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Abstract. Using ionospheric data from the SuperDARN wind on the Earth’'s magnetosphere. While a good qualitative
radar network and a DMSP satellite we obtain a comprehenunderstanding of the processes involved has been achieved,
sive description of the spatial and temporal pattern of day-considerable progress is still required before it can be reli-
side reconnection. During a period of southward interplane-ably modeled and used for predictive purposes in applica-
tary magnetic field (IMF), the data are used to determine thdions such as space weather forecasting. Most of the studies
location of the ionospheric projection of the dayside magne-of the rate of momentum transfer have been performed at a
topause reconnection X-line. From the flow of plasma acrossingle point on the magnetopause (e.g. Sonnerup etal., 1981)
the projected X-line, we derive the reconnection rate acros®r in the ionosphere (e.g. de la Beaujareéi et al., 1991).

7 h of longitude and estimate it for the total length of the X- Limited spatial coverage of the X-line has been achieved in
line footprint, which was found to be 10 h of longitude. Us- some studies, for example, over a 2-h segment of the iono-
ing the Tsyganenko 96 magnetic field model, the ionosphericsphere (Baker et al., 1997). In this paper we report observa-
data are mapped to the magnetopause, in order to provide dons that encompass70% of the dayside merging region,
estimate of the extent of the reconnection X-line. This iswith a time resolution of 2 minutes, using ionospheric tech-
found to be~38 R in extent, spanning the whole dayside niques.

magnetopause from dawn to dusk flank. Our results are com- The rate of magnetic reconnection in geospace is best
pared with previously reported encounters by the Equator-Smonitored in the ionosphere. A snapshot measurement in-
and Geotail spacecraft with a reconnecting magnetopaussitu, at the reconnection X-line, can be made, but prolonged
near the dawn flank, for the same period. The SuperDARNmeasurement is practically impossible due to our lack of
observations allow the satellite data to be set in the context oknowledge of where the X-lines are, the variability in their
the whole magnetopause reconnection X-line. The total poposition and the inability to keep a spacecraft there. At
tential associated with dayside reconnection wd$0 kV. present, it is only in the ionosphere, where the cusp magnetic
The reconnection signatures detected by the Equator-S satefield topology causes dayside magnetopause phenomena to
lite mapped to a region in the ionosphere showing continu-be focused in 3—-6 hours of magnetic local time (Crooker and
ous flow across the polar cap boundary, but the reconnectiofoffoletto, 1995), that the area containing the footprint of
rate was variable and showed a clear spatial variation, withthe X-line (the merging line) can be monitored continuously.

a distinct minimum at 14:00 magnetic local time which was Traditionally, the reconnection rate has been measured in the
present throughout the 30-min study period. ionosphere by the potential difference across the open field

Key words. Magnetospheric physics (magnetopause, cusdi”e region in the dawn-dusk meridian using polar orbiting

and boundary layers; magnetosphere-ionoshere interactiongpacecraft (Reiff et al., 1981). These measurements are lim-
— Space plasma physics (magnetic reconnection) ited by their 1-D orbital trajectory (that does not always in-
tercept the ends of the projected X-line) and their low reso-

lution in time due to the~100-min spacecraft orbit. Such a
sampling rate means that they cannot capture transient and
localised reconnection phenomena that have been reported

Understanding the transfer of solar wind momentum andfrom ground—base_d experiments (e_.g. Neudegg etal., 19.99)'
More recently, improved resolution has come from using

plasma across the boundary of the dayside magnetopause is work of ; ; q d f
of prime importance in quantifying the impact of the solar a hetwork of magnetometers, radars and spacecraft to con-
struct the electric potential distribution across much of the

Correspondence tavl. Pinnock (M.Pinnock@bas.ac.uk) high-latitude ionosphere and has provided useful information

1 Introduction
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et al., 1999). If combined with plasma flow measurements,
then the reconnection rate could be estimated.

Phan et al. (2000) reported observations by the Geotail and
Equator-S satellites of bi-directional plasma jets in the dawn-
side low-latitude magnetopause, during a period of south-
ward IMF. The repeated encounters with the jets over more
than one hour indicated that reconnection was active much

A of the time, with its site remaining quasi-stationary near the
!@4@: equator. They argued for the existence of a stable and ex-
j z@-"/ég N tended reconnection X-line spanning the entire dayside mag-
‘{‘\ ?V‘?‘;ﬁf&\ i netopause. Partial confirmation of this hypothesis was pro-
7 {\‘ % / ‘ i ‘ vided by Phan et al. (2001), which used SuperDARN radar
‘0 \:;4 TR 7 data from the noon sector to confirm that subsolar reconnec-
'A\ IANJL \ / tion was occurring in the same period.

{"v,:«n‘-".‘.—v In this paper we use a network of the Northern Hemisphere

SuperDARN radars and an overpass of the Defense Meteo-
rological Satellite Program (DMSP) F13 satellite (see Fig. 1)
to investigate the dayside reconnection rate across a wide
longitudinal range 7 h of MLT). Using a magnetic field
model, the ionospheric footprint of the reconnection X-line

is mapped to the magnetopause surface. From this we de-
Fig. 1. Geographic map showing the fields-of-view of the five Su- termine where, and at what rate, reconnection occurs on the
perDARN radars used in th(_a study. (_Beomagnet_ic Igtitudes from 5Omagnetopause with an unprecedented spatial coverage and
to 8C° I_antude are shown with bold _Ilnes, the faint lines shgw 9e- resolution. This allows us to place the Phan et al. (2000,
ographic latitude over the same latitude range. The transit of the2001) observations in the context of the whole dayside mag-

DMSP F13 satellite between 13:24 and 13:38 UT is shown by the t fi te. We find evid f fh
dashed line. The bold magnetic meridian line (bottom left quadrantne Opause reconnection rate. e hind evidence for one ot the

of the figure) marks magnetic noon at 13:30 UT. longest reconnection X-lines ever reported.

2 Observations
on the large-scale ionospheric convection (e.g. Ridley et al.,
1997). Even so, some uncertainties arise from the magne2.1 Event overview
tometer inversion method and spatial interpolation. Further-
more, measurement of the ionospheric electric field alone igFigure 2 shows the IMF observed by the Wind (light line) and
not sufficient to measure the dayside and nightside recontMP—-8 (dark line) spacecraft, the solar wind dynamic pres-
nection rates. To measure the reconnection rate it is necsure measured by Wind, and tlAd/ and AL auroral elec-
essary to identify the ionospheric projection of the daysidetrojet indices, for the period 12:30 to 15:00 UT on 11 Febru-
and nightside X-lines and measure the potential differencesiry 1998. The Wind spacecraft position at 13:30 UT was
along them in their rest frame (e.g. Freeman and SouthwoodX = 2354 Rg, Y = 22Rg, Z = —314 Rg in geocentric
1988; de la Beaujardie et al., 1991). It is expected that the solar magnetospheric (GSM) coordinates. Its data have been
footprints of the X-lines vary in location on a time scale of lagged by 60 min to give the best correlation with the data
minutes and by many 10s of kilometres (Cowley and Lock-from IMP-8, whose position at 13:30 UT was= 118 R,
wood, 1992), hence the need to reference the plasma flow¥ = —29.4Rg, Z = 0.3Rg in GSM coordinates. The
to the rest frame of the X-lines. To achieve this measuredMF B, component became negative~at2:00 UT (at the
ment is difficult, as it usually requires a conjunction of at IMP—8 spacecraft) and remained negative untll5:00 UT,
least two observing instruments; one to determine the foot-although there are some brief (few minutes), localized (i.e.
print of the X-line and a second to measure the plasma flowonly seen at IMP-8 or Wind) excursions By positive (e.g.
Blanchard et al. (2001) have shown how a single incoherenat 13:35 UT). IMFB,, is close to zero until 14:25 UT, when it
scatter radar can be used to measure the reconnection ratetsgnds to~—6 nT at 15:00 UT. IMFB,, is ~4 nT throughout,
a single meridian. Studies by Baker et al. (1997) and Pinnockvith some short-lived, localized, excursions to zero or neg-
et al. (1999) demonstrated the ability of the radars of the Suative values. Although there is evidence for some structure
per Dual Auroral Radar Network (SuperDARN) to perform in the solar wind, this is relatively short lived. The period
the measurement, the greater field of view of a single Superbetween 13:30 and 14:00 UT (vertical lines in Fig. 2) studied
DARN radar extending the coverage+t@ h of MLT. Global in this paper is thus best characterized by purely southward
auroral images can also be used as a proxy for the polar caiMF.
boundary and the expansion and contraction of the polar cap The solar wind dynamic pressure was fairly typical at
area monitored through the substorm cycle (e.g. Britthacher-1.6 nPa until 13:55 UT and then increased~@anPa. In
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the period from 13:30 to 13:55 UT the variability in the pres- T T T o ]
sure was typically not greater than 20%. Eot . J

The AL electrojet index shows steadily increasing ac-
tivity through the period. Particle flux data from the Los
Alamos National Laboratory (LANL) 1994-84 spacecraft
(not shown), in the 20:00 MLT sector at 13:30 UT, show no
clear substorm particle injection signature until6:25 UT.

A weak, low electron energy particle injection signature was
observed by the LANL 1997A satellite at15:00 UT in the
19:00 MLT sector. However, the magnetogram from Col-
lege, Alaska (not shown), at 22:40 MLT at 13:30 UT, shows
a 500 nT negative bay in the H component commencing at
13:24 UT and peaking at 14:05 UT. The onset of the bay is E ]
very rapid and typical of that associated with a substorm on- VI Y D IR T
set. — IMP8 écsmg ! !

The Northern Hemisphere SuperDARN radars had their
best scatter conditions in the interval 13:30 to 14:00 UT, so
this forms the core time of this study.

B, (nT)

B, (nT)

B, (nT)

P (nPa)
SO
oo
T

200 F
O .

(nT)

2.2 Deriving convection maps from SuperDARN radars - :588 F
2 -600F

SuperDARN is a network of coherent scatter high fre-  —800F

quency (HF) radars (Greenwald et al., 1995) which measure 13:00 13:30 14:00 14:30

backscatter from field-aligned, decameter-scale ionospheric Universal Time

irregularities. SuperDARN'’s primary aim is to study the

global ionospheric convection pattern at high latitudes. Subfig- 2. Overview of the geophysical conditions on 11 February

ject to achieving the backscatter condition, each radar carjr998' The da_shed vertl_cal lines in each panel mark the penod of

image 2-3h of magnetic local time in the region of the po- the reconnection analysis. The top three panels show the interplan-

| b d Th d in the E . thetary magnetic field measured by the Wind (faint line) and IMP-8
,ar cap .oun ary. e ra- ars .measure, In the -region, ?bold line) spacecraft. The Wind data have been lagged 60 min in
line-of-sight plasma velocity drift (Villain et al., 1985; Ruo-

S / O time to allow for the propagation time from Wind to IMP-8 (see
honiemi et al., 1987) and its spectral characteristics. Theext for position of the spacecraft). The fourth panel shows the solar
fields-of-view of the radars used in this study are shown inwind dynamic pressure determined from Wind data, lagged by 60
Fig. 1; this study predates the deployment of all 9 radars nownin. The fifth panel shows théU and AL indices for the period.
operating in the Northern Hemisphere.

Many of the SuperDARN radars have overlapping fields-
of-view which allow the estimation of unambiguous field- on to a geomagnetic coordinate grid encompassing the polar
perpendicular velocity vectors, by combining coincident region (see Ruohoniemi and Baker, 1998 for full details).
line-of-sight velocity measurements. However, overlapping |n this study, the radar data have been supplemented with
scatter is not always present, so to maximize the use of allhe along- and across-track plasma drift velocities from the
available line-of-sight data, the technique of global convec-pMSP F13 satellite (Retarding Potential Analyzer (RPA) and
tion mapping (Ruohoniemi and Baker, 1998) was developed|on Drift Meter instruments, respectively). The satellite tra-

SuperDARN global convection maps are produced by fit-versed the northern polar cap between 13:24 and 13:37 UT
ting line-of-sight velocity data from the radars to an expan-(see Fig. 1) and went from-17:00 MLT to 06:00 MLT,
sion of an electrostatic potential function, expressed in termseaching a peak geomagnetic latitude of B6 The Alti-
of spherical harmonics. Prior to this fitting process, radartude Adjusted Corrected Geomagnetic (AACGM) coordinate
data which are identified as groundscatter or which do not exsystem, a development of the Polar Anglo-American Con-
ceed a certain minimum velocity (typically 35 m/s) or signal- jugate Experiment geomagnetic coordinate system of Baker
to-noise ratio (typically 3dB) are removed. This filtering and Wing (1989), is used throughout this study. The satellite
process can sometimes fail to reject line-of-sight velocity plasma drift data taken during each two-minute radar scan
data which do not relate to the convection electric field, e.g.period have been processed using the same median filter-
ground scatter mixed with ionospheric scatter or E-regioning and gridding technique as described in Ruohoniemi and
scatter which is limited to the ion acoustic velocity. Addi- Baker (1998), combined with the radar data, and the potential
tional techniques have been developed to ensure that theseapping solution obtained. The DMSP data provide valu-
are removed (Chisham and Pinnock, 2002) and are employedble additional information, particularly in the 06:00 MLT
here. The remaining line-of-sight velocity data are spatiallysector, where almost no radar scatter exists. The DMSP
and temporally median filtered. These data are then mappedrift data have been examined carefully to remove corrupt
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: sity was too low to give reliable values. Also, examination
Velocity (m/s) of the RPA current and voltage curves showed that in the
interval between 69and 63 N geomagnetic latitude in the
06:00 MLT sector some data points were not of good enough
B [ [ quality to give reliable values. These too have been removed
from our analysis. Finally, the drift data (measured in the in-
ertial reference frame) are translated to the corotating frame
(the same reference frame as the radar data) before being
combined with the radar data.

To constrain the solution effectively in regions where little
or no radar or satellite data are available, a statistical model
(Ruohoniemi and Greenwald, 1996) is used to augment the
data. The choice of statistical model is based on the prevail-
ing IMF conditions and, although having some influence on
the global solution, generally has little influence on the solu-
tion in regions where data exist (Shepherd and Ruohoniemi,
2000). The fitting is then performed on the combined data
set and the best fit determined by a least-squares method.
The fitting is dependent on the following user-selected pa-
rameters: (1) the order of the spherical harmonic fit, and (2)
the spatial extent over which the fit is performed. Higher or-
der fits reproduce better mesoscale features of the convection
and reduce the uncertainty of the fit, but are more compu-
tationally intensive. In this study 11th order fits have been
used. Changing the spatial extent of the fitting can change
the global nature of the solution but rarely has a significant
effect on mesoscale variations. The solution provides an es-
timate of the convection electric field across the polar region
of the ionosphere and can be used to study its large-scale
characteristics (e.g. the cross-polar cap potential, Shepherd
and Ruohoniemi, 2000) or its mesoscale features (e.g. flow
vortices, convection reversal boundaries).

The solution is good in regions where radar backscatter
exists but one must be careful in reaching conclusions from
areas were the flows are mainly determined by the statistical
convection model. For this reason, we only derive the recon-
nection rate at longitudes where radar data are present. The
plasma flow vectors used in this study are termed “true vec-
tors”; they are derived from the radar line-of-sight velocity
measurement, combined with the velocity component trans-
verse to the radar beam, which is derived from the equipo-
tential contour pattern given by the convection fitting process
(see Chisham et al., 2002, Appendix A). Provan et al. (2002)
showed that the “true vectors” are a better estimate of the
magnitude of the flow than are “fitted” vectors (which are
Fig. 3. Samples c_)f the SuperDARN equipotential contour maps determined solely from the potential contour map).
for two pe_rlods, with radar'determlned “true vectors” and satellite Figure 3 shows two sample convection patterns, for the
p!asma drift vectors overlaid, both colour-cgdgd accqrdlng to Magntervals, 13:30-13:32 UT (Fig. 3a) and 13:38-13:40 UT
nitude. The path of the DMSP F13 satellite in the interval from ,_. .

éFlg. 3b). In these plots the radar scatter exists wherever a

13:24 to 13:38 UT is shown by the red line. The orange square an dar * vis pl d N h h |
triangle in Fig. 3a mark the location to which the Equator-S and radar “true vector” is plotted. Note that vectors shown as lo-

Geotail satellites map at 13:30 UT, respectively. The longitude linecated on the path of the DMSP F13 satellite (red line) are
in the upper nght quadrant of each pic’[ure marks t‘hE Mcation. from |tS |On d”ft data In the 1330—1332 UT pattern these
are located between 82 and°8$6 latitude in the 15:00 MLT
sector; in the 13:38-13:40 UT pattern they are located be-
tween 69 and 72N latitude in the 06:00 MLT sector. Outside
data. In particular, data from below 62 degrees latitude inthese regions only the equipotential contours derived from
the 06:00 MLT sector were invalid because the plasma denthe data fitting process are shown. The quality of the global

0 160 320 480 640 800
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convection pattern fit to the radar and satellite data is meaet al., 1999, p. 447 for discussion of this), which results in

sured by a chi-squared parameter. The values for this are 0.8n error of <20% in determining the reconnection electric

and 1.3 for the 13:30-13:32 UT and 13:38-13:40 UT peri-field for a flow vector of any magnitude withitt 45° of the

ods, respectively, values that are usually taken as representormal to the assumed circular PCB. Significant perturba-

ing a good fit (Ruohoniemi and Baker, 1998, p 20 803). tions of the auroral oval shape are found for INBE north-
ward (Hones et al., 1989), significant IMF, component,

2.3 Locating the Polar Cap Boundary (PCB) and after substorm onset (Frank and Craven, 1988). Such

) ) ] ] conditions are absent during the study presented here, which
Accurately locating the ionospheric footprint of the magne- ;5aq place after 90 min of steady southward with nearly

topause (the polar cap boundary) presents the greatest diffbe , |\ME g, component, in an interval of steadily increas-
culty in any attempt to measure the reconnection rqte. Lock—Ing AL index consistent with a growing DP2 current system,
wood (1997) and Rodger (2000) have drawn attention to theyn yith no substorm particle injections observed by geosyn-

uncertainties involved in using ionospheric proxies for the cyronous satellites. These substorm growth phase conditions
PCB on the dayside, such as convection reversal, particle preg.o optimal for observing a poleward boundary of the day-

cipitation and auroral emission boundaries. side auroral oval that approximates a circle (e.g. examples
In this study, the location of the polar cap boundary for the g\vn in Brittnacher et al. 1999).

period around 13:30 UT is found using satellite data near the | . dusk ; here the fl tor i N
dawn and dusk meridians and radar data from the pre-noon .ﬂ?. refgj”i (e.g Iuts trs],ec on w Zre_ el ovlz\‘/c\:/gqtort:s r;g
sector. In order to extrapolate the PCB to all dayside longi-" " ot normat to e assumed cireuiar 't shou

tudes, a circle is fitted to these 3 points, which is the simples f_some 'glgnc'.?d ng?i;ﬁj:;ts (;rrggvzcgséngggf gg;ﬁ]—)
continuous, closed shape that can connect them. Then, th Ight velocity u Ny

radius of this circular PCB is incremented linearly with time that s very close to orthogonal to the PCB and thus provides

between 13:30 and 14:00 UT, to agree with the linear latitudi-2 direct measurement (rather than a derived one) of the com-
nal motion of the PCB in the ,pre-noon sector detected by thdPonent critical for the reconnection electric field value. This

radar (see below). This provides a PCB location to be use(ﬁl)q O'ﬂgg;‘:tﬁégﬁjstqs'gﬁsca i)i'l;rt]h]fcl;(tal of nr:g;?:;nrﬁ;?gmé
with the plasma flow vectors derived every two minutes. ng ! W Ignifi yu :

The assumption that the arc of a circle can approximatereconnecuon electric field.

the PCB across the |Oca| “me sector Spanned by the radar The |Ocati0n Of the boundary and the inﬂation rate Of the
and satellite data (06:00-17:00 MLT) and over the 30-minPolar cap have been fixed in the10:30 MLT sector, us-
interval of interest is justified by reference to previous obser-ing the Doppler spectral width characteristics of the Goose
vations of the poleward boundary of the auroral oval that is aBay radar backscatter. The equatorward edge of radar scat-
proxy for the PCB. Holzworth and Meng (1975), in deriving t€r showing large Doppler spectral widths, termed the spec-
a mathematical expression for the Feldstein (1963) statisticalral width boundary (SWB), has been shown to be coinci-
oval, found that the poleward boundary of the auroral oval isdent with the equatorward edge of the cusp particle precipi-
approximated to zero order by a circle offset from the mag_tation (Baker et al., 1990, 1995) for a southward interplane-
netic pole, for all geomagnetic activity levels. They verified tary magnetic field (IMF). Andg et al. (1999) have identified
this conclusion using quiet time (i.e. absence of substormsjhe cause of this large Doppler spectral width as due to the
DMSP satellite auroral images. Higher order componentdntense Pcl wave activity present in the cusp.

were found, but the magnitude of these perturbations on the The Goose Bay radar data from beam 4, aligned along
dayside gives a maximum tilt of the PCB of the order of 10 the magnetic meridian, is shown in Fig. 4. This shows
degrees with respect to the zero order circle (see Pinnock mixture of ground scatter (low velocity (green) and low
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0 200 400 600 800 1000
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b6

Fig. 5. Observations of the plasma drift by DMSP F13 satellite (at 845 km altitude) around 13:30 UT. The cross-track and ram direction data
have been combined to produce a vector. Pémethows all the data from the transit of the northern polar cap. Pémetnd(c) show

sections of the afternoon and morning plasma flows respectively. The bold lines show the polar cap boundary used in our measurements
The b6 particle precipitation boundary (see text) is marked in pgdebnd(e) with a red square.

spectral width (blue/black)) and ionospheric scatter seen ascatter migrates steadily equatorward through the study pe-
higher latitudes ¥ 70° N). The high-latitude scatter shows riod. This allows us to determine the location of the PCB in
characteristics consistent withR southward period: large this time sector and also its temporal variation. At 13:00 UT
poleward velocities (red/yellow) with large Doppler spectral (09:43 MLT), the SWB is at-74° N. The FAST and DMSP
widths (red/green) characteristic of the cusp scatter. Thid=14 satellites passed 2 h to the easiL{:45 MLT) of the
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Goose Bay radar field-of-view at 13:02 and 12:54 UT, re-at ~10:30 MLT is supplemented by the PCB determined
spectively. From the particle precipitation characteristicsby examining data taken in the dawn and dusk sectors by
(not shown) observed by both spacecraft, the equatorwarthe DMSP F13 pass between 13:24 and 13:37 UT. Figure 5
boundary of the cusp patrticle precipitation is located 8N4  shows a summary of the plasma drift data, panel (5a), and
latitude, providing independent verification of the PCB de- expanded views of the drift data in the dusk and dawn sec-
rived from the Goose Bay data (although at a later local time) tors, panels (5b) and (5¢). The particle boundary “b6”, de-
At 13:30 UT, the SWB was located at73*> N and then mi-  rived using the classification scheme of Newell et al. (1996)
grated steadily equatorward to°/9 latitude at 14:00 UT, an is shown by the red squares in panels (5d) and (5e). This
equatorward motion of 185ms$. This equatorward migra- boundary is the poleward limit of sub-visual auroral driz-
tion is consistent with the prevailing IMB, southward con-  zle, which, in both the dawn and dusk sectors of this pass, is
ditions. Phan et al. (2001), using SWB data from the Halley,within 0.1 to 0.2 of latitude of the onset of polar rain precip-
Antarctica, SuperDARN radar (conjugate to the Goose Bayitation. We have also examined the individual ion and elec-
radar), had estimated the polar cap equatorward expansiotnon spectrograms to verify this identification. In the dawn
to be at the rate of 150 m$. The Halley radar data had no sector the particle boundary b6 agrees to withir? @#lat-
low spectral width data (i.e. all the scatter showed spectraltude with the location of the convection reversal boundary
widths consistent with cusp scatter) so the determination ofCRB), determined as the latitude at which persistent sun-
the SWB from its data must be considered to be less accuratevard flow was established. Taking the CRB as defining the
The southern SWB was typically one degree poleward of thePCB, this locates it at 7328N/06:16 MLT at 13:38 UT. In the
northern SWB, consistent with the prevailing dipole tilt con- dusk sector there is a greater discrepancy between the CRB
ditions at the time which would cause the summer (southern)72.2 N/ 16:29 MLT at 13:26 UT) and the particle boundary
cusp to be at higher latitudes (Newell and Meng, 1989). b6 (71.0 N). We note that the region poleward of b6 and up
Rodger and Pinnock (1997) noted that the equatorwardo 72.2 latitude is all on sunward convecting plasma. We
edge of the cusp particle precipitation is offset from the PCBhave decided to use the CRB as the best estimate of the PCB
due to the time of flight of the cusp ions and the polewardin the dusk sector. The CRB latitudes have been linearly in-
convection of the flux tubes containing the precipitating par-terpolated in time to give their latitude at 13:30 UT, assuming
ticles. Any phenomena (e.g. cusp 630nm auroral emisthe polar cap boundary expansion was at the rate of 185 m/s
sions or radar Doppler spectral width boundary) related toequatorward derived from the radar data. After fitting a cir-
the cusp precipitation will also be offset from the true loca- cle to the three PCB locations described above, Fig. 6 shows
tion of the PCB. Pinnock and Rodger (2001) illustrated thethe boundary location as a function of MLT (solid line) at
self-consistency of this approach, deriving typical cusp ion13:30 UT and 14:00 UT.
travel times from SWB and convection data available from We can use the encounters with the magnetopause by the
the SuperDARN radars. Equator-S and Geotail satellites in this period, as reported by
An average offset between the location of the SWB andPhan et al. (2000), as a means of checking the ionospheric
the true location of the PCB has been derived by the follow-estimate of the boundary location. The satellite data allow us
ing method. The field-aligned distance traveled by the preto set some limitations on the location of the magnetopause.
cipitating ions, from the equatorial magnetopause reconnecThe T96 model is then used to locate the magnetopause foot-
tion X-line to the ionosphere, was calculated from the Tsyga-printin the ionosphere. This is a coarse check: there is a large
nenko 1996 magnetospheric field model (Tsyganenko, 1995degree of uncertainty in locating the moving magnetopause
1996; Tsyganenko and Stern, 1996, hereafter referred to awith respect to the spacecraft and also the uncertainty asso-
T96) and is 14.R. The particle travel time is assumed to ciated with the field line mapping.
be characteristic of that for 3keV protons &tfitch angle, Phan et al. (2000, their Fig. 2 and text) suggest that at
typical of those found at the equatorward edge of the cuspl3:30 UT the two spacecraft make occasional encounters
(Newell and Meng, 1991). These will have a time of flight with the magnetopause, but that the Geotail spacecraft is in-
from the magnetopause reconnection site to the ionospherside the magnetosphere while Equator-S is predominantly in
of 125s. The mean of the poleward convection measuredhe magnetosheath. Thus, the magnetopause passed between
directly by the Goose Bay radar line-of-sight velocities on the two spacecraft (which are separatecdN8/Rg in the X
beam 4, at the latitude of the SWB between 13:30 UT andGSM plane, on the dawn side of the magnetopause). Using
14:00 UT, was calculated to be 330 m/s, (standard deviatiorthis fact, the solar wind dynamic pressu#g,f) input to the
of 89 m/s). To this we add the velocity of the SWB, 185 m/s T96 model has been adjusted until the location of the mag-
(the boundary is moving equatorward at the same time as thaetopause passed between the two spacecraft. It was found
flux tube is convecting polewards) to arrive at an effective that at 13:30 UT, theP,, had to be set to 4 nPa (in contrast
poleward velocity component of 515m/s. From these val-to the P;,, measured by Wind of 1.7 nPa) to achieve this. (A
ues we find that the polar cap boundary needs to be offset bguitable fit to the satellite data could be obtained over a range
0.58 equatorward from the SWB location. Thus, at 13:30 of solar wind pressures between 3.2nPa and 4.7nPa.) The
UT, the PCBiis located at 724 at 10:14 MLT; at 14:00 UT  location of the magnetopause was then mapped into the iono-
itis at 69.4 N latitude at 10:44 MLT. sphere by field-line tracing, to give an estimate of the location
This estimate of the dayside polar cap boundary locationof the PCB. This exercise has been repeated for 14:00 UT.
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wind (1.7 nPa) and the values we have used above make a
considerable difference to the local time sector of the iono-
74 | spheric footprint of the Equator-S satellite (07:30 MLT cf.
09:15 MLT).

The results of this mapping are shown in Fig. 6 as dash-dot
lines, with the high-latitude curve representing for 13:30 UT.
This curve agrees with the PCB estimate derived from iono-
spheric data to within 0%and, given the limitations of lo-
cating the moving magnetopause, provides confidence in our
ionospheric data. The mapping also confirms the equator-
ward expansion of the PCB, although the curve for 14:00 UT
is 0.8 higher in latitude (at 10:44 MLT) than that derived
from the Goose Bay radar data. The 14:00 UT mapping
curve represents an upper limit for the PCB location, as by
this time, both spacecraft are in the magnetosheath and there

68 w w w w w is, therefore, a higher degree of uncertainty in locating the
6 8 10 12 14 16 magnetopause.
MLT (h) The location of the polar cap boundary for each 2min
radar scan period is determined by moving the polar cap
Fig. 6. The location of the polar cap boundary at 13:30 UT (upper boundary determined at 13:30 UT (solid, upper curve in
curve, solid line), estimated from the Goose Bay radar data (triangle=ig. 6) equatorward at a rate of 185 m/s for the time elapsed
symbol) and the convection reversal boundary derived from DMSPsince 13:30 UT. The location of the SWB by the radar has
F13 plasma drift data (two circles). The latitude of the boundesy ( an error of+ one range gate (45 km; see Agdet al., 1997;

axis) is plotted as a function of magnetic local timegxis). The  pjnnock et al., 1999, p. 445) and we have taken this as the
lower curve (solid line) shows the location of the PCB at 14:00 UT, uncertainty in our polar cap boundary location.

determined from the polar cap expansion rate given by the Goose
Bay radar data. The triangle symbol represents the location o
the polar cap boundary derived from the Goose Bay radar data al

14:00 UT. The two dash-dot lines represent the location of the PCB

derived from the estimated magnetopause location (using Equator-ﬁ\S S.tatedddbﬁ ?etlf? BeaIU]aEie et (zjil_.t(1991_), tlhe ratte iLWhICh
and Geotail satellite data) when mapped to the ionosphere using th ux1s adaedtothe polar cap and its equivalence to the recon-

Tsyganenko 1996 magnetospheric field model. The high-latitude"€ction electric field £rec ) for a particular segment( ) of
line represents the boundary at 13:30 UT, the lower latitude line thehe PCB is represented by:
boundary at 14:00 UT.

1330 UT

~
N

Latitude ( °)

~
o
T

1400 UT

»

.4 Measuring the reconnection electric field

dF
_BXU,'dl:Erec'dl, (1)

At that time both spacecraft are in the magnetosheath anodt

Equator-S makes no magnetopause encounters whilst Ge%hered—f is the flux transfer rateB is the local magnetic

tail is still making frequent encounters, suggesting that it iSfia1q and v’ is the horizontal velocity of the plasma in the

just outside the magnetopause. In this casehehad tobe oot frame of the separatrix. Equation (1) in our analysis thus
set to 5 nPa to match the spacecraft data with the T96 modgl,-gmes:

magnetopause.

Having to use largep;,, values than actually measured,
in order to fit the satellite data, is not surprising. The T96 d_F
model has an ellipsoid magnetopause whose parameters argt
controlled solely by the dynamic pressure. It is well estab-

lished that the IMFB, component also controls the location . :
of the magnetopause (Roelof and Sibeck, 1993). It has als he vertical component of the AACGM model field (at 300

become clear (Shue et al., 2001) that the IMF history in- m), ¢ is the angle between the plasma flow direction and

fluences the location of the magnetopause. The IMF ha&he normal to the PCB andlis the velocity of the PCB, also

been southward for 1.5 h prior to our observations and hence!" the normal direction. The value of is derived in the

magnetopause erosion will have been ongoing, displacinggonowIng fashion:

the magnetopause earthward from that predicted solely by 1 At any particular longitude the true vector within the
the solar wind pressure term. Our findings are pertinentto  pcp yncertainty limits is identified;

papers attempting conjugate observations between magne-

topause spacecraft and the ionosphere, for example, Neudeg?. The orientation of the PCB (its angle relative to a line
et al. (1999). In particular, in the dawn sector the variation of geomagnetic latitude) at this longitude is determined
of the solar wind pressure between the measured value at from the PCB data points on either side of the longitude;

= Eyec-dl = B, (v-Cc0SO — u)dl, 2

wherev is the plasma velocity in the Earth’s frams, is
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3. The flow orthogonal to the PCB is determinedcost; radar data set. The middle panel shows g values de-
) ) ] rived in the whole interval, with median and quartile values
4. The speed of the PCB, in the direction orthogonal  gpqyn. The panels show that the distribution of the reconnec-
to the orientation of the PCB, over the preceding tWo- jon glectric field across the dayside merging line is remark-
minute interval is determined; ably steady over the 30 min, except in the 15:00—-16:00 MLT

5. The flow across the PCB is combined with the velocity S€Ctor, where the spread between the upper and lower quar-
of the PCB to giva’ = v-cosf — u. Thus, equatorward tile reaches 18 mV/m. The mean reconnection electric field

motion of the separatrix will enhance the flow across it, (8l data points (Fig. 7b) in the interval 13:30-14:00 UT) is

poleward motion will reduce the flow across it. 22.0mv/m. _ _ _ _
The third panel (Fig. 7c), plotted against Universal Time,

The reconnection electric fielHlec, is then derived from  shows the variation of the dayside reconnection potential,
assuming: ®rec, determined from the radar true vectors (solid line). The
extent to which the radar’s true vectors provide coverage
across the whole dayside merging line will determine how

This Eyec value applies over the longitude rangé, defined ~ close this value is to the total potential associated with day-
by the distance between the midpoints to the neighboringside reconnection. The radar true vectors exist over a time
longitudes at the separatrix that have a true vector, in botiF€CtOr spanning 7h of MLT; the equipotential pattern shows
directions. Where true vectors are continuous in coveragdhis may be extended to 10.5h of MLT, e.g. in Fig. 3b flow is
(e.g. Fig. 3a,~14:00 MLT to~16:00 MLT) this will be ap- ~ €rossing the boundary between 17:00 and 06:30 MLT. So itis
proximately 50 km on either side of a vector (the radar beamPOSsible that the radar’s true vectors can only provide the re-
width being approximately 100 km at this latitude). Note connection electric field over67% of the merging line. The

that where gaps exist in the radar backscatter coverage (e_éqtal potential m.easured by the radars varied between 75.07
Fig. 3a.~10:30 MLT to~12:00 MLT), the value ofec can and 107.3 kV, with a mean value of 89.3 kV. Also shown in

EreC: _V/ X BZ' (3)

apply for a much greater distance (i.e. a largBr Fig. 7c is the total cross polar cap potential (dashed line) de-
By summing all the values along the dayside merging |ine,terr_nined from the fitted global e_quipotential pattern. This

the total potential difference along the linBrec = 3°; Eyec, - var_|ed between 63 and 8_5 kV with a mean valu_e of 69 I_(V.

dl;, can be determined. This can be compared with the value of 95kV given by in-

Note that Erec - dI has only been calculated between _tegrating along the path of the DM.SP F1_3 satellitg for. the
the longitude limits set by where we have radar true vec-interval 13:24 to 13:40'UT. The equipotential maps in Fig. 3
tors. These limits are between approximately 09:00 andSUggest t_hat the satellite passed very close to the centers of
16:00 MLT. The equipotential contours in Fig. 3 suggest thatth® moming and afternoon convection cells and hence, pro-
flows across the boundary exist outside these limits. e.g. ouy!ded @ good estimate of the total cross polar cap potential.
to a limit of 17:00 MLT in the afternoon cell, as shown by The vaI.ue of the totall Cross polar cap potential is examined
the DMSP data (Fig. 5b), which shows poleward flow cross-further in the discussion section.
ing the PCB. The morning cell flow limits are harder to de- o
termine because of the lack of data, but using the 13:38-2-5-1 Errors and uncertainties
13:40 UT equipotential pattern (which has DMSP data defin- )
ing the morning cell in the 06:00 MLT sector), it may ex- Flow vectors used to determine flow across the polar cap

tend to 06:30 MLT. The DMSP data at 06:15 MLT shows boun<_jary are subject to the errors of_the radar line-of-sight
velocity (Vios) measurements; data with errors greater than

no poleward flow crossing the boundary (Fig. 5c¢), but rather , i
P g y (Fig. 5¢) 200 m/s are excluded from the convection mapping process.

an equatorward flow, which would be consistent with a re-Th loci he radar b d
connection site at later local times, causing the boundary! '€ Velocity component transverse to the radar beam, deter-

to move equatorward in this local time sector (Cowley andmmed from the global equipotential pattern, has an element

Lockwood, 1992) of uncertainty associated with it that cannot be readily ex-
’ ' pressed as an error measurement. This particular period has
25 The reconnection electric field been subject to intense study, in terms of the quality of the

fitted convection pattern, and is described in Chisham and
In Fig. 7 we present a summary of the reconnection electrid?innock (2002). The reader is referred to that paper for de-
field measurements derived from applying the above techtailed discussion.
nique to the SuperDARN radar data for the two-minute scans We have used a smooth, circular polar cap boundary. An
in the period 13:30 UT to 14:00 UT. The top panel shows estimate of the likely maximum error arising from incorrectly
the values as line plots for sample two-minute scans, plot-determining the orientation of the PCB was given in Sect. 2.3
ted against the magnetic local time location of the measureas being<20%. Small-scale motion of the boundary, both in
ments. Where more than one line from the same scan pethe spatial and temporal sense, does exist (e.g. Sandholt et
riod exists (e.g. 13:40 UT scan in the 16:00 MLT sector), al., 1998). However, this motion occurs on a size comparable
this is where data from more than one radar exists at a givemo the errors £45 km) in locating the spectral width bound-
location; it is thus possible to produce a vector from eachary in the radar data set. Pinnock et al. (1999) performed
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Fig. 7. Panel(a): The reconnection electric field{axis) measured at a range of MLTs-&xis) for 4 radar scan periods. Pafig): all the
reconnection electric field values measured from 13:30-14:00 UT. The solid line is the median reconnection electric field for a given MLT,
the shading marks the upper and lower quartiles. P@)ethe total reconnection potentiat-axis) measured across the dayside merging

line sampled by the radar coverager(h of MLT, see text for discussion) over the UT periadgxis) of the study is shown by the solid line.

The total crosspolar cap potential, as determined by the convection mapping process, is shown by the dotted line.

a detailed study of the boundary motion, using the spectrabry in computing the reconnection electric field and noted
width data from radars, and confirmed that boundary motionghat they still had measurements which accounted for close
(within one scan period, 100s) seldom exceeded the errorto 100% of the total cross polar cap potential measured by
in the measurement. They used a highly smoothed boundBMSP satellite, suggesting that no significant potential was
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mapping in a manner identical to that described in Coleman
o o et al. (2000).
a2 N\, / o, The field line mapping has been done for 13:30 UT using
o the adjusted solar wind pressure value (4 nPa) as described

in Sect. 2.3. The results of the mapping are shown in Fig. 3

© o (upper panel). The Geotail spacecraft (triangle symbol in

\ / Fig. 3) mapped to 08:00 MLT (and just equatorward of the

PCB) while Equator-S was positioned at 10:30 MLT (and
just poleward of the PCB).

The limits of the dayside merging line, taken as between

17:00 and 06:30 MLT and at the latitudes given by our polar

/ cap boundary estimate, have been mapped out to the magne-
N

[y
[ee]
T

o

Average Erec, mV/m

[N
~
T

o

topause and the points at which they crosszhe 0 (equato-
° rial) plane have been determined. The duskward limit of the
10 merging line mapst& = —0.3Rg, Y = 126 Rg GSM; the
: : : : : dawnward limit toX = —9.0, Y = —155R; GSM. This
135 136 18.7 138 13.9 means that the dayside reconnection X-line spans Bg.2
UT hour (in the Z = 0 plane) on the magnetopause surface of the T96
Fig. 8. The average reconnection electric fieletd) in the mag- model. This result is very insensitive to the solar wind pres-

netic longitude sector (025 conjugate to the Equator-S satellite Sure value used; using the range of solar wind pressures (3.2
as a function of universal time. to 4.7 nPa) given in Sect. 2.3 varies the X-line length by only

0.2Rg.

being omitted. We conclude that, while small-scale detail in2.7 Satellite observations at the magnetopause

the reconnection electric field may be missed, the value of the . ) ) ] ]
reconnection electric field over a period of several minutes isT e Geotail satellite maps to a region where no ionospheric
accurately quantified. data is available (see Fig. 3, 07:40 MLT sector) but the

An estimate of the uncertainties involved can also beEquator-S satellite maps into the Goose Bay and Stokkseyri

gained from polar cap boundary locations where data from(lceland West) radars’ field-of-view, in the 09:00—10:00 MLT

more than one radar are available. This provides a “true vec_-seCtor' Phan et al. (2000, their Fig. 2c), identified 3 plasma

tor” from each radar and hence, more than one estimate of thl?t_s in the. Equator-§ data in the interval 13:30-14:00 UT, at
reconnection electric field. This is shown in Fig. 7 by pairs of 13:34, 13',40 anq 13:45 UT. ) i
lines (same colour) in certain MLT sectors. From this it can oM Fig. 7b it can be seen that the ionospheric recon-

be seen that while multiple radar measurements can agree f£€tion electric field is always above 0mV/m in this sector.
within ~5mV/m (e.g. 13:40 UT (red line) in Fig. 7a in the In Fig. 8 the averagé ec value in the longitude sector be-

15:00-16:00 MLT sector), disagreements can be in excesg'veen_ 0 and 15east magnetic Iongitude. (08:45_09:4_'5 MLT
of 20mV/m for measurements from one epoch (13:50 UT,at 13:30 UT, the region closest to 10:30 MLT which has
blue line in Fig. 7a) in the 15:00-16:00 MLT sector. Careful CONtiguous radar data) is plotted from 13:30-14:00 Bikc
inspection of these extreme examples shows that the radgf?"'®s conIS|derab.Iy through the F_’er'Od' with peak values at
(Iceland East) giving the low values has a zonal viewing di- +3-30; 13:36, 13:45 UT and 14:00 UT. If one notes that
rection, and the high values .. come from a meridional the PCB equatorward motion (185 m/s) is contributing nearly

pointing radar (Finland). As the latter has beams that are ord0 mV/m 10 Erec, lthen from this base line level one can see
thogonal to the PCB, their line-of-sight measurements (i_e.that the plasma is accelerated across the PCB in a series of
the raw data input to the convection modeling) are a direct>U"9€S:
measurement of the flow across the boundary. Inspection of
these line-of-sight values in the vicinity of the boundary con- 3 piscussion
firms that the high ¢ values are representative of the true
flow across the boundary. We have left the erroneous (loweB.1  The longitudinal extent of the magnetopause reconnec-
Erec) values in the plots to illustrate the errors that may arise tion X-line
when only zonal pointing radars are contributing data.
The SuperDARN radar data sets a lower limit of 7h for
2.6 Mapping to the magnetopause the width of the dayside merging line. The equipotential
patterns derived from the radar and DMSP F13 data show
In order to relate the ionospheric measurements to reconflow crossing the polar cap boundary fron06:30 MLT to
nection at the magnetopause, and the magnetopause obserdi7:00 MLT, or 10.5 h of MLT.
vations by the Geotail and Equator-S satellites (Phan et al., It is possible to check for consistency within our data by
2000), we have used the T96 model to perform field linenoting that the polar cap boundary, in the noon sector, was
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observed to move equatorward at the rate ©irB30 min magnetopause X-line was wider than that predicted solely
(Fig. 4). Taking this expansion rate, and assuming a circu-by cusp particle precipitation data (Newell and Meng, 1992).
lar polar cap boundary, this equates to a flux transfer rate From the the discussion above, it is clear that the observa-
of 1.159 x 10° T/s or, using Eq. (1), this equates to a mean tion reported here is at the extreme of previous measurements
potential of~116 kV. Taking this value, and the mean re- and assumptions. For a purely southward IMF both the com-
connection electric field measured by the radars (22.0 mV/nmponent merging and the anti-parallel merging models pre-
derived from the data shown in Fig. 7b), implies a daysidedict a reconnection X-line of maximum extent. Nishida and
merging line of 5100km. At a mean latitude of72his ~ Maesawa (1971) have pointed out that for component merg-
translates to a merging line that spank0 h of MLT, inclose  ing the length of the magnetopause X-line scales as roughly
agreement with the equipotential patterns. sin(®/2), where® is the angle between the magnetosheath

We conclude that the dayside merging line on this dayand magnetospheric field line® (= 180 being the anti-
spanned~10 h of MLT, which magnetic field line mapping Parallel condition).
showed gave a magnetopause reconnection X-line @38
(Sect. 2.6). This gives an average reconnection electric field.2 Longitudinal variation in reconnection rate
of ~0.5 mV/m at the magnetopause. This is comparable to
the average reconnection electric field produced from manyThe distribution of the reconnection electric field, along the
satellite passes in the noon sector of the magnetopause (e gayside merging line, retains stable characteristics through-
Lindqvist and Mozer, 1990). out a 30-min study period. In a coarse sense, there is a gradi-

A dayside merging line of 10h MLT is very large com- ent along the merging line, with largéiec values observed

pared to theoretical studies which have predicted a typicaflt the eastern (afternoon) end. We do not have an explanation
- . . or this gradient. The reduction ifi,ecin the 14:00 MLT sec-
dayside merging line of-4 h of MLT for a cross-polar cap tor, to values below 10 mV/m, is an interesting feature. Note
potential of L00kV (e.g. Crooker and Toffoletto, 1995). Re- | ' that th . . ' q " ' e
cent modeling work by Coleman et al. (2000) found that the®=0 that the varnance in our measured reconnection rate 15

dayside merging line predicted by the anti-parallel mergingnOt g'r:eiat én It:'t‘; Io;:j.lot(ljm,\i&ectort. rThhe con\iecttlo:tip?ttﬁrnt
hypothesis varied with dipole tile angle; it ranged between(See 9. 3) € Sector has equipotentia’s tha

3h (summer) and 8 h (winter) of MLT. Previous experimen- are almost parallel to the modeled polar cap boundary, giv-

tal data have suggested values between 3h (Pinnock ang? sunward (return) ﬂQW and thus gccquntlng for the low
rec vValues. One possible explanation is that the assump-

Rodger, 2001) and greater than 8h of MLT (Crooker et aI"tion of a circular polar cap boundary is in error in this sector
1991) for the dayside merging line in the ionosphere. and, therefore, the flow is not parallel to it. Just immedi-

Observations of the length of the magnetopause X-line argye|y poleward of the modeled PCB, the equipotentials show
extremely difficult to make. Lewis et al. (1998) and Yeo- gjgnjficant poleward flow. We also note that this region (sun-
man et al. (1999) used an indirect observational techniqu§yard. return flow in the 14:00 MLT sector) is co-located with
(expansion of the polar cap boundary combined with use Ofne 14:00 MLT “hot spot” in auroral activity (see Moen et
a reconnection model) to infer magnetopause X-lines of di-y| 1994 and references therein). Auroral data show discrete
mension 12 and 2R, respectively. Original estimates of gast-west arcs and also spiral formation, and have been inter-
the longitudinal extent of FTEs on the magnetopause Wergreted as revealing fine scale structure in the region 1 currents
of the order of 1R (Russell and Elphic, 1979), but subse- iy thjs sector. The flow pattern (Fig. 3) may represent mod-
quently workers suggested a greater extent (e.g. Southwoogication of the electric field imposed on the ionosphere due
etal., 1988). Lockwood and Davis (1996) argued for a mag-y conductivity variations associated with this auroral fea-
netopause X-line length of atleast 3 h of MLT based oninter-y,re. or direct modification of the imposed electric field by
pretation of longitudinal passes of DMSP satellites throughihe processes responsible for the auroral activity. Causative
the cusp ionosphere. mechanisms involving Kelvin-Helmholtz instabilities acting

Statistical or synthesized convection patterns for south-on the low latitude boundary layer (LLBL) or perturbations
ward IMF (e.g. Heppner and Maynard, 1987; Weimer, 1995;in the magnetopause pressure balance have been proposed.
Ruohoniemi and Greenwald, 1996) do show flow rotating Greater scatter is observed in tBgc values in the late after-
poleward and flowing anti-sunward ove% 8 11 h of MLT noon sector, but this is mainly due to the values contributed
on the dayside, in closer agreement with our findings. Weby zonal pointing radars identified in Sect. 2.5.1 and is not
also note that Shepherd et al. (2000) suggested that if thindicating more variability in the reconnection rate in this
reconnection X-line were to span the whole dayside magnesector.
topause, as reported here, it could explain observations of
the simultaneous response in ionospheric flows over a larg8.3 Potential associated with dayside reconnection and the
range of MLTs following a southward turning of the IMF total cross polar cap potential
(e.g. Ridley et al., 1998). Our findings also support Lock-
wood (1997) and Provan and Yeoman (1999), who consid-By considering the reference frame in which measurements
ered cusp particle precipitation observations and plasma flovare made, together with some of the limitations of the tech-
data and concluded that the ionospheric projection of theniques used, it is possible to show that a good level of agree-
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ment exists between the values derived for the total crossneasurement when they are translated to the moving bound-
polar cap potential (from the equipotential maps), the totalary reference frame. It also shows that the dayside reconnec-
potential measured along the path of the DMSP F13 satellitdion is dominant at this time, being able to account for nearly
and the dayside merging line potential derived from the radaall the total cross polar cap potential.
flow vector measurements. Finally, there is a subtle point concerning the convection
We consider in detail the convection map produced atpattern maps and the use of “true vectors” (see Sect. 2.3
13:38-13:40 UT (Fig. 3b). The total cross polar cap poten-and Chisham et al., 2002). By examining the equipoten-
tial derived from the equipotential contours (derived from atial contours in Fig. 3b, the potential spanning from 16:00
combination of the radar data, satellite plasma drift data ando 09:00 MLT line along the polar cap boundary~ig9 kV.
the statistical convection model) is 84 kV (Fig. 7c). Moving this into the moving boundary reference frame (as
This evaluation (84 kV) can be compared with the DMSP above) adds a further 38 kV, giving a total potential of 87 kV.
F13 measurement of potential along a path that took it closerhis compares with the reconnection potential derived from
to the foci of the convection cells. The two techniques arethe radar data’s “true vectors” along the same polar cap
not completely independent, as the satellite plasma drift dat&oundary interval of 105kV. The difference between these
are used in both. According to the equipotential patterns thewo figures shows the difference between using vectors de-
satellite would have passed just to the west of the maximunrived solely from the fitted equipotential pattern (so-called
potential associated with the afternoon cell, so if anything it“fit vectors”) and using “true vectors” (vectors derived form
should have measured a slightly lower value. In actuality,the radar line-of-sight velocity and the velocity component
it measured 95kV, 11kV higher. The DMSP measurementtransverse to the radar beam given by the fitted equipoten-
is of course taken over a period ofL4 min, so some differ- tial pattern). True vectors can differ substantially (in magni-
ence may be expected between the two techniques. Also, it iside and direction) from the fitted equipotential pattern. The
commonly found that there is usually an offset to the poten-close agreement between the DMSP F13 derived potentials
tial at the end of each polar pass (ideally it should be zero)and those derived using the “true vectors” confirms that the
A linear correction to the entire potential curve is done to “true vectors” provide the more accurate measurement of the
force the end point to go to zero potential (Hairston et al.,convection electric field, as found by Chisham et al. (2002).
1998). This implies some uncertainty in the DMSP calcula-In this case study, by using “true vectors”, we give greater
tion arising from temporal variations in the ion drifts during emphasis to the line-of-sight velocity measurements. This
the ~14 min pass. An additional factor is that plasma drift would have the effect of reducing the impact of the median
measurements by polar orbiting satellites show considerabléiltering (i.e. restoring some of the smaller scale detail). In
structure on a variety of scale sizes in the auroral and polathe case of the Goose Bay and Finland radar data, which
cap regions. The median filtering technique applied to thehave beams that are orthogonal to the polar cap boundary,
radar line-of-sight measurements in the mapping process hatis line-of-sight measurement is also a direct measurement
the effect of removing these extremes so one might expecf the flow across the boundary.

a lower overall potential. This may account for some of the  Polar orbiting satellites, such as the DMSP F13 satellite,
11kV potential difference between the two techniques. are often used to derive a value for the total cross-polar cap
Neither of these measurements is made in the frame of th@otential. However, the width of the dayside merging line
moving polar cap boundary. To compare with measurement$10 h) on this day means that a measurement made along

made in that reference frame, we must add the contributionhe 17:00/06:00 MLT is also a very significant proportion
made by the polar cap expansion. The characteristics of thef the dayside reconnection potential. By contrast, Cowley
radar backscatter from the Goose Bay radar showed the polaind Lockwood (1992) envisaged the dayside X-line poten-
cap boundary expanding equatorward (steadily, over a 30tial contributing to half the total cross polar potential (their
min period) at the rate of 185 m/s, equivalent to an electricFig. 4). This is because, in their example model, the dayside
field value of 9.24 mV/m. If we take this value and apply it merging line was of much smaller dimensiea3 h of MLT).
across the 11 h of MLT over which the potential is measured
by DMSP (17:00 to 06:00 MLT), at a latitude of 7,2we 3.4 Relationship to observations of Phan et al. (2000,
have a total potential associated with the polar cap boundary 2001).
motion of 60 kV. This gives a total potential of 95kV + 60 kV
= 155kV. The findings in this paper agree with the conclusions of
The dayside reconnection electric field derived from thePhan et al. (2000, 2001). They deduced that a stable, quasi-
SuperDARN radar data gives a total potential of 105kV atstationary X-line, spanning dawn to dusk anc~afO Ry ex-
13:38 UT (Fig. 7c), this being measured in the rest frame oftent, existed and this is confirmed by our observations. How-
the polar cap boundary. This measurement was made over 7éver, our data in the ionospheric region approximately con-
of MLT, less than the width of the dayside merging line. Ex- jugate to the Equator-S satellite shows that the reconnection
trapolating the measurement from 7h to 10 h (i.e. 105kV rate varied considerably over a 30-min period, although re-
10/7) gives a likely total dayside merging potential of 150 kV. connection was always active. This is consistent with the
This is in good agreement with the estimate derived for themany previous ionospheric observations of bursty flow in the
total cross polar cap potential from the DMSP F13 satellitevicinity of the dayside polar cap boundary (e.g. Lockwood
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etal., 1989; Pinnock et al., 1993, 1995; Provan and Yeomantotal of dayside reconnection and also when considering the
1999) and also with the temporal variability reported from ionosphere conjugate to the Equator-S satellite observations.
satellite observations of the reconnection electric field (e.g.
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