studying Fig. 8 around local noon demon-nerup, 1974; Hill, 1975). This is almost twice the electric
strates that measuring the cross polar-cap potential from, fofield derived using the dayside data, although the error range
example 10 to 14 MLT, across the polar cap, would still not for the calculations is large. Previous estimates of the recon-
include a significant portion of the cross polar-cap potential,nection electric field have been made by de la Beujardiere
clearly indicating that a significant contribution to the cross et al. (1991). These workers used data from the Sondere-
polar-cap potential must come from merging occurring far strom incoherent scatter radar to predict a reconnection elec-
from noon. tric field of 15 mV/m during the subsorm expansion phase
and an electric field of 30 to 40 mV/m during the recov-
ery phase. These estimates, although not derived during the
5 Summary growth phase, are within the same order of magnitude as our
calculations.
We have presented observations of high-latitude plasma flow The electric field calculated from the WIND measure-
using data from six of the Northern Hemisphere SuperDARNments was used to model the equatorward boundary of the
radars. The data provided a unique opportunity to examingolar cap during the substorm growth phase (Lewis et al.,
the time-dependent nature of the coupling between the solat998b), giving a dayside magnetopanséine of 35+15Rg,
wind, magnetosphere and ionosphere over 12 h of MLT. Aequivalent to 3 h of magnetic local time. Calculations
substorm growth phase and expansion phase onset was idebased on dayside radar observations gave an identical value
tified on the nightside, and simultaneous signatures of newlyfor the dayside magnetopaugeline length. Estimates us-
reconnected flux were detected on the dayside. During théng the cross polar potential derived from the map-potential
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