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T h e concep t of magne t i c r e c o n n e c t i o n 
or ig ina ted with t he sugges t ion by Giovanelli 
[1946] tha t part icles could b e ene rg i zed d u r 
ing solar flares n e a r nul ls in t h e magne t i c 
field. Hoyle [1949] subsequen t ly p r o p o s e d 
tha t such a process cou ld also act at nulls be
tween t h e geomagne t i c field a n d t h e in te r 
p lane ta ry magne t i c field ( IMF) to g e n e r a t e 
t he ene rg ized part icles respons ib le for a u r o 
ral displays. Howeve r , t h e idea of t h e in ter 
connec t ion of t h e two magne t i c fields, as we 
know it today , was first p r e s e n t e d by Hoyle ' s 
s tuden t , Dungey [1953 , 1961] . 
A s imple theore t ica l basis for r econnec t ion 
can be de r ived f rom O h m ' s law which, for a n 
electrically c o n d u c t i n g fluid (a p lasma) of sca
lar conduct ivi ty a , has t h e f o r m : 

j = a (E + v x B) (1) 

w h e r e j is t he c u r r e n t densi ty , E a n d B a r e 
the electric a n d magne t i c fields a n d v is t he 
p lasma velocity. Us ing two of Maxwell 's equa 
t ions, Faraday ' s a n d A m p e r e ' s law ( the la t ter 
neglec t ing t he d i sp l acemen t c u r r e n t because 
cr is h igh) : 

dB/dt = - V x E (2) 

N = V x B (3) 

w h e r e u, is t he permeabi l i ty of t he m e d i u m , 
equa t ion (1) can be wr i t ten as 

dB/dt = V x (v x B) + V 2B/(cr (x) (4) 

T h e rat io of t he first ("convective") t e r m 
over the second ("diffusive") t e r m o n t h e 
r i gh t -hand side of e q u a t i o n (4) is called t h e 
magne t i c Reynolds n u m b e r , R m . T h i s is of or 
d e r VCTUL, w h e r e L a n d V a r e t he cha rac te r 
istic scale l eng th a n d speed of t h e p la sma , r e 
spectively. I n t h e m a g n e t o s p h e r e a n d in ter 
p lane ta ry space, L a n d a a r e so l a rge t ha t R m 

~ 1 0 1 5 a n d ~ 1 0 1 2 , respectively, a n d t h e sec
o n d t e r m in (4) is negl igible . T h e m a g n e t i c 
field t h e n moves with t h e p l a sma ( the m a g 
netic flux is "f rozen in" with t h e p l a sma 
flow). If this cond i t ion strictly app l i ed , t h e n 
the superson ic solar wind flow, with t h e I M F 
(which is of solar or ig in) f rozen in it, wou ld 
compress t he days ide g e o m a g n e t i c field unt i l 
p r e s su r e ba lance was achieved (F igure l a ) . 
T h e shocked solar wind p la sma of t h e " m a g -
n e t o s h e a t h " is kep t a p a r t f rom t h e p l a sma of 
the m a g n e t o s p h e r e a n d t h e b o u n d a r y be

tween the two, t he m a g n e t o p a u s e , car r ies a 
c u r r e n t associated with t h e d iscont inu i ty in 
the magne t i c field. All g e o m a g n e t i c field lines 
a re t h e n t e r m e d "closed," which m e a n s they 
connec t t he i o n o s p h e r e s of o p p o s i t e h e m i 
sphe res . Howeve r , t he m a g n e t o p a u s e c u r r e n t 
layer would t h e n be so n a r r o w tha t L (and 
hence R m ) is small e n o u g h for t he second 
t e r m in (4) to b e c o m e i m p o r t a n t , tha t is, t h e 
magne t ic field diffuses t h r o u g h t h e p lasma in 
the b o u n d a r y (F igure lb). At t h e c e n t e r of 
the c u r r e n t sheet a s o u t h w a r d c o m p o n e n t of 
the m a g n e t o s h e a t h field (as s h o w n in F igu re 
1) a n d the opposi te ly d i r ec t ed g e o m a g n e t i c 
field line fo rm an "X-l ine" ( e x t e n d i n g o u t of 
the page) . T h e process of field lines diffusing 
into the X-line a n d t h e n o u t with a d i f ferent 
conf igura t ion is called m a g n e t i c r e c o n n e c t i o n 
a n d p r o d u c e s " o p e n " m a g n e t i c field lines tha t 
directly connec t t h e i o n o s p h e r e with t h e in
t e rp lane ta ry m e d i u m , t h r o u g h t h e m a g n e t o 
pause . T h e e n s e m b l e of all o p e n field lines 
m a p to two la rge a n d r o u g h l y c i rcular r e 
gions in t h e i o n o s p h e r e (of var iab le r ad iu s of 
o r d e r 2000 km) called t h e po l a r caps . T h e 
ra te at which magne t i c flux is o p e n e d p e r 
uni t l eng th of X-line is called t h e r e c o n n e c 
tion ra te a n d by Fa raday ' s law is equ iva len t to 
an electric field E a l o n g the X-line consis tent 
with bo th t he m o t i o n of IMF/c losed field lines 
toward t h e X-line a n d t h e m o t i o n of o p e n 
field lines away f rom it. A vol tage t h e r e f o r e 
exists across t h e l eng th of t h e X-l ine, equa l to 
the in tegra l of t he r e c o n n e c t i o n r a t e a l o n g 
tha t l eng th . 

T h e r e a r e four ma in pieces of observa t ion
al ev idence tha t this r e c o n n e c t i o n be tween 
the magne t i c fields of t h e E a r t h a n d in ter 
p lane ta ry space does i n d e e d occu r [Cowley, 
1984]. 

1. I n s teady state t he r a t e at which m a g 
netic flux en t e r s t h e po l a r c a p (equal to t h e 
voltage across t h e m a g n e t o p a u s e X-l ine 
w h e r e field lines a r e o p e n e d ) wou ld equa l t he 
ra te at which it leaves t he p o l a r c a p (equal to 
the vol tage across an X-line in t h e g e o m a g 
netic tail w h e r e field lines a r e closed again) 
a n d so would also equa l t h e vol tage across t h e 
po la r cap (see Lockwood et al. [1990] for fur
t he r discussion). Obse rva t ions of low-al t i tude 
po la r -orb i t ing satellites, which a s s u m e such a 
steady state, show tha t this t r a n s p o l a r vol tage 
increases w h e n t h e s o u t h w a r d c o m p o n e n t of 
the I M F increases , b u t has a cons tan t , lower 
value for n o r t h w a r d I M F . T h i s behav io r is 
consistent with a d o m i n a n t r e c o n n e c t i o n 
process , which is mos t efficient w h e n t h e I M F 
has a s o u t h w a r d c o m p o n e n t (see review by 
Reiff and Luhmann [1986]). 

2. F i e ld -pe rpend icu l a r flows a n d c u r r e n t s 
in t he days ide po la r c a p a r e con t ro l l ed by the 
B y (dawn-dusk) c o m p o n e n t of t h e I M F in a 
way tha t is consis tent with t h e effect of m a g 
netic tens ion o n o p e n field l ines. T h i s "Sval-
g a r d - M a n s u r o v " effect can also exp la in t h e 
observed m o r p h o l o g y of field-aligned c u s p 
c u r r e n t s [Saunders, 1989] . Also obse rved a r e 
B y - d e p e n d e n t a symmet r i e s in p l a sma p o p u l a 
tions a n d magne t i c field in t h e o u t e r m a g n e 
to sphe re , which a r e also cons is tent with re 
connec t ion . 

3 . Energe t i c part ic les of solar o r ig in a r e 
known to have r eady access to t h e i o n o s p h e r 
ic po la r caps , for e x a m p l e , d u r i n g Solar P ro 
ton Events . T h i s is consis tent wi th t h e in ter 
connec t ion of t he magne t i c fields of solar a n d 
terres t r ia l or ig ins . 

Fig. 1. (a) I n t he absence of magne t i c field diffusion the m a g n e t o p a u s e is an i m p e r 
meab le , c u r r e n t ca r ry ing b a r r i e r b e t w e e n t h e magne t i c fields of t he E a r t h a n d in t e rp l an 
etary space, (b) Wi th a l lowance for diffusion at t h e m a g n e t o p a u s e t he magne t i c fields 
can cont inuous ly r econnec t , (c) If t h e r a t e of r econnec t ion varies, bubbles in t he m a g n e 
topause may fo rm, which is o n e r ecen t exp l ana t i on of "flux t r ans fe r events ." 

This page may be freely copied. 



Eos, Vol. 71, No. 20, May 15, 1990 

4. Particles a r e ene rg i zed by magne t i c r e 
connec t ion a n d h igh - speed flow s t r eams a r e 
observed. Stress a n d e n e r g y ba lance tests o n 
particles a n d fields n e a r t he days ide m a g n e t o 
pause give resul ts cons is tent with t he recon
nect ion process . 

Transient Bursts of Reconnection and 
FTEs 

Because t he m a g n e t o s p h e r e a n d m a g n e t o -
shea th a r e bo th highly var iable , it is likely 
that s teady r econnec t ion at a cons tan t r a t e 
will be the excep t ion r a t h e r t h a n the ru le . 
Russell and Elphic [1978] a n d , i n d e p e n d e n t l y , 
Haerendel et al. [1978] , f o u n d character is t ic 
s igna tures of t he magne t i c fields a n d part ic le 
popu la t ions n e a r t he m a g n e t o p a u s e tha t they 
i n t e r p r e t e d in t e r m s of t r ans ien t r econnec 
tion, respectively call ing t h e m "flux t r ans fe r 
events" (FTEs) a n d "flux e ros ion events . " 
Subsequen t s tudies showed tha t these events 
occur p r e d o m i n a n t l y d u r i n g s o u t h w a r d I M F , 
with a m e a n repe t i t ion p e r i o d of a b o u t 8 
min , which s t rongly s u p p o r t s an i n t e rp re t a 
tion in t e r m s of magne t i c r econnec t ion . T h e 
concep t p u t fo rward by Russell a n d Elphic 
was tha t an isolated t u b e of newly o p e n e d 
magne t ic flux con ta in ing a m i x t u r e of mag
n e t o s p h e r e a n d m a g n e t o s h e a t h p lasma was 
d r a g g e d over t he m a g n e t o p a u s e , past t he 
spacecraft , giving the m o d e l of F T E s d e m o n 
s t ra ted by F igu re 2a. In this m o d e l , t he re
connec t ion of t h e isolated t u b e took place at 
some t ime p r io r to t he satellite observa t ion . 
However , F T E s of ten show s t reams of 
w a r m e d e lec t rons (energ ies of a b o u t 100 eV) 
on the b o u n d a r i e s of t h e r eg ion t h o u g h t to 
conta in newly o p e n e d flux, sugges t ing tha t 
some reconnec t ion was c o n t i n u i n g at t he t ime 
of such F T E observa t ions . T h e s e cons ider 
at ions led Southwood et al. [1988] a n d , i nde 
penden t ly , Scholer [1988] to suggest a some
what di f ferent m o d e l of F T E s , shown in Fig
ures \c a n d 2b. 

F r o m conserva t ion of e n e r g y a n d mass , it 
can be simply shown tha t t he ang le of t h e 
outflow "wedges" (see F igu re lb), a, increases 
with the r econnec t ion ra te E. F igu re \c shows 
how a t rans ien t bu r s t of inc reased r e c o n n e c 
t ion ra te could t h e r e f o r e give two "bubb les" 
of mixed m a g n e t o s h e a t h a n d m a g n e t o s p h e r e 
p lasma in t he m a g n e t o s p h e r i c layer, o n e o n 
each side of, a n d m o v i n g away f rom, t h e X-
line. T h e bubbles a r e s andwiched be tween 
two shock f ronts g e n e r a t e d by the r e c o n n e c 
tion. Southwood et al. [1988] a n d Scholer [1988] 
have po in t ed o u t t ha t such bubbles cou ld 
have all t he obse rved fea tures of F T E s , in
c lud ing the e lec t ron s t reams , because s o m e 
reconnec t ion can c o n t i n u e af ter t h e fo rma
tion of the bubb le . I n t h r e e d i m e n s i o n s a n d 
for the simplified case of cons tan t E a l o n g 
the X-line, these bubbles a p p e a r as cyl inders 
in the m a g n e t o p a u s e layer, of t h e s a m e 
length as t he X-line (F igure 2b). 

A major d i f ference be tween these two F T E 
models is tha t in t h e S o u t h w o o d et al . /Scholer 
case the r econnec t ion occurs at a n X-line tha t 
n e e d no t be longi tudinal ly res t r ic ted . T h i s 
means tha t t he total a m o u n t of o p e n m a g n e t 
ic flux a d d e d to t he po la r cap in each even t 
can be cons iderably g r e a t e r t h a n in t h e circu
lar flux tube p a r a d i g m of Russell a n d Elphic . 
Consequent ly , t he vol tage app l i ed to t he mag
n e t o s p h e r e by each event , which a p p e a r s 
across the po la r cap , can also be c o r r e s p o n d 
ingly g rea te r . A n o t h e r m o d e l of F T E s by Lee 
and Fu [1985] invokes mul t ip le X-lines, giving 
flux tubes with highly twisted magne t i c fields 
on m a g n e t o p a u s e , a n d again t he X-lines can 
be e longa ted (F igure 2c). 

Importance of Ground-Based 
Observations 

T h e var ious mode l s of F T E s have i m p o r 
tant a n d dif ferent impl icat ions for t h e cou
pl ing of the te r res t r ia l p lasma e n v i r o n m e n t to 

in t e rp lane ta ry space. Obse rva t ions by a single 
spacecraft n e a r t he m a g n e t o p a u s e only tell us 
abou t t he event d i m e n s i o n in t h e di rect ion of 
mot ion of the even t ( rough ly n o r m a l to t he 
X-line), whe reas to d i f ferent ia te be tween the 
above mode l s we m u s t def ine t h e l eng th of 
the X-line, o r i n d e e d see if t h e r e is m o r e t h a n 
o n e X-line. Sufficient coverage of t he vast 
a rea of t he days ide m a g n e t o p a u s e by m a n y 
spacecraft is no t a viable p ropos i t ion . Howev
er, t h e r e is an a l te rna t ive in t ha t we can 
search for s igna tures of t r ans i en t r econnec 
tion in t he dayside a u r o r a l i o n o s p h e r e . T h e 
equator ia l m a g n e t o p a u s e a n d t h e high-lati
t u d e i o n o s p h e r e a r e c o n n e c t e d by highly con
duc t ing field lines tha t can t r ansmi t stress via 
Alfven waves. P red ic ted flow a n d field-
a l igned c u r r e n t s igna tu res c o r r e s p o n d i n g to 
the F T E mode l s shown in F igures 2a-2c a r e 
p r e s e n t e d in F igures 2d-2f (after Southwood 
[1987], M. Lockwood et al., u n p u b l i s h e d 
manusc r ip t , 1990, Wei and Lee [1990] a n d Lee 
[1986], respectively). In o r d e r to expla in 
m a g n e t o p a u s e F T E s igna tu res , the Russell 
a n d Elphic mode l flux t ube m u s t have a di
a m e t e r of o r d e r 1 R E at t h e m a g n e t o p a u s e , 
whereas t he cyl inders in t h e Sou thwood / 
Scholer m o d e l could , in theo ry , be over 10 R E 

in length . In add i t ion , t h e m a p p i n g of field 
lines f rom the m a g n e t o p a u s e to the days ide 
au ro ra l i o n o s p h e r e is no t k n o w n in detai l . As 
a result , we may be sea rch ing e i the r for 
small-scale (lOO^km)) t r ans i en t events in the 
i o n o s p h e r e o r for var ia t ions tha t cover a 
large fraction of t he days ide a u r o r a l oval. 
T h i s search mus t be m a d e us ing g r o u n d -
based o r ba l loon-borne r emote - sens ing in
s t rumen ta t i on as t he spa t ia l / t empora l ambigu
ity of in situ da t a f rom satellites, d u e to the i r 
mot ion , p reven t s events of t he shor t d u r a t i o n 
of F T E s be ing u n a m b i g u o u s l y observed . 

A major p r o b l e m in s ea rch ing for signa
tu res of t rans ien t r econnec t ion in g r o u n d -
based da ta is tha t t h e r e a p p e a r s to be a n u m 
ber of ways tha t a t r ans ien t flow a n d c u r r e n t 
event can be g e n e r a t e d in t he days ide a u r o r a l 
i onosphe re . For e x a m p l e , Farrugia et al. 
[1989] have shown tha t a r a p i d compress ion 
of the m a g n e t o s p h e r e , caused by an increase 
in solar wind dynamic p r e s s u r e , g e n e r a t e d a 
s igna tu re at a wide variety of days ide m a g n e 
t o m e t e r stations a n d tha t this s igna tu re was, 
for m a n y stations, as h a d b e e n p red ic t ed for 
o n e stat ion for a small c i rcular F T E flux 
tube..Sibeck et al. [1989a] have shown tha t 
o t h e r t rans ients , previously i n t e r p r e t e d as 
possible F T E s igna tures , could also have been 
caused by dynamic p r e s s u r e effects. T h e s e 
ionospher ic effects of d y n a m i c p re s su re 
changes can be exp la ined by a recen t theory 
tha t involves magne t i c field g rad ien t s close to 
the equa tor ia l m a g n e t o p a u s e [Southwood and 
Kivelson, 1990; L. C. Lee , u n p u b l i s h e d 
manusc r ip t , 1990]. M u c h d e b a t e has been 
g e n e r a t e d c o n c e r n i n g w h e t h e r F T E s o r p res 
su re pulses a re t he cause of observed t ran
sient s igna tures [Lanzerotti, 1989; Sibeck et al., 
19896]. 

T r a n s i e n t events t ha t m a y have b e e n F T E 
s igna tures have b e e n obse rved in t he days ide 
au ro ra l i o n o s p h e r e by a n u m b e r of tech
niques , inc lud ing m a g n e t o m e t e r s , c o h e r e n t 
r ada r , i ncohe ren t scat ter r a d a r , bal loon-based 
electric field observa t ions , a n d optical ins t ru
men t s (see reviews by Lockwood et al. [19896]; 
M. Lockwood et al., u n p u b l i s h e d manusc r ip t , 
1990). Each of these t echn iques has advan
tages a n d d i sadvantages . Fo r e x a m p l e , in ter-

l b ) (c) 

Fig. 2. T h r e e mode l s of flux t r ans fe r events . (a)-(c) T h e newly o p e n e d field line con
figurations for t he t h r e e mode l s , giving F T E s igna tures in b o t h h e m i s p h e r e s . (d)-(f) Pre
dicted snapsho t s of t h e c o r r e s p o n d i n g p la sma flow s teamlines a n d field-aligned c u r r e n t s 
in t he i o n o s p h e r e . T h e ionosphe r i c s igna tu res a r e m o v i n g with the velocity Ve. 
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pre ta t ion of da t a f rom m a g n e t o m e t e r s is 
complicated by conduct iv i ty c h a n g e s tha t may 
accompany t h e electric field t rans ien t . Also, 
each i n s t r u m e n t is sensitive to c h a n g e s over 
an e x t e n d e d spatial r eg ion (of r ad iu s of o r d e r 
300 km) so tha t t h e effects of successive 
events can be s u p e r p o s e d . S igna tu res a r e fur
the r compl ica ted by var ia t ions in even t veloci
ty, shape o r size wi thin t he field-of-view. O n 
the o t h e r h a n d , t h e a d v a n t a g e of m a g n e t o m 
eters is that large-scale ne tworks of stat ions 
a re available, inc reas ing t h e probabi l i ty of 
event de tec t ion a n d giving t he possibility of 
defining event d imens ions . R a d a r observa
tions p rov ide prec ise observa t ions f rom m u c h 
smaller sca t ter ing vo lumes , b u t o t h e r limita
tions arise: bistatic c o h e r e n t r a d a r s can give 
the pa t t e rn of flow over an e x t e n d e d spatial 
region at h igh t ime reso lu t ion b u t r e q u i r e t he 
presence of sca t te r ing i r regular i t ies . T h i s is 
not a p rob l em for i n c o h e r e n t scat ter r a d a r s ; 
however , they usual ly n e e d to emp loy t he 
beamswinging t e chn ique , which makes as
sumpt ions a b o u t t h e spatial a n d t e m p o r a l 
uniformity of t h e flow tha t may well be inva
lid for any F T E s igna tures . Opt ica l ins t ru
men t s a re very useful in c h a r t i n g t h e m o t i o n 
of t rans ient even ts , relat ive to t he pers i s ten t 
b a c k g r o u n d days ide a u r o r a , b u t t h e associa
tion of p lasma drif ts a n d a u r o r a l mo t ions is 
not yet known . 

Observations Near the Island of 
Spitsbergen 

I t is clearly necessary to c o m b i n e da t a f rom 
var ious g r o u n d - b a s e d observa t ions to cont in
u e t he search for i onosphe r i c F T E s igna tu res . 
Because of t h e possibility of m a k i n g optical 
observat ions of t h e m i d d a y a u r o r a a t win te r 
solstice, t he is land of Sp i t sbe rgen offers a 
u n i q u e locat ion in t h e n o r t h e r n h e m i s p h e r e . 
For t he past two obse rv ing seasons , m e a s u r e 
m e n t s of t h e p l a s m a flow have b e e n m a d e us
ing t he European I n c o h e r e n t Scat ter (EIS-
C A T ) facility, o p e r a t e d monostat ical ly f rom 
T r o m s 0 , Norway , in t h e b e a m s w i n g i n g "Po
lar" m o d e , c o m b i n e d with opt ical p h o t o m e t e r 
and all-sky T V c a m e r a observations f rom Ny 
Alesund, Sp i t sbe rgen . 

Par t (e) of t h e cover figure gives t h e rela
tive locations of these m e a s u r e m e n t s . T h i s 1-
second all-sky T V i m a g e has b e e n m a p p e d 
o n t o a g e o g r a p h i c g r id a s s u m i n g a n emiss ion 
a l t i tude of 130 k m . Also shown a r e t h e simul
t aneous flow vectors de r ived f r o m t h e EIS-
C A T r a d a r a n d t h e m e r i d i a n s c a n n e d every 
18 seconds by t h e p h o t o m e t e r s a t Ny Alesund 
(NA), w h e r e t h e r e is also a m a g n e t o m e t e r . 
O t h e r m a g n e t o m e t e r s tat ions a r e H o r n s u n d 
(H), Bj0rn0ya (B) a n d , to t h e s o u t h of t h e 
m a p , T r o m s 0 . 

T r a n s i e n t p h e n o m e n a have b e e n obse rved 
s imultaneously by each of these i n s t r u m e n t s 
[Lockwood et al, 1989a, b\ M. Lockwood et al., 
unpub l i shed m a n u s c r i p t , 1990; Sandholt et al., 
1990]. T h e p h o t o m e t e r s have revea led t r an 
sient events , with a n initial intensification of 
the 630 n m ( red line) a u r o r a at t he equa to r -
ward edge of t h e b a c k g r o u n d cusp/cleft a u r o 
ra, followed by a s t r o n g 557.7 n m (g reen 
line) t rans ient a u r o r a l fo rm. B o t h these in ten
sifications subsequent ly dr i f ted po l eward a n d 
faded. Successive all-sky T V images showed 
that while intensifying, t he 557.7 n m events 
moved rapidly wes tward a r o u n d t h e a u r o r a l 
oval. Such events h a d previously b e e n t e r m e d 

"midday a u r o r a l b r e a k u p " by Sandholt et al. 
[1989]. T h e closest m a g n e t o m e t e r s s imulta
neously obse rved c o m p l e x impuls ive signa
tures . T h e r a d a r showed bur s t s of s t r o n g 
westward flow (3 k m s"1), swinging a r o u n d to 
slower po leward mo t ion (1 k m s"1). I n d e e d , 
the mot ion of the a u r o r a l luminosi ty seen by 
the all-sky T V c a m e r a was f o u n d to be t h e 
same, to within m e a s u r e m e n t uncer ta in t i es , 
as the local p lasma flow d e d u c e d f rom the ra
d a r da ta . 

T w o of these t r ans ien t events , obse rved at 
magne t i c local n o o n o n J a n u a r y 12, 1988, can 
be seen in the cover figure. Panels (a) a n d (b) 
show the red- a n d g reen- l ine p h o t o m e t e r 
scans, respectively, while p a r t (c) shows t he 
flow vectors de r ived f rom t h e r a d a r da ta . 
T h e one-second in t eg ra t ion all-sky c a m e r a 
image (par t e) shows tha t t h e wes tward-mov
ing green- l ine a u r o r a l t r ans i en t was j u s t pole
ward of t he p a r t of t he flow burs t seen by t he 
r ada r . I t shou ld be n o t e d , however , tha t t h e 
r a d a r flow da t a m a k e use of t he beamswing
ing t echn ique , which in this case yields 3-
poin t r u n n i n g m e a n s of 2 .5-min da ta ; h e n c e 
t he r e will be t e m p o r a l s m o o t h i n g i n h e r e n t in 
the flow da ta . F u r t h e r m o r e , spatial a n d tem
pora l s t r uc tu r e in t h e flow will i n t r o d u c e er
rors , a n d it is i m p o r t a n t to c o m p l e m e n t fu
t u r e observat ions with o t h e r r a d a r da t a [Cow
ley et al, 1990]. For t h e d a t a p r e s e n t e d h e r e , 
some check o n the de r ived p lasma flows has 
been m a d e by us ing t h e m to c o m p u t e t he ion 
t e m p e r a t u r e s f rom the ion e n e r g y ba lance 
equa t ion : these de r ived values a re f o u n d to 
c o m p a r e well with t h e obse rved values. 

Panel (d) of t he cover figure shows t he 
voltage, <£, across t h e first 7 r a n g e gates of 
the r a d a r field of view, ob t a ined by in tegra t 
ing the obse rved n o r t h w a r d electric field. 
T h e full s equence of this <I> da t a is shown in 
F igure 3, a long with t he zeni th ang le (at Ny 
Alesund) of each red- l ine t r ans ien t a rc . T h e 
d a s h e d lines show tha t each peak in <I> oc
c u r r e d close to t he onse t of a t r ans ien t a u r o 
ra, which was also associated with a t r ans i en t 
557.7 n m arc a n d a n impuls ive m a g n e t o m e 
ter deflection at H o r n s u n d . 

Are These Transient Events FTE 
Signatures? 

Prior to 09 :45 in F igu re 3 , t h e I M F was 
cont inuous ly s o u t h w a r d a n d t h e t r ans i en t 
events were obse rved every 8 . 3 ± 0 . 6 m i n . 
T h i s is very similar to t he repe t i t ion p e r i o d of 
m a g n e t o p a u s e F T E s u n d e r t h e s a m e condi 
t ions. Subsequent ly , t he I M F was p r e d o m i 
nant ly n o r t h w a r d b u t each t r ans i en t even t 
can be associated with an isolated, shor t - l ived 
excurs ion to a s o u t h w a r d o r i en ta t ion . T h e 
initial wes tward mo t ion of t h e events is con
sistent with t he concep t of magne t i c t ens ion 
on newly r e c o n n e c t e d flux tubes because t he 
I M F B y c o m p o n e n t was s t rongly posit ive. In 
deed , the p a t t e r n of m o t i o n of t h e events 
(zonal t h e n po l eward in to t h e po la r cap) is as 
p red ic ted for newly o p e n e d flux tubes by 
Saunders [1989] , in his exp l ana t i on of t h e 
cusp field-aligned c u r r e n t s . I t is also highly 
significant tha t all pa tches of inc reased lumi
nosity h a d some po l eward m o t i o n at all t imes 
a n d the a u r o r a l events as a whole d r i f t ed 
po leward of t h e pers i s ten t days ide a u r o r a be
fore fading. Also, t h e r e was always a pole
ward c o m p o n e n t of t he p la sma flow in to t h e 
po la r cap. Cowley [1986] has p o i n t e d o u t t ha t 
some po leward mot ion in to t h e po la r c a p is 
an i m p o r t a n t r e q u i r e m e n t of any ionosphe r i c 
F T E s igna tu re . It has been sugges ted tha t 
m a g n e t o s h e a t h p lasma can impulsively cross 
the m a g n e t o p a u s e in "p lasma t r ans fe r even t s " 
[Heikkila et al, 1989]. Howeve r , were this dif
ferent t r ans ien t b r e a k d o w n of t h e "f rozen in" 
condi t ion possible, t h e n t he p e n e t r a t i n g pa tch 
of plasma would give e q u a t o r w a r d (and tail-
ward) mot ion o n closed field lines, t ha t is, 
away f rom the po la r cap . Likewise, flow sig
na tu re s d u e to p r e s s u r e pulses would move 
a r o u n d the po la r cap b o u n d a r y , r a t h e r t h a n 
drift into it. 

H e n c e , t he o c c u r r e n c e a n d mot ion of t h e 
events is as expec ted for newly o p e n e d flux 
tubes , bu t is t he p lasma flow p a t t e r n as o n e 
would expec t for any of t he F T E mode l s dis
cussed previously? Southwood [1987] showed 
that the ci rcular F T E m o d e l of Russell a n d 
Elphic would g e n e r a t e a twin-vortical flow 
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p a t t e r n in t h e i o n o s p h e r e , a n d Lee [1986] 
p red ic ted a single vo r t ex f rom t h e Lee a n d 
Fu mode l (Figures 2d a n d 2e). I n gene ra l , we 
would expec t a supe rpos i t i on of t h e two: this 
is because any m o t i o n of t h e r o t a t i n g Lee 
flux tube would g e n e r a t e t he S o u t h w o o d pat 
t e rn a n d the r e c o n n e c t e d t u b e will untwis t as 
it convects in t h e S o u t h w o o d m o d e l . Howev
er , these s igna tu res have p r o v e n very h a r d to 
detect with any clarity o r regular i ty . T h e r e 
a re indicat ions tha t t h e events d iscussed h e r e 
a re b road ly consis tent with S o u t h w o o d p r e 
diction. Firstly, t h e m a g n e t o m e t e r s at Troms0 
a n d Ny Ale sund showed deflect ions consist
en t with eas tward flow, w h e r e a s at H o r n s u n d 
a n d Bj^ rn^ya the i n f e r r e d flows w e r e west
ward , as observed by t h e r a d a r . N o t e , howev
er , tha t w h e n events r e c u r r e d every 8 min , 
T r o m s ^ a n d Ny A l e s u n d w e r e u n a b l e to re 
solve individual events . Second , t h e p l a sma 
flow velocity in t h e c e n t e r of an even t a p 
pears always to equa l t h e p h a s e velocity of 
the event as a whole . T h i s is an i m p o r t a n t 
characteris t ic of t h e S o u t h w o o d p a t t e r n a n d 
contrasts with, for e x a m p l e , t h e p r e d i c t e d ef
fect of p r e s s u r e pulses w h e r e these two veloc
ities a r e no t t he s ame in e i t he r d i rec t ion o r 
m a g n i t u d e . T h e d i m e n s i o n s of t h e r e q u i r e d 
o p e n flux t ube a r e very in te res t ing . F r o m t h e 
var ious r a d a r r a n g e gates we find tha t t h e 
events were typically 200 k m wide in n o r t h -
sou th ex ten t , b u t by i n t eg ra t i ng t h e obse rved 
westward speed over t h e d u r a t i o n of t h e 
event , we obta in es t imates of 1000-2000 k m 
for the east-west ex ten t . T h e c o r r e s p o n d i n g 
d imens ions o n t h e m a g n e t o p a u s e a r e u n c e r 
tain because t he field l ine topology is n o t 
known sufficiently well; however , these g r ea t 
longi tudina l ex ten t s cou ld imply a r e c o n n e c 
t ion X-line as g rea t as 10-15 R E . T h e all-sky 
T V images also show tha t t h e g reen- l ine arcs 
were e longa ted in t h e east-west d i rec t ion . Ex
t e n d i n g the S o u t h w o o d flow p red ic t ions to 
flux tubes of elliptical cross section (F igure 
2e), it is f o u n d tha t t h e eas tward flows ou t s ide 
a wes tward-moving o p e n flux t u b e will be 
m u c h weaker w h e n t h e newly o p e n e d flux 
tube is e longa ted in t h e east-west d i m e n s i o n . 
t han for the c i rcular flux t u b e case, as is ob 
served. H e n c e , events m a y initially a p p e a r as 
a channe l of flow with only weakly vortical re 
t u r n flows. T h i s east-west e longa t ion of t h e 
events may t h e r e f o r e be o n e r e a s o n why t h e 
search for t h e p r e d i c t e d twin-vort ical flow 
a n d c u r r e n t fea tures has b e e n so f rus t r a t ing 
in t he past . 

Implications and the Future 
T h e r e a r e a n u m b e r of i m p o r t a n t implica

tions of these observa t ions . First, wha t eve r 
the cause of these t rans ien t s , they a r e very 
significant events . F i g u r e 3 shows tha t in t h e 
largest event , t h e vol tage across t h e r a d a r 
field-of-view peaks at 55 kV. Al lowing for t he 
s m o o t h i n g i n h e r e n t in t h e r a d a r d a t a a n d by 
ex t rapo la t ing us ing t h e m a g n e t o m e t e r da ta , 
Lockwood et al. [1989a] es t imate t ha t t h e total 
potent ia l may be as l a rge as 80-100 kV. A n 
o t h e r es t imate of vol tage can be ob t a ined 
f rom the T V images because t h e arcs have 
been f o u n d to m o v e with t h e s a m e velocity as 
the local p lasma. L a t e r in its l i fet ime, each 
t rans ien t arc typically m o v e d p o l e w a r d at 1 
k m s"1 a n d e x t e n d e d u p to 1000 k m east-west. 
T h i s implies a vol tage of u p to 50 kV a l o n g 
the l eng th of t he a rc . T h e s e figures a r e a sig
nificant fraction of t h e typical t r a n s p o l a r volt

age observed by satellites for s teady, s t rongly 
sou thward I M F (typically 100 kV). T h e s e esti
mates shou ld also be c o m p a r e d with t he 10 
kV p e r event , de r ived f rom F T E observa t ions 
at the m a g n e t o p a u s e u s ing t h e c i rcular flux 
tube m o d e l [Russell and Elphic, 1978], suggest
ing any r econnec t ion X-line m u s t have been 
e x t e n d e d in l eng th to u p to a b o u t 10 R E . 
Th i s is also consis tent with t h e de r ived di
mens ions of t h e ionosphe r i c event , a l t h o u g h 
we mus t r e m e m b e r t he g r ea t uncer ta in t i es in 
a t t emp t ing to m a p these d i m e n s i o n s to t he 
m a g n e t o p a u s e . T h a t t he vol tage in t r ans ien t 
events can be c o m p a r a b l e wi th t he total t r ans -
polar voltage suggests t ha t a succession of el
liptical F T E tubes could be t h e d o m i n a n t 
mechan i sm for d r iv ing days ide convect ion, 
when the I M F is s o u t h w a r d . T h e days ide 
flow p a t t e r n would t h e n vary quas i -per iodi -
cally with a m e a n p e r i o d of a b o u t 8 min as 
new reconnec t ion events t ake place a n d the 
effects of o lde r ones decay. Howeve r , t he 
p resence of t h r e e o r four successive events 
con t r ibu t ing to t h e exci ta t ion of convect ion, 
with t he add i t ion of t h e c o n t i n u i n g , back
g r o u n d r econnec t ion a n d "viscous-like" in ter 
action o n t h e flanks of t h e m a g n e t o p a u s e , 
would t e n d to s m o o t h o u t t hese var ia t ions . I n 
addi t ion , some of t he days ide flow will be t h e 
resul t of t h e r econnec t ion t h a t closes field 
lines in t he geomagne t i c tail [Lockwood et al., 
1990]. N o t e tha t flow fluctuations o n t ime 
scales of several m i n u t e s cou ld no t have b e e n 
observed by po la r -o rb i t ing satellites, a n d t h e 
r e sponse of g r o u n d - b a s e d m a g n e t o m e t e r s 
would be compl ica ted by the i r e x t e n d e d field 
of view a n d by conduct iv i ty c h a n g e s . In t he 
events descr ibed h e r e , only t h e m a g n e t o m e 
ter close to t h e arcs ( H o r n s u n d ) could resolve 
separa te impulses w h e n they o c c u r r e d every 
8 min . H e n c e , it is possible t h a t F T E signa
tures a r e no t t h e small-scale flow vortices tha t 
we have previously s o u g h t with insufficient 
spatial reso lu t ion . R a t h e r , they may be the 
large-scale flows a n d c u r r e n t s tha t we have 
failed to def ine as t he supe rpos i t i on of a se
ries of events because we h a v e not h a d the re 
qu i red combina t ion of t e m p o r a l reso lu t ion , 
spatial reso lu t ion a n d extens ive geograph ica l 
coverage . G r o u n d - b a s e d observa t ions a r e t h e 
only way tha t such r e q u i r e m e n t s could all be 
met . 

Last, we no te tha t t he even ts descr ibed 
h e r e a re no t t he only t r ans i en t events ob
served by t h e c o m b i n e d opt ical , r a d a r a n d 
m a g n e t o m e t e r observa t ions . O t h e r events a p 
p e a r to m a p to t he low-la t i tude b o u n d a r y lay
e r (LLBL) a n d may be associated with Kelvin 
He lmhol tz waves o n t h e m a g n e t o p a u s e o r 
"blobs" o r m a g n e t o s h e a t h p lasma tha t have 
been observed within t he L L B L . Events of a 
th i rd class a r e f o u n d cons iderab ly equa to r -
ward of t he pers i s ten t b a c k g r o u n d a u r o r a 
a n d a p p e a r to be consis tent with t he effect of 
dynamic p r e s s u r e c h a n g e s o n closed field 
lines. Like t h e m i d d a y a u r o r a l b r e a k u p events 
discussed above, these observa t ions p rov ide 
an o p p o r t u n i t y to great ly e n h a n c e o u r knowl
e d g e of t h e coup l ing of t h e i n t e rp l ane t a ry 
a n d ter res t r ia l p lasmas . T h e initial ev idence 
does suggest tha t m i d d a y b r e a k u p events a n d 
associated p lasma flows a n d c u r r e n t s a r e ion
ospher ic s igna tures of t r ans i en t r econnec t ion . 
However , m a n y m o r e observa t ions a r e re 
qu i red to give good o c c u r r e n c e statistics tha t 
can be c o m p a r e d with those of m a g n e t o p a u s e 
FTEs . Recently, events s imilar to those de 
scribed h e r e have b e e n f o u n d a few m i n u t e s 

after m a g n e t o p a u s e F T E s were observed by 
the In t e rna t i ona l S u n - E a r t h E x p l o r e r (ISEE) 
satellites (R.C. Elphic , pr iva te communica t i on , 
1989). Again , however , m a n y m o r e simulta
n e o u s ionospher i c a n d m a g n e t o p a u s e obser
vations a r e r e q u i r e d to conf i rm this associa
t ion a n d it is h o p e d they will be suppl ied by 
the C L U S T E R mission in conjunct ion with 
improved g r o u n d - b a s e d m e a s u r e m e n t s . 
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News 
JGOFS 1991-1992 
P A G E 712 

Th i s is the fou r th a n n o u n c e m e n t in a con
t inu ing series f rom the Division of Ocean Sci
ences of the Nat iona l Science F o u n d a t i o n to 
alert the biological a n d chemica l oceanogra 
phy communi t i e s of o p p o r t u n i t i e s for part ici
pa t ion in global ocean flux research . T h e an
n o u n c e m e n t is based on r e sea rch prior i t ies 
deve loped by the U.S. J o i n t Global O c e a n 
Flux Study (U.S. J G O F S ) . U.S. J G O F S is 
moving toward a fully ope ra t i ona l phase in 
the early 1990s. Research pr ior i t ies have a n d 
con t inue to be reviewed by t h e U.S. J G O F S 
Steer ing C o m m i t t e e with r e c o m m e n d a t i o n s 
d i rec ted to t he N S F Division of O c e a n Sci
ence a n d o t h e r federa l agencies involved with 
U.S. J G O F S . T h i s a n n o u n c e m e n t calls for 
proposa ls for comple t i ng t he co re m e a s u r e 
men t s a n d for individual , p rocess -or ien ted 
proposals . 

T h e b r o a d goal of J G O F S (Joint Global 
Ocean Flux S tudy)—to i m p r o v e o u r u n d e r 
s t and ing of the processes con t ro l l ing t he cy
cling of ca rbon a n d re la ted biogenic e l emen t s 
in the oceans—has been ar t icu la ted in detai l 
in a series of r epo r t s tha t a r e available 
t h r o u g h U.S. J G O F S P l a n n i n g a n d I m p l e 
men ta t ion Office, W o o d s Ho le O c e a n o g r a p h -
ic Ins t i tu t ion, W o o d s Ho le , Mass. 0 2 5 4 3 ; tel. 
508-548-1400, ext. 2834 ; H . L I V I N G S T O N / 
O M N E T . T h e overall d i rec t ion a n d objectives 
of the U.S. p r o g r a m a re de ta i led in t he long-
r a n g e science p lan available f rom the U.S. 
J G O F S P lann ing a n d I m p l e m e n t a t i o n Office. 
T h e U.S. J G O F S is a c o m p o n e n t of t he U.S. 
Global C h a n g e Research P r o g r a m ; add i t ion
ally, it is the U.S. c o m p o n e n t of t he J o i n t 
Global Ocean Flux S tudy (JGOFS) , s p o n s o r e d 
by the Scientific C o m m i t t e e for O c e a n Re
search (SCOR). It is a C o r e Project of t he In 
te rna t iona l G e o s p h e r e B i o s p h e r e P r o g r a m . 
For the in te rna t iona l p lans for J G O F S contac t 
E. T i d m a r s h , S C O R / J G O F S Secretar ia t , De
p a r t m e n t of O c e a n o g r a p h y , Dalhous ie Uni 
versity, Halifax, N.S . , B 3 H 4 J 1 , C a n a d a ; tel. 
902-424-8865; E . T I D M A R S H / O M N E T . 

U.S. J G O F S b e g a n to e x p l o r e t he scientific 
issues in the Pacific Basin in 1986 (U.S. 
J G O F S r e p o r t n u m b e r 2). T h i s r e p o r t , as well 
as those f rom s u b s e q u e n t mee t ings , identif ied 
the equa tor ia l Pacific as an i m p o r t a n t r eg ion 
of new biological product iv i ty . T h i s new p r o -
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duct ion plays an i m p o r t a n t role in global bio-
geochemical cycling of c a r b o n a n d re la ted 
biogenic e lements . At t he th i rd m e e t i n g of 
the Scientific C o m m i t t e e of J G O F S (see Eos, 
N o v e m b e r 28, 1989, p . 1515), t he cen t ra l 
equator ia l Pacific was identif ied as a site for 
in tegra ted ocean process s tudies p l a n n e d for 
1991 a n d 1992. Plans for t he U.S. J G O F S 
cont r ibu t ion to this s tudy a r e now rap id ly 
taking shape . 

Overall Plan 

Following the p r e c e d e n t set by t h e U.S. 
J G O F S N o r t h Atlant ic B loom E x p e r i m e n t , 
scientists des igna ted by the U.S. J G O F S 
Steer ing C o m m i t t e e c o o r d i n a t e d U.S.-spon
sored scientific activities with those p l a n n e d 
by o the r J G O F S na t ions at an in t e rna t iona l 
mee t ing in T o k y o , J a p a n , Apr i l 17—20, 1990. 
A r e p o r t of the mee t ing , i nc lud ing decisions 
m a d e , will be available f rom the U.S. J G O F S 
P lann ing a n d I m p l e m e n t a t i o n Office by May 
15, 1990. Revisions to t he c u r r e n t p lan will be 
a n n o u n c e d o n O M N E T by May 15 a n d will 
be publ i shed in Eos short ly the rea f t e r . Based 
u p o n the discussions he ld to da te , t h e U.S. 
J G O F S S tee r ing C o m m i t t e e r e c o m m e n d s the 
location for p rocess -or ien ted s tudies in the 
centra l equa tor ia l Pacific a long a t ransec t 
f rom 9°N-15°S o n 140°W. T h e s tudies will in
c lude a suite of co re m e a s u r e m e n t s , to be re
pea ted on several cruises tentat ively p l a n n e d 
for fall 1991 a n d s p r i n g 1992. It is ant ic ipat
ed that some m e a s u r e m e n t s will r e q u i r e occu
pat ion of specific c o m p r e h e n s i v e s ta t ions for 
e x t e n d e d pe r iods of t ime, while o t h e r s will 
r equ i r e sho r t e r s tat ion d u r a t i o n for profi l ing 
o r n o n c o m p r e h e n s i v e s tudies at o t h e r loca
tions a long the t ransect . T h e p r o g r a m will in
c lude cruises e m p h a s i z i n g wate r c o l u m n a n d 
sed imenta ry processes , as well as d e p l o y m e n t 
a n d recovery of m o o r i n g s o r o t h e r e q u i p 
men t . T h e specific s t ra tegy a n d t h e p r o p o s e d 
comprehens ive stat ion locat ions a r e inc luded 
in the p l a n n i n g d o c u m e n t (U.S. J G O F S draf t 
Equator ia l Pacific p lan , 1989, ed i t ed by M. 
Leinen a n d J . M u r r a y ) . 

Core Measurement Proposals 

T h e list of core m e a s u r e m e n t s has been de 
scribed by the U.S. J G O F S S tee r ing C o m m i t 
tee (U.S. J G O F S Overview, D e c e m b e r 1987). 
Core m e a s u r e m e n t p roposa l s shou ld be sub-
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mit ted as i n t eg ra t ed p roposa l packages indi
cat ing p lans to a d d r e s s all o r a significant 
subset of t he core m e a s u r e m e n t suite. Sh ip 
facilities will be l imited, a n d t h e use of avail
able p la t fo rm space m u s t be op t imized . 
T h e r e f o r e t he d e g r e e of op t imiza t ion will be 
a cr i ter ion in eva lua t ing p roposa l s . In evalu
at ing proposa l s of o therwise equa l scientific 
meri t , p r e f e r e n c e will be given to p roposa l s 
for i n t eg ra t ed m e a s u r e m e n t p r o g r a m s . W e 
d o not e n c o u r a g e n o n i n t e g r a t e d , indiv idual 
p roposa l submiss ions for indiv idual m e a s u r e 
men t s ; we d o e n c o u r a g e t he scientific com
muni ty to collectively submi t m o r e t h a n a sin
gle in t eg ra t ed p roposa l tha t can be c o m p a r e d 
in the evaluat ion process . 

Core p roposa l packages , with a p r o g r a m 
overview, m u s t be received at N S F by A u g u s t 
1, 1990. T h e y will be reviewed by the n o r m a l 
NSF p e e r review process . It is an t ic ipa ted 
that successful p roposa l s will be f u n d e d in 
early 1991 for field work to beg in in t h e fall 
of 1991, subject to the availability of funds 
a n d facilities. 

Process-Oriented Proposals 

Following the m o d e l es tabl ished by the 
J G O F S N o r t h Atlant ic B l o o m E x p e r i m e n t , 
the U.S. J G O F S cent ra l equa to r i a l Pacific 
p r o g r a m will inc lude a substant ia l n u m b e r of 
process-or ien ted r e sea rch p r o g r a m s , for ex
ample , new p r o d u c t i o n , foodweb s t r u c t u r e 
a n d funct ion, r ad ionuc l i de t racers , b io tu rba -
tion rates , s ed imen t bur ia l ra tes a n d mine ra l 
ization. P rob lems a p p r o p r i a t e l y a d d r e s s e d by 
such s tudies a r e d o c u m e n t e d in the cen t ra l 
equator ia l Pacific p lan ( J G O F S dra f t E q u a t o 
rial Pacific p lan) . Ind iv idua l s with an in te res t 
in p r o p o s i n g such s tudies shou ld notify t he 
U.S. J G O F S S tee r ing C o m m i t t e e as soon as 
possible. Please contac t M a r g a r e t Le inen , 
G r a d u a t e School of O c e a n o g r a p h y , Univers i 
ty of R h o d e Is land, N a r r a g a n s e t t , RI 02882 -
1197; tel. 401-792-6268 ; M . L E I N E N / O M -
N E T ; o r J a m e s M u r r a y , School of O c e a n o g 
raphy , WB-10 , Univers i ty of W a s h i n g t o n , 
Seattle, W A 9 8 1 9 5 ; tel. 206-543-4730 ; 
J . M U R R A Y / O M N E T . Proposa l s for such 
studies o n o n e o r m o r e cruises m u s t be re 
ceived at N S F by A u g u s t 1, 1990. T h e y will 
be reviewed by the n o r m a l N S F p e e r review 
process . It is an t ic ipa ted tha t successful p r o 
posals will be f u n d e d in ear ly 1991 for field 
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