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A Quantitative Model for the Potential Resulting From Reconnection 
With an Arbitrary Interplanetary Magnetic Field 
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Physics Deparuneni and Space Sciences Laboratory 
University of California. Berkelev, California 94720 

A three-dimensional model is utilized to derive the electrie potential induced across the magnetosphere 
by reconnection between the geomagnetic lield and an arbitrary interplanetary mugnetie field. Assump-
Lions [hat Lhe magnetosheath ffow is uniform and ihat reconncction is not Iimited by processes occurring 
at Lhe magnetopause are made so that Lhe model calculation provides an upper limit to Lhe magneto-
spheric potential produced by reconnection. The magnitude of Lhe polar cap ionospheric electric tield 
compuLed from this model is larger than that measured on bailoons by an average factor of about 3, and 
Lhe model reproduces Lhe temporal variations of Lhe experimental data. Some magnetospheric properties 
related to Lhe magnetopause reconnection une and potential are discussed as a tirst suggestion toward us-
ing the model in studies of relevant magnetospheric problems. The model potential induced across Lhe 
magnetosphere becomes less dependent on the direction of the inLerplaneLary magnetic lield as Lhe 
strength of às transverse componeni increases. Thus a reduced correlation heiwcen magnetospheric phe-
nomena and Lhe southward component of Lhe interplanetarN lield should exisi when the Lransverse inter-
planetary field component exceeds about 8 ,y. Observed dependences oU Lhe polar cap ionospheric current 
system on B. are explained by Lhe model, and similar variations with B x  are predictcd. Graphs oU Lhe 
model potential as functioris of Lhe interplanetary magnetic iield components are given as an aid in its ap-
plication to other problems. 

Considerable evidence nas accumulated to suggest that 

many features of magnetospheric dynamics are controlled by 

the interaction between the interplanetary and terrestrial mag-

netic tields. Dungey [1961] suggested that the mechanism 

responsible for this interaction is magnetic field reconoection 

taking place at the magnetopause, where the two fields meet. 

Thc general properties of this interaction are a change in Lhe 

topology of Lhe reconnecting fields and magnetic energy con-

version into thermal and bulk energies of the plasma LDungey, 

1953: Sweei, 1958; Parker, 1963; Peischek, 1964; Yeh andAx-

ford, 1970; Sonnerup, 19721. 
Direct evidence for reconnection between the geomagnetic 

and interpianetary lields arises from observations of energetic 

solar particles. The first results of this nature were described by 

Lin and Anderson [1966], and a recent review of subsequent ob-

servations has been presented by Morfihi and Schoier [1973]. 

Further experimental evidence has been obtained through cor-

relations of geomagnetic disturbance aL ground levei with the 

southward component of Lhe interplanetary magnetic field 

[Fairfieid and Cahill, 1966; Rosioker and Faiihammar, 1967: 

Schaiien and Wilcox, 1967; Nishida, 1968; Arno/dy. 1971], 
through ground magnetometer correlations with Lhe azimuthal 

component of the interplanetary magnetic field [Svaigaard. 

1968; Mansurov, 1969; Friis-Chris:ensen et ai. 1972; Berihelier 

and Guerin, 19721, through studies of sateilite measurements of 

the tail magnetic field correlated with the southward com-

ponent of lhe interplanetary magnetic lieid [Meng et ai, 1973], 

through studies of satellite measurements of the inward mo-

tion of Lhe magnetopause correlated with Lhe southward com-

ponent of the interplanetary magnetic field [Meng, 1970; 

Aubry ei ai., 1970], and through correlations of electric field 

measurements with the southward and azimuthal components 

of Lhe interplanetary magnetic field [Mozer, 1971; Heppner. 

1972; Mozer ei ai.. 1974; Mozer and Lucht, 1974]. 
Most previous studies of magnetic lield reconnection have 

considered oniy antiparaliel reconnecting fields. However, re- 
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connection between arbitrarily oriented (other than paralie 

fields can ocdur. Owing to a iack of understanding of the pror 

erties of reconnection for such cases, there have been no quw 

titative calculations of the potential across Lhe magnetosphe. 

(which is a measure of the efficiency of magnetopause re 

connection) for an arbitrarily oriented interplanetary field. 

the purpose of this work to present a simplified three-dinier 

sional model for magnetopause reconnection from which 

upper limit for lhe potential across the magnetosphere for 

arbitrary direction of Lhe interplanetary magnetic field h.. 

been calculated. The major assumptions of this model th. 

result in an overestimate of the magnetospheric potential are 

nondistorted direction of the solar wind velocity behind th 

bow shock and a reconnection speed whose magnitude is n. 

limited by physical processes at the magnetopause. The pol. ,  

cap ionospheric electric field computed from this model 

been compared with Lhat measured on balloons LMO:c' 

Gonzalez, 19731 from which it was concluded Lhat Lhe tc 

poral variations of Lhe measured field were weli representedt 

Lhe model, whereas Lhe average model field exceeded Lhe me 

sured field by a factor of about 3. 

DESCRIPTION OF THE MODEL: APPROXIMATIONS AM 

JUSTIFICATIONS 

Since the interplanetary magnetic field comes into first 

tact with the terrestrial magnetic field along Lhe reconnee 

une, it is along this une that lhe interplanetary eiectric fieli 

potential is impressed on Lhe magnetosphere. Hence Lhe ii 

netospheric potential may be calculated by integrating 

component of the interplanetary electric field along lhe 

connection une. To perform this integration, Lhe orientatia 

Lhe reconnection une for an arbitrary inlerplanetary magii 

field must be determined. This task will be undertaken in 

solar-magnetospheric coordinate system and in GausI 

units. 
The model magnetopause of this calcuiation is represa 

as a hemispherical surface of radius R = 15 R E  with its ori 

R 5  tailward of the center of the earth, in agreement 
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lite observations [Fairfield. 1971]. On this magnetopause 

eomagnetic and interplanetary fields meet and reconnect 

inuously with the maximum efficiency allowed by geo-

ic constraints associated with Lhe direction of the inter-

etary field. The geomagnetic field is carried out con-

ously from inside this surface by Lhe magnetospheric 

ection that results from lhe reconnection process. The solar 

1 fiows toward the surface in the -x direction, carrying 
1 it an arbitrariiy directed interplanetary magnetic field. 

ure Ia illustrates the magnetosheath flow assumed in the 
lei for a purely southward interplanetary magnetic fieid. 

flow within Lhe region of Iength L = 2R is involved in re-

iection. Depending upon the boundary conditions for thc 

the interplanetary region associated with reconnection 

actually have a dimension L that is less than 2R, as is ii-
ated in Figure lb. Since the electric potential capable of 
!encing the magnetosphere is the product of Lhe inter-

etary electric field and the distance L, Lhis overestimate ol' 
the model probably yields Lhe rnain contribution to the 

estimate of the electric potential across the magneto-

te. Figure leis an illustration of the flow in a closed model 

hich the potential drop along the magnetopause is zero. 

size of the region L for nonsouthward interplanetary fields 
be computed in Lhe model of Lhe following sections. 

is assumed that the day side magnetopause is the oriiy 

etopause region where reconnection takes place. This as-

ption is reasonable because reconnection shouid occur 

where Lhis process would aid the solar wind flow around 

magnetospheric obstacle (V. Vasyliunas, private com-

iication, 1973). AL regions where the flow is nearly tangen-
to lhe magnetopause, namely, outside the hemispherical 

on, there is no further need for reconnection, since the 

wind has already passed Lhe obstacle. 

L 	c (a) 

(b) 

LO -------- 
	

(c) 

Magnetosheath ílow configurations with difTerent effective 
hs for Lhe interplanetary region in contact with the 
use: (a) L = 2R; (b) 0 < L < 2R: (e) L = O. 

The magnetosheath magnetic field has been approximated 

as the transverse component of the interplanetary magnetie 

field, BT  = (B. B 2 ), multiplied by an amplification factor. 

which is discussed and estimated in later sections. The am-

plification factor accounts for Lhe fact that the transverse com-

ponent of Lhe interpianetary magnetie field is observed 

[Fairfield, 1967] and expected theoreLicaliy [Lees, 1964] to be 

amplified Lhrough the bow shock. Since the electrie field asso-

ciated wiLh reconnection is proporLional to V 4  x B, where V 
= VX is the solar wind velocity and B g  = (B. B) is Lhe inter-
planetary magnetic fieid vector, the B x  component of the in-
terplanetary field does not influence Lhe interplanetary electrie 

field. Also, since the major effect of Bx  on Lhe reconnection 
geometry might be Lhe transiation of Lhe reconnection une 

along the hemispherical magnetopause and since Lhe mag-

netopause potential would not be altered appreciably by Lhis 

transiation, the B x  component of Lhe interplanetary magnetic 

field is assumed to be unimportant in the model. This as-

sumption is validated by Lhe lack of dependence on Bx  of the 
difference between the model eiectric field and that nieasured 

on bailoons [Mozer and Gonzalez, 1973]. 

PROPERTIES OF THE RECONNECTION LINE FOR 

NONANTIPARALLEL INCIDENT MAGNETIC FIELDS 

The properties of an X-type magnetic neutral point were 

studied initially by Dungey [1953]. He concluded that iarge 

currents can exist in a plasma aL such points without being op-

posed by the electromagnetic force, (l/c)j x B, and Lhe neigh-
borhood of such points is unstable with respect to the growth 

of the current. Several modeis have been deveioped to describe 

the steady state magnetic field reconnection aL X-type neutral 

points for two-dimensional systems [Sweez, 1958: Parker, 

1963; Pe:schek, 1964; Yeh and Axford, 1970; Sonnerup, 19721. 

Figure 2 shows the flow V and Lhe magnetic field B con-
figurations around an X-type neutral point. The plasma in-

flow takes place in the ±x direction. Pairs of magnetic field 

lines, such as ab and rd (identified via the plasma frozen to 
them), flow toward the magnetie neutral point. At that point 

YLx 

ao' 	c' c 

V 
 v 

bb' 	v 	 dd 

Fig. 2. Flow and magnetic field configuration around an X-Lype 
neutral point. 
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Lhe field lines reconnect to form new pairs of línes, a'c' and 

b'd', in the exil flow. The bulk of the plasma is accelerated to 

Lhe ejection flow speed via magnetohydrodynamic waves. The 
frozen field condition is valid everywhere except in lhe vicinhly 
of the X-type neutral point, in which resistive difl'usion of lhe 

magnetic fleld through lhe plasma takes place. Outside the 

diffusion region, magnetic flux is transported by convection 

due to the frozen field condition. 

A siniple three-dimensional system with antiparailel in-

cident magnetic fields would be a uniform extension of Figure 

2 in the y direction. In that case, the neutral point becomes a 

neutral line or reconnection line that lies paraliel to Lhe dircc-

tion ofthe current required by V x B = 47rj/c, as is illustrated 

in Figure 3a, This reconnection line has lhe scale length ofthe 

system in Lhe y direction and is characterized by the addi-

tional fact that its direction is normal to the infiow and 

outflow velocities and to the direction of the reconnecting 

components of the incident fields. These characteristics are 

assumed to remain invariant for a more general system wilh non-

antiparailel incident magnetic fields, Figure 3b iliustrates such 

a general system for magnetic field reconnection on a plane 

surface. The fields B 1  and B2  approach this surface from either 

side with velocities V 1  and V2  and with an angle a between 

them. The y axis is selected so that the y components of Lhe 

two fields are equal. The z components of B 1  and B2  are anti-

paraliel and connect with each other along Lhe neutral une. 

This neutral line is parailel to the y axis, since it is assumed to 

lie in the plane perpendicular to Lhe velocity vectors and to 

point in Lhe direction along which Lhe nonreconnecting field 

components are equal. This laLLer condition foliows from Lhe 

requirement that the magnetic force paraliel to the neutral une 

be zero in order that Lhe flow be confined to directions per-

pendicular to the neutral une. Since this force is given by lhe 

Maxwell stress tensor as (a/x)(BB) for the planar geom-

etry of Figure 3, it is assumed that the component of magnetic 

field in the direction of Lhe neutral une is continuous across Lhe 

boundary (V. Vasyliunas, private communication. 1973). 

The direction of lhe reconnection une of Figure 3b is again 

paraltel to lhe current fiowing near the neutral une because the 

only nonzero component of V X B is along the y direction. 

The reconnection une is also perpendicular to Lhe inflow and 

outflow velocity vectors and to the direction of Lhe re-

connecting components of the incident fields. A geomeLrical 

(a)L1-i 	
- 

a 

a 

(b)

. - 

7 JB 

2y 

Fig. 3. Three-dimensional magneLic ficld systems aI a plane 
reconnection houndary with (a) antiparaliel flelds anel (b) nonequal 
and nonantiparaliel fields. Thev axis in each drawing is paraliel to thc 

reconnection une.  

construction giving this direclion is obtained from viewing 

problem along Lhe x axis, as in Figure 'la, and drawing a 1 

joining the heads of the vectors B and B 2 . The perpendicu 

to this line gives the y direction. The angles that Lhe fields 

and B 2  make with Lhe reconnection une are a - $ and $, 
spectively, and are given from Lhe geometry in Figure 4a 

B2 — B 1 cosa 
= G(B/B2 , a) 

Sifl I3_2 +B 2 2BB 

B1  - B2  cos a 
sin 	- 	

(B 1 2  + B22  - 2B 1 B2  cosa 

The condition thaL reconnection occur for B5  ~: B 1  is sin (a - 

$) > O because only for this case are the z components of lhe 

two magnetic fields in Figure 4a antiparaliel. Thus the con-

diLion for reconnection is 

B > B2  cos a 

The case of no reconnection is illustrated by Figure 4b and 

given by Lhe condition 

B 1  5 B2  cos a 

Equations (3) and (4) allow the following conclusions. (l) For 

B2  = B, reconnection occurs for any nonzero angle, a, be-

Lween Lhe two magnetic fields. (2) For B2  > B 1 , reconnection 

does not occur for a range of nonzero angles. 

From Figures 3b and 4a lhe components of the fields that re-

connect are Lhe antiparallel ones, namely. 

= B sin (a - 

and 

B2 , = 8sin0 

(a) 

62 

1 

- - 

-k  
- 

a 

(c)  

E 
1 

E 
- \ 

- 	\N 

\ 
a 

Fig. 4. Diagrams illustrating lhe reconnection une and th 
a and 0 for lhe cases of (a) reconnection and (b) no re 
Diagram (c) illustrates Lhe electric fields. 
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For the systeni illustrated in Figure 3a the potential drop 
Iong the reconnection tine of Iength W is 

= E 1•jW = E2.jW 	 (7) 

where is a unit vector in the y direction and E 1  and E2, the 
convection electric fields at either side of the boundary, are 
given as 

	

E 1  = —(1/c)V 1  x B 1 	E2  = — (l/c)V 2 	x B 2 	(8) 

Since E 1  and E2  are parailel to the y axis, 

	

= (l/c)V 1 B 1 W = (1/c)V 2B 2 W 	(9) 

For the general case illustrated in Figures 3b and 4c the dcc-
Inc fields E 1  and E2  are not paraliel to the reconnection tine. 
Therefore aftcr some trigonometric simplification, (7) be-
comes 

	

4' = E1 W sin (a 
- 9) = E2 W siri 	$ 	(lO) 

The terms siri (a - $) and siri i9 are given by equations (2) and 
(1), and they witl be denoted as the functions Fand G. respec-
tively, in the remainder of this paper. 

By using previous definitions, the potential due to re-
connection can be written as 

= (l/c) V, B,WF(B I /B 2 , a) 

	

(1/c)V 2 B2 WG(B i /B 2 ,a) 	(II) 

When B 1  = B 2, F = G = siri a/2, and the reconnection une be-
comes the bisector of the reconnecting fields. 

RECONNECTION LINE AND POTENTIAL AT THE MAGNETOPAUSE 

The expressions obtained in the previous section will be ap-
plied to the magnetosphere with the foliowing identifications. 
First, I V1 x  B11 = ViB r, where V is the interptanetary 1low 
velocity and B, (B 2  + B 2) 2  is the transverse component of 
lhe interplanetary magnetic fieid B,. In reality, V 1  x B 1  should 
be given by Lhe magnetosheath quantities V. and BM. 
However, because the flow is assumed to be undeviated by the 
shock or in Lhe magnetosheath, V x Bi  = VM  X BM , and inter-
planetary vaiues may be used. In later discussions of the quan-
lity F(B 1 /82 , a) given by equation (2), B 1  must be reptaced by 
BM. 

Second, B2  = B, where BG  is the geomagnetic field at the 
hemispherical magnetopause. 

Finalty, a is the angle between & and BT, $ is the angle be-
lween BG  and the reconnection une, and W = irR, where R is 
lhe radius of the hemisphere. 

The major components of Lhe interplanetary rnagnetic field 
that influence reconnection are B y  and B 2 . Thus the geometry 
of the reconnection tine will be obtained under the .assump 
tion that Bx  = 0. A finite B x  causes the reconnection une to be 
disptaced from the nose of Lhe magnetosphere, since the E x B 
interptanetary flow direction becomes tilted with respect to the 
sun-earth tine. However, the magnitude of this displacement is 
diniinished by the presence of the bow shock, since the post- 
shock ftow tends to be oriented more along Lhe sun-earth tine 
than was the interptanetary llow. Since the spherical sym- 
rnetry of the magnetopause guarantees that the Iength and 
angular orientation of the reconnection une do not change 

tiy due to the displacement of Lhe reconnection une asso- 
with finite B., the efTect of this component of Lhe inter- 

tary fietd in the present model is assumed to be negligible. 
Th, discussion of the previous section on the properties of 

the reconnection tine has been givenTor the case in which Lhe 
field lines reconnect on a plane surface atong which the mag-
nitude and direction of both fields are constant. In the mag-
netospheric modet, however, the reconnection surface is a 
hemisphere on which the geomagnetie fietd varies in mag-
nitude and direction. Therefore some geometricat approxi-
mations are required to compute the orientation of the re-
connection tine. For a given vatue of B, a magnetic fietd tine 
touching the nose of the magnetosphere makes an angte co 0  
with the geomagnetic field aL Lhe nose, where 

Lan a0 = IByI/Bz 	1800 ~ a0  ~ O 	(12) 

and X, Y, and Z are the conventionai rectangular coordinates 
of the solar-magnetospheric coordinate system. At this point, 
the reconnection une makes an angie $ with the geomagnetic 
fietd. Neighboring interplanetary magnetic field tines that ap-
proach the hemispherical surface with the sarne BT  make an 
angte with the tocai geomagnetic field that is in general 
different from that given by (12) for reasons discussed above. 
Similarly, the angie $ that the reconnection tine makes Iocalty 
with the geomagnetic field differs from that defined at the nose 
because $ depends on a. These geometric difficulties witt be 
circumvented by first assuming that the magnetopause re-
connection tine is obtained as the intersection of the hemi-
sphere with the plane that contains the X axis and that makes 
an angle $ with the noon-midnight meridional plane of the 
hemisphere. 

A view from the sun of the reconnection une geometry is ii-
tustrated in Figure 5 for the case of a and $ constant along Lhe 
reconnection tine and a 0  = 120°. The interplanetary etectric 
field, E4  = —V, x B7/c, is perpendicular to BT and points in 
the direction indicated in the figure. Since the une 1 is per-
pendicular to E 4 , it is an etectric equipotentiat, and the po-
tential along the reconnection line is the sarne as the potentiat 
drop in the direction of the interplanetary electric field over Lhe 
distance L. Since L = 2RF(B M /B o, a0), 

= (21c)VIBTRF(BM/Bo, a 0 ) 	 (13) 

The timits of the reconnection tine on the hemisphere have 
been assumed to lie at ço = ±90°; as a result, Lhe length of the 
reconnection tine is overestimated because its termination at 
the polar cusps is neglected. This assumpLion also causes the 
potentiat to be overestimated. 

In the next section, a more realistic expression for 'F will be 

Fig. 5. Reconnection geometry as viewed from the sun. 
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obtained. based on better approximations for the geo-

magnetic and magnetosheath magnetic fleld magnitudes and 

geometries. 

QUANTITATIVE MODEL FOR THE POTENTIAL DUE TO 

MAGNF.TOPAUSE RECONNECTION 

In lhe previous section, a and $ were assumed to be con-

stant along the reconnection une, which was defined as Lhe in-

tersection of the hemisphere with the plane containing the X 

axis and making an angle 0, with Lhe noon-midnight 

meridional plane. This reconnection une is illustrated as W1  in 

lhe three-dimensional view of the hemispherical magneto-

pause given in Figure 6. The intersections of meridional planes 

containing the dipole axis of the earth with the hemisphere ot' 

radius R are indicated in one quadrant of Figure 6 as giving 

Lhe local direction of B 0 . For this magnetic field geometry, a 

increases along W1  with increasing distance from lhe nose. 

Thus 0 should increase with longitude, since 0 depends on a. 

However, B 0  decreases with distance from the nose; as a result, 

fi decreases. These Iwo effects approximately cancel, so that 

the angle $ between Lhe terrestrial magnetic fleld and Lhe re-

connection line should be approximalely constant with 

longitude. However, because the center of the hemisphere of 

Figure 6 is 5 R E  tailward of Lhe origin of the dipole magnelic 

fleld, a line on the hemisphere making a constant angle with 

terrestrial magnetic field lines curves poleward from W 1  with 

increasing longitude. Thus lhe correct reconnection line W2  is 

poleward of W1 , and hence iL lies more along lhe direction of 

the interplanetary electric fleld than does V1  (see Figure 5). 
For this reason, the potential $2  along W2  is greater than lhe 

potential $ along W 1 , which was computed in lhe last section. 

The geometric correction factor À $/$ has been cal-

culaled numerically on a spherical surface having a magneto-

pause magnetic fleld geomelry like lhal given in Figure 5 and a 

magnetopause field strenglh given by the Mead [1964] model. 

The results of this calculalion for three magnelosheath field 

strengths are illuslrated in Figure 7. The error bars of this 

figure include only uncertainties of the numerical procedure 

ulilized to determine Lhe orientation of W2 . Errors for those 

Fig. 6. The geometry of reconnection línes W, and W2  on a 
hemispherical magnetopause on which dipole magnetic fleld lines are 
drawn. 

3.5 

3.0 
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CI., DEGREES 

Fig. 7. The geometrical correction factor À(a,). 

data points not having error bars are comparable to Lhe size 

Lhe data points. The curve À(a 0 ) = (sin a 0/2)' fit 

numerical estimates aL large values of a 0  wilh an accur 

comparable to that of lhe numerical analysis. For small a 0  

discrepancy between the numerical estimates and the above 

formula is greater, but this difference is less importaM both be-

cause $ is small and because À(a 0) is overestimated for sm 

a 0, as is discussed below. Thus a simple correction for thc' 

crease of polential due to the poleward shift of lhe reconn 

tion line in lhe spherical geometry is À(a o ) = (sin a o/2) . a, 

the corrected expression for lhe magnetopause potenlial 

comes 

- 2 V,.BTRF(Bu / B(; , a,,) 

- 	 c sin a0/2 

Since lhe funclion F depends on Lhe magnetosheath ti 

strength BM, its calculation from inlerplanelary data requirc 

estimating lhe amplification factor q BM/BT. Because 

magnetosheath rleld is observed to be larger than Lhe nt, 

planetary field, an extreme lower limil for  is 1. Similar, 

magnetosheath field is limited by pressure balance 

quirements to less than the geomagnetic fleld. Therefore au 

treme upper limit for q is B,;/B,, which for normal solar o 

conditions (B, 70 y, 8 7 ') gives q = lO. Thus 

1 < q < lO 

The reasonable value, q = 5, is assumed in lhe niock. 

justification of this value and discussion of effecls 

choices are given in lhe following section. Thus for B, 

at Lhe nose of lhe magnelopause Lhe final expression 

polential given by the model is (14) with 

F(BM/BG, a0) = O 

for cos a 0  ~: B/14 and B < 14, 

F(B,/B 0 , ao) 	
14 cosa. - 

 
(BT - 28BT cosa,, + 196) 

for cos a0  < Br114 and B.1. < 14, and 

F(BM/B(,, a0 ) = sin (a 0/2) 

for B,. ~ 14. 

Figure 8 gives graphs of(14) and (16) from sohicli ,  

polar cap potential may be computed for a range 

lhe Y and Z components oí the interplanelarv magi. 

The value V, = 300 km/s has been used for lhe 



GONZALEZ AME) MozeR: A QUANTITATIVE RECONNECTION MODEL 
	

4191 

(1) 

1- 
-J 
o 
>2 
o 
-J 

o 

-lO -B -6 -4 -2 O 2 4 6 8 lo 

B Z ,GAMMAS 

1 .  Electric potential curves for a range of vatues of lhe Y and 
c;;)allents aí lhe intcrplanetary magnetic field. For the best agree-

cnwith lhe experirnent, lhe model potential should be multiplied by 

ity in computing the family of curves of Figure 8, and Lhe 

softhe magnetopause has been set to 15 R. During ac-

times this radius is smaller, and Lhe solar wind velocity 

he higher. Thus corrections to the potentials of Figure 8 

he of Lhe order of a factor of 2 during extremelv active 

he estimates of Figure 8 and the validity of the present 

lei are limited to values of B r  less than about lO y. This is 

iarily because fl, approaches its smallest possible value for 

en % ( -. a 0/2) as the magnetosheath fleld strength ap-

tches Lhe magnetopause field strength. Thus the reconnec-

une W2  becomes more poleward as Br  increases. In 

ii. this poleward displacement is limited by Lhe fact that 

ininiediate postreconnection flow, being perpendicular to 

reconnection une, would be opposed to Lhe incident solar 

J Flow if the reconnection tine were tocated at a high lati-

:. In this case Lhe reconnection Une might be displaced 

atorward by the incident solar wind flow or else reconnec-

rnght cease because iL would not be the easiest mech-

a for allowing the solar wind to flow around Lhe obstacle. 

ither case Lhe present model overestimates Lhe actual p0-

ai by an amount that probably becomes unrealisLically 

e for Br  > 10 . Thus Lhe present calculations have been 

llllated aL this value of Lhe transverse component of Lhe in-

ianetary magnetic field. The effects described above can 

,to be discerned aL Lhe largest values of B y  in the curves of 

hC 8. 

EMPIRICAL MODEL FOR THE POTENTIAL DuE TO 

MAGNETOPAUSE RECONNECTION 

mple means of testing Lhe model calculation of the po-

Ial due to magneLopause reconnection is through its com-

son with observations of polar cap ionospheric electric 

Is, since such fields may be Lhe direct manifestation of Lhe 

rnnection process. Mozer et al. [1974] have measured íono-

-rie polar cap electric fields at Thule, Resolute Bay, and 

ihridge Bay for the period of September 3-6, 1971, by us-

balloon techniques that ajft described by Mozer and Serlin 
01. The magnetic latitudes of Thule, Resolute Bay, and 

ihridge Bay are, respectively, 87°, 84°, and 78°. From Lhe 

sis of the dawn-to-dusk component of the electric fields 

rved at Resolute Bay and Cambridge Bay in empirical 

e of 3000 km for Lhe polar cap size has been obtained 

ualez, 19731. The model potential obtained from inter- 

planetary magnetic field measurements made during the bal-

loon flighs (D. H. Fairfield, private communication, 1973) has 

been divided by this polar cap scale size to obtain a model elec-

tric fieid sLrength that can be compared with bailoon mea-

surements under Lhe assumption that the polar cap potential 

distribution is uniform. Hourly averages of Lhis computed 

electric field are plotted in Figure 9 together with Lhe mean of 

Lhe dawn-to-dusk components of the electric fields observed at 

Thule and Resolute Bay. The magnitude of the theoretical 

curve of Figure 9 is larger than Lhe experimental data by an 

average factor of about 3, and the time variations of the theo-

retical and experimental curves are very similar, 

In Figure lO the dawn-to-dusk componenLs of Lhe average 

measured electric field are plotted against the electric field 

computed from Lhe model for different ranges of a 0 . The 45° 

lines represent the curve expected if Lhe model field were 3 

Limes larger than Lhe measured value. Some part of Lhe spread 

of Lhe data points in this figure may be aLLributed to the 

variable time lag between the presence of an interplanetary 

magnetic field and its ionospheric manifestation and to the facL 

that Lhe measured electric field can be negaLive, whereas the 

model field cannot. Mean values ofthe ratio ofthe measured 

to model electric field are given in Table 1 for Lhe data of 

Figure lO, in which q = 5. Values of Lhe above ratio for q = 2 

and q = 8 are also given in Table 1. From this table Lhe average 

ratio of Lhe measured to the cornputed polar cap electric field 

for Lhe best choice ofq = 5 is 0.35. The deviaLion ofthis ratio 

from unity results from Lhe simplifying assumptions in the 

model that cause an upper limit estimate for Lhe computed 

electric field. The most important of Lhe assumptions are that 

Lhe flow to Lhe magnetopause is rectilinear (Figure Ia) and thaL 

Lhere is no limitation imposed on Lhe reconnection rate by Lhe 

incident llow speed exceeding the Alfvén speed. That the 

model yields a reasonably small overestimate of Lhe electric 

field is Lhe strongest justification for these assumptions. 

From Table 1 it is also clear that factor of 2 changes in the 

comparison between the model and experiment can be in-

duced by extreme changes in Lhe value of the amplification fac-

tor q. In any case, for reasonable values of Lhe amplification 

factor, the model predicts an upper limit for the magneto-

spheric potential that exceeds that for Lhe experiment by a fac-

tor of about 3. The besL empirical fit, using q = 5, is 

	

+emplr$cal = 0.354) mode l 	 ( 17) 

where CP~11  is giveri by the curves of Figure 8. 
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Fig. 9. Hourly averages of the niodel electric field and Lhe mean of 
Lhe dawn-to-dusk components of the field measured at ResoluLe Bay 
and Thule. The vertical scale aí Lhe model field is a factor of 3 greater 
than that of Lhe measured field. 
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Fig. lO. Hourly averages of Lhe average of Lhe dawn-to-dusk com-
ponent of the electric fields measured ai Thule and Resolute Bay, 
plotted against the electric field computed from the model for different 
ranges of a0. 

The above comparisons of Lhe model potential with batloon 

electric field measurements require Lhe assumption that Lhe 

electric field is spatially uniform. Although this assumption 

may be valid for a large-scale average comparison, some pari 

of the deviation between Lhe model and experiment cari be ac-

counted for by Lhe known nonuniformity of Lhe polar cap elec-

tric field [Heppner, 19721. In this regard, iL is interesLing to note 

that Lhe model predicts nonuniformities of the kind that are 

observed because the curvature of Lhe reconnecLion tine (W, of 

Figure 6) implies that most of the potential drop occurs aL dis-

tances lar from Lhe nose. This result fotiows from Lhe fact that 

a curved reconnection tine is most parailel to Lhe inLer -

planetary electric field direction aL targe distances from the 

nose (Figure 5). This nonuniformiLy witi be considered in a 

later publication. 

Another important consequence of Lhe curvaLure of Lhe re-

connection tine is that Lhe potenLial of (14) becomes in-

dependent of a 0  for large B.. As B M  qBr  approaches B0 , F 
approaches sin a 0/2. and Lhe a dependence in (14) disap-

pears. This behavior is illustrated in Figure II in which model 

equipoLenLial contours are ploLted as functions of By  and B. 
Since the contours Lend to become circular with centers aL Lhe 

origin as 4' increases, Lhe model potential tends toward be-

coming independent of the direction of Lhe interplanetary 

magnetic field and to depend only on its magnitude. This effect 

is probably overesLimated in Lhe presenL model because iL is 

related to the poleward extension of W,, which is itself over-

esLimated owing to neglect of postreconnection flow effects, as 

B z  

4-- 
0 	10 JkV 

By  

Fig, 1. EquipotentialcontoursofthemodelelectrietieldploltedàN  
functions of B y  and 8. 

was discussed earlier. However, the tendency for Lhe polar cap 

potential to become independent of the interplanetary mag-

netic field direction for large fields must exist in the real prob-

tem to complicate correlations between geophysical param. 

cLers and the southward component of the interplanetary 

magnetic field. 

IMPLICATIONS FOR THE MAGNETOSPHERE 

Knowledge of the properLies of the reconnection tine and of 

the potential due to magnetopause reconnection alias da-

cussion of some magnetospheric implications, In the model lhe 

reconnecLion une lies in Lhe ecliptic plane when the 

planetary magnetic field is purely southward. The prese 

the Y component of Lhe interplanetary magnetic field 

Lhe reconnection une to rotate around Lhe earth-sun ax 

clockwise direction if By  is negative and in the countei 

wise direcLion if By  is positive. Since the immediate 

connection flow is normal to the reconnecLion tine, therei 

thus a Lendency for Lhe polar cap flow to occur predorninate 

over the morning side of Lhe northern hemisphere when By  >11 

and over the afternoon side when B y  < O. Thus Lhe ï , 
ponent of Lhe interplanetary magnetic field causes rotationd 

Lhe Lwo-cell magnetospheric convecLion pattern aroun 

sun-earth tine LbaL shifts Lhe flow patLern Loward dawn c 

in Lhe northern hemisphere and toward dusk (dawn) 

southern hemisphere when B y  > O (By  < O). The 

sequences of Lhe shifL of Lhe two-cell convecLion pattern 

norLhern hemisphere are Lhe following: 

1. The dawn-to-dusk convecLion electric field oe 

polar cap has a maximum at local niorning (eveninl 

B > O (B < O). 
2. The return llow, associated wiLh Lhe auroral da• 

- 	
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TABLE 1. Ratio of Measured to Computed Electric Fields for Various Ranges of o 
and Values of tho Panplification Factor q 

00 5 a o  5 80° 800 	s a o  s 100° 100° < 	120 °  120 1 	<00 5 130 1  

q = 2 	0.76 0.59 0° .43 0.37 

q = 5 	0.36 0.35 0.35 034 

o = 8 	0.18 0.24 0.31 0.3 
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eonvection electric field, reaches higher latitudes in the 
ing (morning) when By  > O (B y  < O). 

1 The ionospheric Hall currents associated with the tilted 
II convection pattern can cause geomagnetic field 
ions near local noon like those previously observed with 
d magnetometers. 

bservational evidence for the shift of the two-cell convec-
panem and the three consequences discussed above has 
presented [Mozer et al., 1974; Mozer and Luche, 1974] by 
electric field balloon observations. 

Similarly, the direction and magnitude of Bx  should in- 

the location of the polar cap in a way that has not yet 
observed. For example, if B x  < O, B = O, and B z  > 0, 
mterplanetary magnetic field tines are inclined, so that the 

anetary E X E flow approaches the earth from above 
northern hemisphere; as a result, the nose of the magneto- 

is displaced northward from the equatorial plane. This 
lisplacement should cause the ionospheric two-cell convec- 
bon panem to shift sunward in the southern hemisphere and 
talward in the northern hemisphere. Thus when BB z  < 0, the 

lanhem hemisphere polar cap should shift tailward and the 
sotahern hemisphere polar cap should shift sunward, whereas 
for ix8g  > O the opposite should occur. Such effects should be 

ed for in experimental data. 

	

The power 	dissipated by Joule heating along the mag- 
use may be estimated for an arbitrary interplanetary 
ic field from the model calculation of the electric po-
and an estimate of the total current / that is obtained 

knowledge OfVXE"-' ABI& where AB is the change of 
etic field across the magnetopause and (5 is the thickness 

the magnetopause. For V, = 400 km/s, B y  = 6 •y, and B z  = 

1, the power dissipated is —10" ergs/s [Gonzalez, 1973]. 
energy heats particles near the magnetopause, and such 

tcks precipitate mostly in the polar cusp ionosphere or es-

into the interplanetary medium. 
Terrestrial magnetic field tines that reconnect at the day side 

etopause are stretched back by the solar wind to form the 
netospheric tail of length T. The energy gained by 
hing these field lines is the energy input into the mag-
phere by magnetopause reconnection. The power trans-
to the magnetosphere is the integral over the tail of the 

ting flux in the Z direction. Thus 

P= —
c 

f dA• E X B = f dX dY E y Bx 1 	(18) 
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Ey  is the cross-tail electric field and B x ' is the tail mag-
ic field. By defining j-Bx ' dX = T, where É is therefore the 
age tail magnetic field strength, and taking into account 
entributions from both hemispheres, the expression for 
power transferred to the magnetosphere is given by 

P = (c/210$T (19) 

e É may be estimated as the total number of field 
connected on the day side in the time TI V,, divided by the 

cross-sectional area of the tail, r/2 2/2. Thus 

= (2c./7rR 2 )(T/ V,) 
	

(20) 

rom (19) and (20), 

P = c2.2 T2/71- 2 V,R 2 
	

(21) 

The steady state additional energy in the tail due to mag-
opause reconnection 8 is the power P times T/ V,, the time 

that it takes for the solar wind to travei the length of the tail. 
From the above expressions, 

= c 24) 2 7.3/71. 2 v i2 Ri 	
(22) 

The length of the tail can be estimated from the following 
argument [Dungey, 1965]. The time required for the feet of the 
traveling field lines to cross the polar cap ionosphere, of scale 
length d, in the sun-to-tail direction, is approximately d,1 

with 1/, = cErIB,„ where E, and B, are the ionospheric polar 
cap electric and magnetic fields. In the interplanetary medium 
these field lines move with the solar wind speed V, and spend 
a time TIV, along the length of the tal!. Since these times 
should be approximately equal, 

T 	V,d,B,IcE, 	 (23) 

The ionospheric polar cap electric field E, is given by 4>/d2, 
where 43 is the potential due to magnetopause reconnection 
and (12  is the scale length of the ionospheric polar cap in the 
dawn-to-dusk direction. Therefore 

T 	clic4V,B elc(1) 	 (24) 

By using this expression for the length of the tail T in (21) 
and (22), the power and energy input to the magnetosphere 
can be written as 

P 	(d,d2 )2  V, B, 2 /7r 2 R 2 
	

(25) 

(d 1 d2 )3  V;  B„ 3 /7r 2R 2ccla 
	

(26) 

tf the dependence of either the lengths of the tail or the polar 
cap on the magnetospheric potential were known, the above 
expressions could be used to calculate energy input and 
storage in the magnetosphere for an arbitrary direction of the 
interplanetary magnetic field. In the absence of such knowl-
edge, one can obtain typical values of these quantities from 

empirical data. If the values d 1  = d2  = 3000 km, V, = 400 

km/s, R = 15 R x, B e  = 0.6 G, and ci) = 50 kV are used, then 
the length of the tail is T — 600 RE, the power input to the tail 

is P 5 X 10" ergs/s, and the energy in the tail is 6 — 10" 
ergs. Therefore the energy input to the magnetosphere by re-
connection is sufficient to power ali known magnetospheric 
processes. 

CONCLUS1ONS 

A quantitative three-dimensional model for the electric po-
tential arising from magnetopause reconnection has been ob-
tained in which several approximations concerned with the 
configuration of the magnetosheath flow, limitations on the 
magnitude of the reconnection speed, and geometry of the 
problem have been made. These approximations are such that 
the model gives an upper limit for the potential. However, 
when the ionospheric polar cap electric field computed from 
the model is compared with that measured on balloons, there 
is agreement to better than a factor of 3, as is shown in Figure 
9. Therefore the model can be compared to observations of 
magnetospheric quantities relevant to it, of which polar cap 
electric fields are the most immediate. The magnetospheric po-
tential is given in Figure 8 for a wide range of the Y and Z 
components of the interplanetary magnetic field. For best 
agreement with the experiment, the potential obtained from 
this figure should be multiplied by the empirical correction fac-
tor, 0.35. 

It is concluded that magnetopause reconnection is a highly 
efficient process that is probably the dominant mechanism 
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driving polar cap convection and supplying energy to the mag-
netosphere. From these and other considerations, it seems that 
the most efficient way for the solar wind to pass the magneto-
spheric obstacle is via magnetopause reconnection. 

One problem that remains unresolved is Lhe magnetosheath 
flow configuration when magnetopause reconnection is con-
tinuously present. This flow cannot be obtained unless a com-
plete and self-consistent solution is found. Progress in this 
direction is being made (V. Vasyliunas, private com-
munication, 1973). The results obtained from Lhe present 
model suggest that Lhe magnetosheath flow configuration may 
depart considerably from the closed model solution, especially 
when the interplanetary magnetic field is large or southward. 
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