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The Variation of Reconnection Rate at the Dayside 
Magnetopause and Cusp Ion Precipitation 

M. LOCKWOOD • 

Rutherford Appleton Laboratory, Chilton, Didcot, United Kingdom 

M. F. SMITH 

Laboratory for Extraterrestrial Physics, NASA Goddard Space Flight Center, Greenbelt, Maryland 

A method is presented which allows estimation of the variation of the rate of magnetic reconnection 
at the dayside magnetopause. This is achieved using observations of the cusp particle precipitation 
made by low-altitude polar-orbiting spacecraft. In this paper we apply the technique to a previously 
published example of a cusp intersection by the DMSP F7 satellite. It is shown that the cusp signature 
in this case was produced by three separate bursts of reconnection which were of the order of 10 min 
apart, each lasting roughly 1 min. This is similar to the variation of reconnection rate which is required 
to explain typical flux transfer event signatures at the magnetopause. 

1. INTRODUCTION 

In this paper we discuss the implications of the dispersion 
of the precipitating magnetosheathlike ions in the region 
termed the "cusp." In particular, we investigate the rate of 
reconnection at the dayside magnetopause and the "pulsat- 
ing cusp" concept of Smith and Lockwood [1990]. By 
considering a pass of the DE 2 satellite, Lockwood and 
Smith [1989] concluded that the cusp particle precipitation 
observed was consistent with the ionospheric signature of a 
burst of reconnection at the dayside magnetopause. Such 
reconnection bursts had long been invoked as a cause of 
transient particle and field signatures near the dayside mag- 
netopause, which were therefore termed "flux transfer 
events" (FTEs)[Russell and Elphic, 1978, 1979; Haerendel 
et al., 1978; Paschmann et al., 1982; Berchem and Russell, 
1984; Rijnbeek et al., 1984; Farrugia et al., 1987a, b, 1988; 
Lockwood, 1991 a ]. 

The suggestion of Lockwood and Smith [1989] was based 
on the convective flows, inferred filamentary field-aligned 
currents, and precipitating ion and electron characteristics. 
Newell [1990] objected that the extended longitudinal width 
of the cusp occurrence (covering several hours of MLT) was 
not consistent with the cusp being a nearly circular signature 
of a flux transfer event, as predicted by Southwood [1985, 
1987] for the Russell and Elphic [1978, 1979] FTE model. 
However, Lockwood and Smith [1990] pointed out that such 
longitudinal elongation was indeed consistent with the cusp 
being the ionospheric signature of an FTE, provided either 
the Southwood et al. [1988]/Scholer [1988] single elongated 
X line model or, alternatively, the Lee and Fu [1985] 
multiple elongated X line model was adopted. 

The Southwood et al. [ 1988]/Scholer [1988] model predicts 
that an FTE signature on the magnetopause is formed by a 
short-lived burst of enhanced reconnection at a single sub- 
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solar X line. There are two major pieces of evidence in favor 
of this concept, as opposed to the other FTE models which 
invoke reconnection: first, it explains a layer of bidirection- 
ally streaming electrons found on the inner edge of magne- 
topause FTE signatures [Scudder et al., 1984; Farrugia et 
al., 1988]; second, it is consistent with the elongation of 
dayside transient aurorae and flow bursts observed in the 
cusp region, which repeat with the same range of periods as 
magnetopause FTEs [Lockwood et al., 1990b] and move in 
a manner consistent with their being on newly opened field 
lines. Because most of the cusp precipitation is thought to be 
on freshly reconnected field lines [Rosenbauer et al., 1975; 
Reiff et al., 1977; Hill, 1979; Cowley et al., 1991a], Smith 
and Lockwood [1990] pointed out that the reconnection rate 
variations thought to be responsible for magnetopause FTEs 
should also cause the cusp to vary on time scales of about 
2-20 min. This "pulsating cusp" model is a general one, 
reducing to a steady state cusp in the one limit of constant 
magnetopause reconnection rate, while predicting the cusp 
to be a series of discrete events in the other limit of 

reconnection which occurs entirely in a series of bursts. 
Cowley et al. [1991b] and Smith et al. [1992] have pointed 

out the importance to the pulsating cusp concept of recent 
empirical and theoretical work on how ionospheric flow is 
excited by dayside reconnection. The observations in ques- 
tion were of the rapid response of dayside flows to the 
north/south component of the interplanetary magnetic field 
(IMF) immediately upstream from the magnetopause, in 
particular, those using the European Incoherent Scatter 
(EISCAT) radar with the AMPTE (Active Magnetospheric 
Particle Tracer Explorers) UKS and IRM satellites 
[Lockwood et al., 1990a; Cowley and Lockwood, 1992]. In 
particular, the important inference for the pulsating cusp 
concept is that flows are excited in the ionosphere by a burst 
of magnetopause reconnection, such that for moderate and 
small IMF By, the patch of newly opened magnetic flux 
produced by a subsequent burst will lie immediately equa- 
torward of the patch produced by the first burst. In other 
words, the patches of newly opened flux produced by 
successive bursts of reconnection are spatially contiguous. 
A slightly different situation would apply to large By condi- 
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tions, where the new patch would form at a different MLT 
from the location of the older one but would then move 

zonally under magnetic tension to join it. Cowley et al. and 
Smith et al. also point out that the ion precipitation charac- 
teristics would differ in the patches, depending on the time 
elapsed since they were reconnected. This would result in a 
discontinuous change in the ion energy at the boundary 
between the patches. Indeed, in the "discrete event" limit of 
the pulsating cusp model, the changes in energy are instan- 
taneous. In cases where the reconnection rate variations are 

superposed on a background level, the ion energy changes at 
the boundaries are more gradual, but still more rapid than 
those within each patch (which result from the nonzero time 
taken to reconnect each patch). 

Independent of these theoretical predictions, Newell and 
Meng [1991] have recently published examples of cusp ion 
spectrograms from the DMSP F7 satellite which show dis- 
continuous changes in the ion energy-time dispersion. These 
are exactly of the kind predicted by Cowley et al. and Smith 
et al. This paper discusses these DMSP F7 observations in 
terms of variations in reconnection rate (i.e., by definition, 
flux transfer events). This interpretation is significantly 
different from that presented by Newell and Meng which is 
in terms of spatial, rather than temporal, structure. In 
section 2 a method is presented to allow the reconnection 
rate to be computed from the ion energy-time spectrogram. 
The method is then applied in section 3 to one of the 
examples given by Newell and Meng, and the results are 
discussed in section 4. 
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Fig. 1. (a) The evolution of a newly opened field line which is 
reconnected at a subsolar magnetopause at a time t 0. (b) The 
motion of the ionospheric feet of field lines reconnected at time t o in 
the northern hemisphere. The vector V s shows the satellite motion. 

2. METHOD 

We here consider only cusp ions which precipitate into the 
ionosphere and are detected by polar-orbiting satellites at 
low altitudes (i.e., below about 1500 km). Previous studies 
[e.g., Rosenbauer et al., 1975; Reiff et al., 1977; Menietti 
and Burch, 1988] have assumed that the bulk of the cusp ions 
move adiabatically, with little or no pitch angle scattering, 
from the outer magnetosphere to the ionosphere. This as- 
sumption has successfully explained the well-known pitch 
angle-energy and energy-latitude dispersions of cusp ions 
and is also adopted here. Hence we are only concerned with 
particles which are very close to zero pitch angle at great 
altitudes: all others mirror in the converging magnetic field 
lines before reaching the ionosphere. We consider only ions 
with exactly zero pitch angle at all altitudes; their energy, 
Ell, is given by 

Ell = mv•/2 (1) 
where m is the ion mass and vii is its field-aligned velocity. 
We note that particles having very close to, but not exactly, 
zero pitch angle at great altitudes may still reach the satellite, 
where they would have larger pitch angles. Such ions will 
have a slightly higher energy, for the same time of flight, than 
the zero pitch angle ions we consider. Hence such ions are 
not relevant if we consider the minimum ion energy ob- 
served by the satellite. 

Reiff et al. [1977] deduced that cusp particle precipitation 
was predominantly on "newly opened" field lines at the 
sunward edge of the polar cap. The evidence from magne- 
topause observations for southward IMF is that reconnec- 
tion always takes place at low latitudes. This follows both 

from the observed accelerated flows [Cowley, 1982; Gosling 
et al., 1990] and from the motion and polarities of FTEs 
[Daly et al., 1984; Southwood et al., 1986]. Figure l a shows 
the evolution of a single such field line after it is reconnected 
at an X line in the vicinity of the sub solar magnetopause (X 
in Figure 1 a), at a time to. At subsequent times, t l and t2, 
the field line will thread the magnetopause at higher magnetic 
latitudes (at points P l and P2 in Figure l a) as it is moved 
antisunward by magnetic tension and the magnetosheath 
flow. The first ions to cross the magnetopause, and hence be 
injected onto the newly opened field line, do so at the time t o 
(and at a location very close to X). Hence at a time t2 a 
satellite at S2 cannot observe ions with a time of flight 
greater than (t2 - to), and therefore there is a minimum 
"cutoff" ion energy (Ell -- Eic). At the same time the 
satellite will observe ions of greater energy (Ell > Eic), 
these having crossed the magnetopause at points such as P l, 
i.e., at time tl, and hence they have a lower time offiight, (t2 
- tl). 

These considerations show that the lowest-energy ions 
observed at low altitudes at any one instant were injected 
across the magnetopause at the time and place that recon- 
nection of that field line occurred. At time to the field line is 
opened; and hence, by definition of reconnection, it subse- 
quently threads the magnetopause, and ions from the mag- 
netosheath cross the magnetopause into the magnetosphere. 
The first ions injected in this way travel the distance d from 
the X line to the satellite S2. All magnetosheath ions which 
cross the dayside magnetopause are accelerated in the 
Earth's frame of reference, such that their Ell can be 
increased by a factor of up to about 2 or 3. This acceleration 
occurs as the ion crosses the magnetopause and is due to the 
tension force arising from the curvature of the newly opened 
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field line at the magnetopause, as shown in Figure 1 a. Ions 
which enter at the later evolution times of the field line (and 
hence at higher magnetic latitudes) are less strongly accel- 
erated due to the straightening of the field line. Indeed, 
antisunward of the magnetic cusp the ions are decelerated as 
they cross the magnetopause [Hill, 1979]. Cowley [1982] has 
discussed how the acceleration due to the contracting newly 
opened field lines moving along the magnetopause current 
layer (sunward of the magnetic cusp) produces a character- 
istic D-shaped ion distribution function, which has recently 
been confirmed using AMPTE observations of injected ions 
[Smith and Rodgers, 1991; Fuselier et al., 1991]. 

To first order, the ions are therefore accelerated as they 
are injected across the magnetopause close to X and subse- 
quently precipitate adiabatically along the distance d to the 
ionosphere. However, we can generalize to allow for any 
subsequent field-parallel acceleration by defining an equiva- 
lent (or "virtual") distance d' such that the actual time of 
flight of the ions, r, is given by 

r = d'/vll- d'(2Ell/m) -1/2 (2) 
In other words, if the ions originated from a source and then 
moved adiabatically (with constant energy equal to that 
observed at the satellite, Ell), then that source would need to 
be a distance d' from the satellite to give the same time of 
flight as for ions which had an injection distance d but 
underwent some subsequent parallel acceleration. In gen- 
eral, d' will exceed d, but because subsequent parallel 
acceleration is small, d' and d will generally be similar. 

If ions with the lower cutoff energy are observed by the 
satellite at a time t s, the time that the field line was 
reconnected is 

to = ts- r = ts- d'(2Eic/m) -•/2 (3) 
Consider now Figure lb, which views the northern hemi- 
sphere cusp region in the ionosphere from above. The y axis 
is parallel to the ionospheric signature of the reconnection X 
line (the so-called "merging gap"), and the x axis is the 
(roughly) northward normal to the merging gap. The x-y 
frame is here considered stationary in the frame of the Earth. 
The positions of the foot of the newly opened field line 
studied in Figure 1 a are shown for the times t0, t•, and t2. 
It should be noted that this figure portrays the idealized 
situation where both the reconnection rate and the subse- 

quent motion of the opened field lines are independent of y. 
By definition, the position for to marks the merging gap 
location. In addition, a path of a polar-orbiting satellite is 
shown in Figure 1 b. This satellite is moving with a velocity 
V s in the x-y frame, which is defined as positive if it has a 
positive x component. The angle between V s and the x axis 
is denoted by a, Hence 

dx/dts = Vs cos a (4) 

If we differentiate (3) with respect to x, we obtain 

dto/dx = dts/dx + (d'/2)(m/2) •/2E•c3/2 dEic/dx 

= (Vs cos a)-•{1 + (d'/2)(m/2)1/2E•c3/2 dEic/dts} (5) 
Consider an element of length of the merging gap dy. The 
field lines which lie a small distance dx poleward of the 
merging gap were reconnected at a time (t o - dto), slightly 
earlier than those at the merging gap which are reconnected 
at the time to. Note that this statement is independent of any 

motion of the merging gap. Hence by Faraday' s law the rate 
at which flux is opened at the merging gap element dy is 

B i dx dy/dto = Ey dy = E} dy' (6) 

where B i is the ionospheric field strength and Ey is the 
electric field along the merging gap (in its own rest frame). 
By definition of the merging gap, the flux transfer rate across 
the segment dy of the merging gap (i.e., the voltage Ey dy) 
is equal to the flux transfer rate (voltage) across the corre- 
sponding segment of the magnetopause X line, E} dy', 
where E} is the reconnection rate and dy' is the length of the 
X line segment which maps down the magnetic field lines to 
the length dy of the merging gap in the ionosphere. From 
equations (5) and (6) we have 

Ey = (BiV s cos a){1 + (d'/2)(m/2)1/2E•c3/2 dEic/dts} -1 
(7) 

and the magnetopause reconnection rate E} is given by 

E} = (dy/dy')Ey (8) 
From a cusp ion spectrogram we can determine the 

minimum energy, Eic, and its time derivative, dEic/dt • . We 
also know the satellite speed V s. We assume that the ions 
are protons (i.e., m is 1 amu), and the ionospheric field B i is 
•taken to be 5 x 10 -5 T. Hence the only variables in equation 
(7) which are not known are the merging gap orientation 
angle, a, and the virtual injection distance, d'. In the next 
section we evaluate Ey using assumed values for a and d'. 
Using equation (8), we also discuss the implications for the 
reconnection rate for a given mapping factor (dy/dy'). 

Lastly, one should note that the method inherently assumes 
that the same ion spectrum is injected onto each newly opened 
field line as it evolves over the dayside magnetopause, There 
are a number of reasons why this may not always be the case. 
For example, solar wind parameters may vary and may cause 
the magnetosheath ion populations to change. In addition, 
changes in the IMF orientation may alter the degree of accel- 
eration of the ions as they cross the dayside magnetopause. 
Hence we note that variations in the reconnection rate are not 

the only way to induce ion energy changes in the cusP. 

3. APPLICATION TO A SATELLITE PASS 
THROUGH THE CUSP 

As we discussed in the introduction, Newell and Meng 
[1991] have recently presented a number of passes of the 
DMSP F7 satellite through the cusp, which yield steplike 
discontinuities in the ion energy dispersion signature. Inde- 
pendent of these observations, Smith et al. [1992] and 
Cowley et al. [1991b] had predicted such signatures by 
applying the "pulsating cusp" model [Lockwood and Smith, 
1989, 1990; Smith and Lockwood, 1990]. 

In order to investigate the implications of the observed 
jumps in ion energy in further detail, the equations derived in 
section 2 are here applied to the example given by Newell 
and Meng [1991] in their Figure l(b). This example is 
employed because the spectrogram shows two clear jumps in 
the ion dispersion signature, at 1320:25 UT and 1321:7.5 UT. 
As discussed by Smith et al. [1992] and Cowley et al. 
[ 1991 b], such jumps could arise from two periods when little 
reconnection took place, in between three bursts of rapid 
reconnection. Hence, by virtue of having two ion energy 
discontinuities, this example is very helpful if we wish to 
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12 Oct 1983 

I I I 

13:20:00 13:20:30 13:21:00 13:21:30 

•(to=O) U T. ts (hrs:min:sec) 

Fig. 2. The lower cutoff energy, E ic, of cusp ions observed by 
the DMSP F7 satellite on October 12, 1983, as presented by Newell 
and Meng [1991]. The arrows mark the jumps in ion energy which 
are discussed in detail in the text. 

investigate any periodicity in the merging gap electric field 
Ey and the magnetopause reconnection rate E•. 

Close inspection of this and all other cusp spectrograms 
reveals that the minimum Ell (the lower cutoff energy Eic) is 
not easy to define. This is because scattering ensures that 
there is some flux at energies below the actual time-of-flight 
cutoff. In this section we take E ic to be the lower decile of 
the distribution of ion energy flux (i.e., where ion energy flux 
falls below 10% of its peak value as determined from the 
spectrogram) at any one observation time, ts. This choice is 
somewhat arbitrary and is made to allow determination of 
E ic from the spectrogram for as great a range of t s as 
possible. A more rigorous determination of E ic would re- 
quire a full analysis of the scattering mechanisms. We also 
note that the lower cutoff appears less well defined in the 
cusp spectrograms (which show contours of energy flux) 
than in contours of phase space density (energy flux divided 
by the square of the energy), which is the more relevant to 
these time-of-flight considerations. Analysis reveals that 
adoption of other definitions for E ic does not significantly 
alter the results obtained. 

For this definition the variation of the lower cutoff ion 

energy, Eic, is shown in Figure 2. The two jumps seen in the 
spectrum as a whole can also be clearly seen in this plot, 
marked by the two arrows. From Figure 2 we can estimate 
and dEic/dts. For simplicity, the angle a is taken to be zero 
(e.g., the satellite moves north across an east-west-aligned 
merging gap). We will consider other values for a later. 

For a variety of values for d', equation (3) is then used to 
estimate the reconnection time, to, and equation (7) yields 
the electric field at the ionospheric merging gap at that time. 
For convenience, 1320:00 UT is defined as to = 0. 

In order to make a crude estimate of a realistic range of d', 
consider the magnetospheric segment of the newly opened 
field line, from the magnetopause X line to the ionosphere, to 
be semicircular at the time to. For a magnetopause which is 
compressed to within 6 Re of the Earth by an exceptionally 
large solar wind dynamic pressure, this yields a d value of 
about 10 Re. However, for a very distant magnetopause at 
20 Re, this yields d = 30 Re. In addition, we can account 
for any difference between d and d'. If we consider that (for 

3O0 
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t o (see) 
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' ' d' -- 30R E 
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Fig. 3. Values of merging gap electric field, Ey, as a function of 
time. The dots are the most probable values, but the vertical error 
bars give the full range of possible values. In this case the "virtual" 
injection distance, d', is 30 RE. 

example) the ion energy was doubled by low-altitude accel- 
eration at I Re altitude to the Ell observed by the satellite, 
we find d' is roughly equal to 1.5d. Here we shall consider 
d' values between 10 R e and 50 Re, but we consider the 
range 15-30 R e to be a likely and realistic one. 

Figure 3 shows values of Ey for d' •- 30 RE as a function 
of t o (and hence UT). The dots are the values given by the 
Eic variation plotted in Figure 2. For each point an error bar 
has been estimated by considering the possible error in 
dEic/dts. it will be noted that there are three peaks in Ey but 
that the value at each is 290 mV m -I. This is because 
dEic/dts at these times is zero (to within the accuracy with 
which the spectrogram can be read). At such times the uncer- 
tainty of dEic/dt s is such that the denominator of equation (7) 
could be zero, which would give a infinite Ey. Hence at the 
peaks of Ey the accuracy available to us effectively only allows 
determination of a minimum electric field. However, in each of 
the bursts the minimum electric field is considerably greater (by 
a factor of about 100) than the maximum value between the 
bursts. Note that because few estimates of the cutoff energy 
and its time derivative can be made during the jumps, the 
number of data points is low in the minima of the electric field 
(which produced the jumps). 

In order to understand the dependence of this result on the 
assumed value for d', Figure 4 is the same as Figure 3, but 
for d' of a smaller value of 20 Re. The three bursts in electric 
field are still clearly evident; indeed, the uncertainties are 

slightly smaller than in Figure 3. The values of Ey are not 
substantially different than those in Figure 3, but the bursts 
occur significantly later because of the smaller times of 
flight. Hence the periods between the events are smaller. 
This is shown clearly in Figure 5, which plots the interval 
between the first and second peaks in Ey, At 12, and between 
the second and third peak, At23, as a function of d'. The 
period At 12 can be seen to increase from 4 min for the small 
d' of 10 Re to 19 min for the very large value for d' of 50 R e, 
while At23 behaves similarly, increasing from 5.5 min to 26 
min for the same range of d'. 

4. DIscusslo• 

The satellite pass described here is northward, almost 
along a magnetic meridian. Hence the merging gap would 
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Fig. 4. Same as Figure 3, but for d' of 20 RE. 

13:20 

have to be at a large angle to the L shells for our assumed 
value of 0 ø for the angle a to be seriously in error. More 
importantly, it seems highly unlikely that this angle could 
vary by such a large factor on minute time scales, such that 
it could explain the increases in Ey shown in Figures 3 and 4. 
Likewise sufficient variations of the geometrical fac[or dy/ 
dy' seem unlikely. This factor depends upon the amount on 
newly opened flux which threads the dayside magnetopause. 
Such flux acts to "open" the cusp; i.e., it increases its 
longitudinal extent [Crooker et al., 1991; Lockwood, 
1991b]. The flux connected in the short bursts shown in 
Figures 3 and 4 is not sufficient to substantially alter this 
factor. This being the case, the most likely explanation is 
that the derived electric field variations reflect variations in 

the reconnection rate at the dayside magnetopause, E•. 
The inferred variation of the reconnection rate is very 

similar to that required to explain the characteristic magne- 
topause signatures called flux transfer events (FTEs) [Rus- 
sell and E!phic, 1978]. These signatures are known to recur 
on time scales of 8 min on average when the IMF is 
consistently southward, although there is considerable vari- 
ability about this figure [Rijnbeek eta!., 1984; Berchem and 

25 

2o 

• 15 

10 

I I •) I I o lO 20 40 50 
d' ( R E) 

Fig. 5. The variation of the intervals between the onsets of the 
first and second and the second and third bursts of reconnection, 
At 12 and At23, respectively, as a function of d'. 

Russell, 1984; Elphic, 1990]. For the realistic range of d' of 
15-30 Rœ, Figure 5 yields periods of 6-16 min, which is 
certainly consistent with FTE behavior. In addition, FTE 
signatures typically last for I min. If the bubble containing 
the loops of newly opened flux has not expanded since being 
reconnected, the Southwood et al./Scholer model calls for a 
burst in the reconnection rate which is also of about 1 min 
duration. Again, this is broadly consistent with the duration 
of the bursts in Figures 3 and 4. 

This one case certainly does not prove that the cusp 
precipitations (between the jumps) are FTE signatures. 
Probably the best way to prove such a relationship is to 
apply the method described here to cusp observations during 
periods when another satellite Was close to the magneto- 
pause (and the IMF was southward). However, one can state 
that the Southwood et al./Scholer FTE model predicts that 
the reconnection rate variation implied by Figures 3 and 4 
would give three FTE signatures on the magnetopause. 
Consequently, it is reasonable to state that the results 
presented here are highly suggestive of FTE signatures. 

We propose, therefore, that the presence of jumps in the 
cusp spectrogram is indicative of time-dependent reconnec- 
tion at the dayside magnetopause, which is also expected to 
be the source of the FTE signatures observed there. How- 
ever, it should be noted that the FTE signatures in the 
ionosphere (i.e., the signatures of the burst of enhanced 
reconnection) are not the jumps, but the patches of cusp 
precipitation between them. Hence the analysis presented 
here is consistent in spirit with the suggestion by Lockwood 
and Smith [ 1989, 1990] that the cusp is an FTE signature. In 
fact, the cusp in the case described here is made up of three 
contiguous signatures of successive FTEs. Indeed, inspec- 
tion of the cusp observation by the DE 2 satellite which 
Lockwood and 'Smith [ 1989] discussed reveals a jump in the 
lower cutoff energy of the ions at the equatorward edge of 
what the authors interpret to be the FTE signature. This 
jump is very similar to that discussed here. 

It is interesting to study the implications of these signa- 
tures for ionospheric convection. To do this, consider that 
the merging gap is 1500 km in length, consistent with the 
statistical cusp width for southward IMF [Newell and Meng, 
1988; Newell et al., 1989]. If we assume that the electric field 
along a merging gap of this length is constant and that the 
values given by the dots in Figures 3 and 4 are correct, we 
find that the reconnection voltage during each of the bursts is 
very high (435 kV). The electric field value corresponds to 
plasma crossing the X line projection (in its own rest frame) 
at 5 km s -• . This is a very large plasma flow if the merging 
gap is still in the Earth's frame, but would be reduced if the 
merging gap moved equatorward during the reconnection 
burst. If we consider d' =20 R E• for example, we find that 
at least 1.9 x 107 Wb of flux is opened during the first burst, 
2.1 x 107 Wb in the second, and 3.0 x 107 Wb in the third. 
Hence the three bursts open a total of 7 x 107 Wb, out of the 
total of 8 x 107 Wb reconnected during the 1380 s for which 
Ey can be determined for this d'. Hence the average voltage 
during this period is 8 x 107/1380 = 58 kV, but 87.5% of this 
comes from three brief bursts when the voltage reached 435 
kV. All the voltages would be scaled up (down) proportion- 
ally if the merging gap length were in fact larger (smaller) 
than the 1500 km assumed here, but would decrease as cos a 
if the angle a increases from zero. In addition, all values could 
be a factor of about 6 lower, within the experimental uncer- 
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tainties plotted in Figures 3 and 4. However, the magnitude of 
the peaks in Ey and the mark/space ratio of its pulsed variation 
are almost independent of d'. As a result, the voltages derived 
here are hardly influenced at all by the choice of d'. 

The variation of the reconnection voltage inferred above is 
very similar to that deduced by Lockwood e! al. [ 1990b] for 
the ground-based observations of dayside auroral transients 
and associated plasma flow bursts. Both the radar and optical 
measurements of the spatial extent of nine such events show 
that they contain magnetic fluxes between about 0.7 x 107 Wb 
and 3.4 x 107 Wb, with typical values being about 2.5 x 107. 
This value is comparable with that deduced above assuming a 
1500-km merging gap which is the typical east-west extent of 
the events observed from the ground. Lockwood et al. as- 
sumed that each event was reconnected in a burst lasting 2 min, 
which is roughly twice as long as derived here; hence their 
estimate of the reconnection voltage in the bursts was roughly 
half that derived here. However, the average voltage for the 
period is not dependent on the assumed length of the recon- 
nection burst, and hence the value of 30 kV derived by 
Lockwood et al. can be compared to the 56 kV inferred here 
from the cusp precipitation. 

It is also interesting to consider the implications for the 
reconnection electric field tangential to the magnetopause. If 
the length mapping factor between the X line and the 
merging gap (dy/dy') can be estimated, the reconnection 
rate at the X line can be calculated. If we take a crude 

estimate that the field just inside the dayside magnetopause 
is (Bi/1000) = 50 nT, flux tubes of symmetrical cross 
section give (dy'/dy) • 35, and the assumed merging gap 
length would correspond to an X line of about 8 RE. This 
being the case, the reconnection voltage of 435 kV in the 
bursts would call for a tangential electric field of 8.5 mV 
m -•. However, we should add that we do not believe that 
any current magnetic field model can be used to give an 
accurate estimate of this mapping factor. This is because it 
will depend critically upon the amount of open flux which 
threads the dayside magnetopause and hence upon the 
recent history of the IMF B z component. This "opening" of 
the cusp by dayside open flux (i.e., the fact that dy/dy' 
increases following a southward turning of the IMF) has 
been modeled by Crooker et al. [1991], and the implications 
have been discussed by Lockwood [1991 b]. 

5. CONCLUSIONS 

A method for determining the variation of the electric field 
in the ionospheric merging gap (in its own rest frame) from 
cusp ion precipitation characteristics has been described. 
The orientation of the merging gap relative to the satellite 
orbit must be assumed, but if this is constant the electric field 
values derived simply vary as the sine of the angle between 
them. In addition, a value for the "virtual injection dis- 
tance," d', is required. This will be approximately the same 
as the distance between the reconnection X line and the 

satellite. The chief effects of d' are to change the time at 
which a reconnection burst is predicted to occur and to alter 
the interval between features in the electric field variation. 

If information about the longitudinal extent of the merging 
gap in the ionosphere can be obtained, then the voltage 
across the merging gap (which by definition equals the 
voltage along the magnetopause X line) can be estimated. 
This assumes that the electric field along the merging gap is 

constant. The merging gap extent could be determined by 
ground-based radar and optical measurements of the tran- 
sient events which would result from the variations in the 

reconnection rate. Alternatively, if the geometrical field line 
mapping factor from the magnetopause X line to the merging 
gap can be estimated, then the magnetopause reconnection 
rate can be computed. 

The method reveals very large variations in the merging 
gap electric field for a satellite pass which shows major 
jumps in the ion dispersion characteristics. The reconnection 
is found to occur almost exclusively in bursts about 1 min 
long and which repeat on time scales of the order of 10 min. 
However, the precise value of these durations and intervals 
is dependent on the assumed value for d'. This behavior is 
exactly that required to explain typical magnetopause flux 
transfer event signatures. 

The chief uncertainty in the method lies in the definition of 
the lower cutoff energy and hence in its time derivative. 
Often this results in the method only defining a lower limit 
for the merging gap electric field when it is very large. 
However, small electric field values are determined with 
high accuracy. Higher-resolution measurements of the ion 
energy dispersion characteristics would allow this uncer- 
tainty to be reduced considerably. 

If we assume a typical merging gap extent of 1500 km for 
the one event studied here, consistent with the statistical 
cusp width and the size of the dayside auroral and flow 
transients, we find that the average dayside reconnection 
voltage is about 60 kV but that almost 90% of this is 
contributed by the bursts of reconnection during which the 
reconnection voltage rises to over 400 kV. The magneto- 
pause electric field would then be about 8 mV m- • during the 
bursts. Taking the absolute minimum values defined by the 
technique, these voltages and electric fields are all reduced 
by a factor of about 6. Hence, even if we take the minimum 
values for the reconnection rate during the bursts shown in 
Figures 3 and 4, the results are surprising. 

Lastly, the question arises as to how common are the 
reconnection rate pulses which are inferred in this paper (for 
just one satellite pass). This requires a full survey of a large 
amount of cusp data, using the method described in this 
paper. However, the problem is complex, and a simple 
statistical survey of the occurrence of ion energy jumps, of 
the kind described here, must take these complexities into 
account. For example, Smith et al. [1992] have recently used 
a simple model to study the probability of observing the 
jumps in the ion spectrogram, in the presence of discrete 
reconnection events recurring every 8 min (the average 
repetition rate of FTEs). These authors point out that the 
probability of observing a jump is greatly reduced by the 

presence of a large By component of the IMF, giving a 
tension force which moves events either east or west. 

Furthermore, many of the jumps will be smaller than in the 
example studied here and hence harder to detect. 

Measurement of the reconnection electric field along the X 
line on the dayside magnetopause (in its own rest frame) or 
along the dayside ionospheric merging gap has been an 
important but elusive goal for many years. The method 
presented here provides a novel way of studying the varia- 
tion of these electric fields. The results indicate that recon- 

nection can take place in a series of bursts, exactly as 
required to explain magnetopause flux transfer events. 
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