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Abstract. The traditional explanation of the polar cap mag- tion derived from the continuous ground monitoring of the

netic deflections, referred to as the Svalgaard-Mansurov efdynamical behaviour of aurora and plasma convection dur-
fect, is in terms of currents associated with ionospheric flowing intervals of well-organised solar wind plasma and mag-
resulting from the release of magnetic tension on newly opemetic field conditions in interplanetary coronal mass ejections
magnetic field lines. In this study, we aim at an updated de{ICMESs) during their Earth passage.

scription of the sources of the Svalgaard-Mansurov effectKeyWOrOIS lonosphere (Plasma convection) — Magne-

based on recent observations of configurations of plasm?ospheric physics (Polar cap phenomena:; Solar wind-
flow channels, Birkeland current systems and aurorae in th?nagnetosphere interactions) '

magnetosphere-ionosphere system. Central to our descrip-
tion is the distinction between two different flow channels
(FC 1 and FC 2) corresponding to two consecutive stages in

the evolution of open field lines in Dungey cell convection, 1  Introduction

with FC 1 on newly open, and FC 2 on old open, field lines.

Flow channel FC 1 is the result of ionospheric Pedersen curd he ground magnetic disturbances in the polar cap related
rent closure of Birkeland currents flowing along newly open t0 the sector structure of the interplanetary magnetic field
field lines. During intervals of nonzero interplanetary mag- (IMF) (Bx polarity regimes in the Parker spiral configura-
netic field By component FC 1 is observed on either side tion of the magnetic field embedded in the solar wind) were
of noon and it is accompanied by poleward moving auro-first identified bySvalgaard(1968 and Mansurov(1969.

ral forms (PMAFs/prenoon and PMAFs/postnoon). In such The azimuthal By) component of the IMF was later demon-
cases the next convection stage, in the form of flow channeptrated to be the cause of this behavidrii¢-Christensen

FC 2 on the periphery of the polar cap, is particularly im- €t al, 1972. The effect_ is characterised by an enhanced H-
portant for establishing an IMBy-related convection asym- component deflection in away < 0; By > 0) sectors and
metry along the dawn-dusk meridian, which is a central el-a decreased H-component in towau (- 0; By < 0) sec-
ement causing the Svalgaard-Mansurov effect. FC 2 flowdors Svalgaard1973. A good illustration of this effect at
are excited by the ionospheric Pedersen current closure otation Thule is given idanzhura and Troshich€2011]) (see

the northernmost pair of Birkeland currents in the four-sheetth€ir Fig. 5).

current system, which is coupled to the tail magnetopause The traditional interpretation of this so-called Svalgaard-
and flank low-latitude boundary layer. This study is basedMansurov (S-M) effect is in terms of the IMB, related

on a review of recent statistical and event studies of centrafl@wn-dusk convection asymmetry which is produced by
parameters relating to the magnetosphere-ionosphere curreftagnetic tension forces acting on newly open field lines, as
systems mentioned above. Temporal-spatial structure in th@epicted bylargensen et a(1972 (see their Fig. 1).

current systems is obtained by ground-satellite conjunction The aim of this paper is to argue that this interpretation is

studies. On this point we emphasize the important informaJncomplete. As a supplement to the traditional view, we point
out the importance of ionospheric Pedersen current closure of
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two sets of field-aligned currents (four-sheet FAC system; se®003. This is the “extra downstreamside cleft-associated R1
e.g.,Potemral994 andAnderson et a).2008 their Fig. 5)  current” of Watanabe et a[1996. C1 is a more distributed
connecting the magnetopause and the ionosphere in two corflatitudinally wider) current in the polar cap which is con-
secutive phases of evolution of open field lines, i.e., newlynected to the tail magnetopause curr&gr{dholt and Farru-
open and old open field lines. In the latter stage the open fieldjia, 2009. This is the “extra RO current” dfVatanabe et al.
lines are connected to solar wind-magnetosphere dynamo a¢1996.
tion in the high-latitude boundary layer, on the downstream The distinction we make between the adjacent R1 and
side of the cusp. C2 currents, being associated with different ionospheric flow
Our contention is that the ionospheric Hall current asso-channels (FC 1 versus FC 2) in different stages of the convec-
ciated with the ionospheric Pedersen current closure of théion cycle, is supported by plasma and magnetic field obser-
field-aligned current pair in the second stage of open fieldvations in the ground-satellite conjunction studiesSaihd-
line evolution mentioned above, which we call C1-C2 cur- holt and Newell(1992 andFarrugia et al(2004). Our view
rents, is a further important source of the S-M effect. Ouris also consistent with the sequential activations of flow chan-
study is inspired by new information relating to the S-M ef- nels FC 1 and FC 2 clearly seen during the first 20 min of the
fect that has been reported in recent years. Among these neaonvection cycle in response to rapid southward turnings of
sources of information is a large statistical study of groundthe IMF (Sandholt et a).20103. Both these aspects will be
magnetic deflections as a function of the IMF orientation thatdemonstrated below.
has recently been published Weimer et al(2010. This is The spatial-temporal structure in Dungey cell convection
a comprehensive overview of ground magnetic perturbationslescribed above is, furthermore, supported by the different
plotted in MLAT/MLT coordinates corresponding to the dif- spatial polar cap convection regimes appearing in response
ferent IMF strengths and orientations in the GSM Y-Z plane to strong forcing by well-organized magnetic fields in inter-
(the clock angle). It is based on a large database of magplanetary CMEs, i.e., the periphery versus the centre of the
netic recordings from many magnetometer chains around th@olar cap. In the centre of the polar cap, the dayside source
globe. From this Weimer et al. pattern of magnetic pertur-of polar cap convection saturates at speeds of 0.8—1.0km s
bations we are able to extract essential information on IMF(Troshichev et a).2000. This is in contrast to the higher
By-related plasma convection and the associated S-M effect(1-2 km s1) speeds of anti-sunward convection that are ob-
The second source of new information for this study is served along the periphery of the polar cap, on the dawn (for
a series of ground-satellite conjunction studies of spatial-IMF By > 0 cases) and dusk (fdy < 0 cases) sides.
temporal structure of configurations of aurora/precipitation, When we combine these new perspectives on plasma con-
FAC and plasma convection in relation to IMF orientation. vection, field-aligned currents, aurora and ground magnetic
It was in view of these studies that we find it appropriate deflections, we arrive at an updated interpretation of the
to distinguish between distinct stages and spatial structureSvalgaard-Mansurov effect which we shall describe in this
(flow channels) in the evolution of open field lines in Dungey study.
cell convection. As a matter of nomenclature, we refer to We also point out that the S-M effect is often considered
the flow channels on newly open and old open field linesto be a summer phenomenon (skezhura and Troshichev
as FC 1 and FC 2, respectively. The FC 1 channel is bor2011, and references therein). Our first example confirms the
dered by a pair of FACs which is closely connected to thewinter-summer asymmetry, but also documents the presence
dynamic auroral forms that are often referred to as polewarddf a smaller, but non-negligible effect even in winter.
moving auroral forms (PMAFs). These specific auroral forms  In the case examples reported below, we shall take advan-
are observed on either side of the “midday gap aurora” neatage of the well-organized behaviour of magnetic fields in
noon and are moving noonward and polewadr{dholt and  certain interplanetary CME®(rlaga et al. 1981, Lepping
Farrugia 20073 in the precipitation regimes called dayside et al, 2003, during their Earth passage.
boundary plasma sheet (BPS), low-latitude boundary layer
(LLBL), cusp and mantlel{ockwood 1997 Sandholt et a].
2004 2002. The source mechanism is pulsed magnetopaus@ Case 1 (ICME): 30 November 1979; Svalgaard-
reconnection, called flux transfer everi®igsell and Elphic Mansurov effect in Arctic and Antarctic
1978. magnetograms
Flow channel FC 2, appearing in the subsequent stage of
anti-sunward convection at the polar cap boundary, on theAs an introduction to the phenomenon of the S-M effect, we
downstream side of the cusp, is located in the regimes opresent an example of the response in the ground magnetic
mantle and polar rain precipitations. This flow is related tofield in the dayside polar cap, poleward of the cusp, in both
the the ionospheric Pedersen current closure of the Birkehemispheres. This occurred at the time of an event showing
land currents we call C1-CSandholt and Farrugi2009. a rapid magnetic fieldy polarity shift in an interplanetary
C2 is the poleward part of the R1 current which maps to theCME that passed Earth on 30 November 1979. The source
outer part of the flank LLBL (see e.dgspnnerup and Siebert of this event is the first coronal transient directed towards
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Fig. 1. ISEE 3 data for 30 November 1979: panels from top to bot-
06 08 10 12 14 UT

tom show proton density, bulk speed, temperature, dynamic pres-
sure, magnetic field componenBy, By, Bz in GSM coordinates,
the total field and the clock angle in the GSM Y-Z plane. The arrival
of an interplanetary (IP) shock at approx. 06:35 and the alBypt
polarity change at approx. 08:20 UT are marked by vertical guide-
lines.

Fig. 2. Panels from top to bottom shows the magnetic figid
(east-west component) trace obtained from spacecraft ISEE 1,
and H-component of the ground magnetic deflections from sta-
tions in Antarctica (Mirny;—77° MLAT) and the Arctic stations

Ny Alesund (78 MLAT) and Hornsund (74 MLAT) on Svalbard.

The ISEE trace is displaced forward by approx. 15 min.

Earth that was observed by the satellite-borne coronagraph
Solwind on 27 November 197®6ward et al. 1982. We note that the arrival of the interplanetary (IP) shock
Figure 1 shows ISEE 3 data for 30 November 1979. At caused an abrupt cusp auroral brightening at 07:40 UT, fol-
12:00 UT on this day ISEE 3 was at (196, 5812)Rg. It lowed by a series of brightenings/poleward-moving auroral
is, thus, somewhat distant from the Sun-Earth line. How-forms, as reported bgandholt et al(1985. The main focus
ever, correlation lengths of ICMEs a0 Re fromthe Sun-  here is on the two intervals of differed, polarities during
Earth line Farrugia et al.2005. The red vertical guideline  06:35-08:20 and 08:20-12:00 UT, separated by the skarp
marks the arrival of an IP shock at 06:35UT. The sheathpolarity shift at 08:20 UT. As we shall see, the Svalgaard-
plasma behind the shock is characterised by enhanced deMansurov effect is observed under both thésepolarity
sity, speed, proton temperature, dynamic pressure, a largeegimes. We recognise that, althouh> 0 after theBy po-
(factor 3) B-field compression and a fluctuating south-eastarity shift, the clock angle remains large enough for subsolar
(Bz < 0; By > 0) directed field. This is a slow ICME. An reconnection to be ongoing until 11:30 UT (ISEE 3 time).
abrupt change irBy polarity from positive to negative oc- Figure 2 shows the association between variations in the
curred at approx. 08:20 UT, at the leading edge of the tran-By component of the ICME field detected by ISEE 1 and
sient. The next interval (08:20-12:00 UT) is characterised byground magnetic deflections at polar cap stations in both
a By-dominant field By: —20 to—10nT). hemispheres (Svalbard and Mirny). Svalbard and Mirny are
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B,>0 3 Svalgaard-Mansurov effect in Weimer patterns of
ground magnetic perturbations

Figure3 shows a schematic drawing of plasma flow channels
FC 0, FC 1, FC 2 and FC 3 as equivalent ionospheric convec-
tion extracted from the statistical ground magnetic perturba-
tions of Weimer et al(2010. The coordinate system is mag-
netic local time (MLT) versus magnetic latitude (MLAT).
These flow channels correspond to distinct, successive stages
of Dungey cell convection as open field lines are transported

Fig. 3. Schematic illustration of ionospheric plasma flow channels Poleward and duskward for IMBy < 0 and poleward and
FC 0, FC 1, FC 2 and FC 3 in MLT/MLAT coordinates as extracted dawnward for IMFBy > 0, i.e., newly open (FC 1) and old
from the statistical ground magnetic perturbations of Weimer etopen field lines (FC 2), and flow channels at the dawn-dusk
al. (2010). Flow patterns for southwesBy(< 0) and southeast boundaries of the polar cap driven by magnetotail reconnec-
(By > 0) IMF orientations are shown in the left and right-side pan- tion (FC 3). FC 0 represents the sunward return flow at lower
els, respectively. The polaritie_s of paired F_AC_sheets associated withatitydes, on closed field lines. Contrary to the more moder-
the FC land FC 2 |on_ospher|c flows are indicated. Also shown argyie «1km sfl) anti-sunward flows in the centre of the polar
32:3'?5 gggllj;gnst?ﬁhliisé:(gr':/cliSFl)anﬁé EﬁifT ’ PO'?r and DMSP F7) a5 (rroshichev et a).2000 the flow channels along the pe-

P gurations. riphery of the polar cap (FC 2 and FC 3) are characterised
by speeds of 1-2 knt$ (Sandholt and Farrugi2009 An-
dalsvik et al, 2012. In this article, we shall place focus on
the FC 1 and FC 2 channels. Contrary to FC 1 and FC 2,

conjugate positions. At 12:00 UT on this day ISEE 1 was lo- flow channels FC 3 are associated with substorm activity
cated in the magnetosheath at (14,5, 0)Re (GSE coordi-  driven by magnetotail reconnection, as recently documented
nates). by Andalsvik et al (2012. It is, however, also a phase of the
The essential observation is the correspondence betweddungey cycle — an even later one — distinguished by closure
the By polarity shift recorded by ISEE 1 at09:30UT  of open flux in the tail and its return to the dayside avoiding
(70min after ISEE 3) and the ground magnetic signaturewholesale erosion.
at ~09:45UT. The ISEE 1 trace is displaced forward by From Fig.3it seems that the S-M effectin the polar cap, on
~15min in order to line up these transitions in the satellite the downstreamside of the cusp, is mainly manifested by the
and ground data. presence of positive (negative) X-component (north—south)
In the H-component deflection trace at the polar capground magnetic deflections in the regimes of flow channels
stations the central features of thBy-trace recorded FC 2 corresponding to positive (negative) INBg polarities,
by ISEE-1 between 08:00-12:00UT are reproduced.respectively. Flow channels FC 1 (newly open field lies), on
The response is particularly clear in Mirny, Antarctica the other hand, give rise to X-deflections of opposite polari-
(12:00 MLT =08:33 UT). This illustrates the directly driven ties on either side of noon and at lower latitudes for a given
nature of the solar wind — magnetosphere — ionosphere couBy polarity. This result is supported by the relevant data we
pling in this case. The physics of this coupling is the topic of shall report below.
this article. Birkeland current configurations relating to flow channels
In particular we notice the ground response, in both hemi-FC 1 and FC 2 are also indicated in Fi§j(see alscAn-
spheres, to the rapid change of INBg; polarity from positive  derson et a).2008. This is based on the observation that
to negative recorded by ISEE 1 at approx. 09:30 UT. This isboth these flows result from the ionospheric Pedersen cur-
a clear illustration of the Svalgaard-Mansurov effect. In ourrent closure of FAC pairs. This association has been demon-
model this is a result of the ionospheric Pedersen current clostrated in previous ground-satellite conjunction studies (see
sure of a specific pair of Birkeland currents connecting thebelow). A basic element of our description is that we dis-
magnetopause and the ionosphere, as described below. Thieguish between flows on newly open (FC 1) and old open
Hall current excited by th& -field associated with the Ped- field lines (FC 2), i.e., those corresponding to the two first
ersen current closure gives rise to the ground magnetic destages of the evolution of open flux in Dungey cell convec-
flection. The latter association is as describedrbkushima  tion initiated by magnetopause reconnection. FC 2 is related
(1969. to the Pedersen current closure of the the Birkeland current
We observe that the S-M effect is larger in the sum- pair we shall refer to as C1 (northernmost) and C2, as in our
mer hemisphere (Mirny, Antarctica) compared to the win- previous studies. These FACs (C1 and C2) are discussed by
ter hemisphere (Niilesund and Hornsund, Svalbard), as ex- Watanabe et a[1996. According toWatanabe et a(1996
pected because of the conductivity difference. C1 is the “extra region 0 current” which is connected to the
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Fig. 4. DMSP F7 data particle precipitation data (electrons and ions) during a north-bound pass along the 10:00 MLT meridian in the
cusp/cleft region. Four FAC regimes (R2-R1-C2-C1) are marked in the figure. The corresponding precipitation regimes are marked BP
(boundary plasma sheet), LL (LLBL-1 and LLBL-2), and MA (mantle). The satellite track is indicated iB.Fig.

tail magnetopause and C2 is the “extra downstreamside cleftmeridian in theBy > 0 (B; < 0) case, as obtained by space-
associated region 1 current”. craft F7.

We note that the C1-C2 current system was predicted on Essential elements are: (i) a four-sheet FAC system (C1-
the basis of auroral observations Bandholt et al(1992 C2-R1-R2 from north to south) is shown in relation to
(see alsdenig et al, 1993. It later appears in the system- (ii) particle precipitation (electrons and ions) and (iii) auro-
atic FAC study ofTaguchi et al(1993 in a steady-state re- ral observations from the ground (Svalbard MSP data) along
connection scenario, as their LCC-HCC currents. the 10:00 MLT meridian. The subdivision of different FAC

Below we shall illustrate the association between the four-regimes is done based on the satellite magnetic field obser-
sheet FAC configuration and associated particle precipitatiorvations (not shown) given in Fig. 4a 8andholt and Newell
regimes for the DMSP F7 pass in tBg > O/prenoon case as  (1992.
marked in Fig.3. The important thing for us here is that the Region 1 current

A four-sheet Birkeland current configuration appears inis split in two components: our R1 and C2 currents. FAC R1
the prenoon sector foBy > 0 (B, < 0) conditions and in is coupled to the R2 current located further south, while C2
the postnoon sector in thB, < 0 (B, < 0) case. Both these is connected to C1 (via ionospheric Pedersen current closure,
configurations have been documented in previous groundas indicated by arrows). The split of R1 in two parts is, fur-
satellite conjunction studies. The data from the pass by thehermore, emphasized by the jump in the ion low-energy cut-
Polar spacecraft at mid-altitudes along the 09:00 MLT merid-off, i.e., which we interpret as a discontinuity in time elapsed
ian, marked in Fig3, are shown inFarrugia et al(2003. since magnetopause reconnection (see kogkwood et al,
The four sheets of latitudinally separate FACs, ion/electron1993. The two low-energy ion cutoffs are marked by hori-
plasma regimes, and auroral forms were identified. Herezontal lines in the ion precipitation panel in Fig. This is
(Fig. 4) we show a representative example of the particlethe so-called staircase (or stepped) cusp precipitati (
precipitation and FAC configuration along the 10:00 MLT coubet et al.1992. We conclude from these observations

www.ann-geophys.net/30/817/2012/ Ann. Geophys., 30, 8836 2012
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Ny Alesund MSP DEC 08, 1999 (630.0 nm) the time of the pass). Flow channels FC 1 and FC 2 were doc-

umented by ground radars SuperDARN and Sondrestrom.

60

30

4 Cases 2-5

zenith angle (deg.)

4.1 FC 1-FC 2 flows: Aurora-FACs-convection configu-
rations

Below we shall report representative examples of aurora-
. FAC-convection configurations associated with the FC 1-
GAh 87 188 RES S11 Wbe w87 Ree 838 Wb FC 2 flow channels indicated schematically in F8y.The

temporal evolution of flow channel events are monitored
from ground magnetometers.

time (UT)

Ny Alesund MSP DEC 08, 1999 (557.7 nm)

4.1.1 Case 2: Auroral configuration across noonky >
0); prenoon versus postnoon asymmetry (8 De-
cember 1999)

zenith angle (deg.)

Figure5 shows meridian scanning photometer (MSP) obser-
vations of the red (630.0 nm) and green (557.7 nm) line auro-
ral emissions when the station at Miesund moved with the

sty prsen " osi00_ e " mnie Earth from the prenoon side (07:00 UT) via noon (08:40 UT)
I — il oy to the postnoon side on 8 December 1999. We shall empha-
oem B2 LB A Al ey T BPe %88 B0 size the pre-noon versus post-noon asymmetry evident in the

cusp region auroral configuration. We attribute this to the
Fig. 5. MSP observations of auroral configuration around mag- asymmetry in FACs shown in Fi@. Here we consider the
netic noon on 8 December 1999. Line-of-sight intensities are Showrbonfiguration for the prevailing, > 0 conditions. Returning
as a function of zenith angle for the red (top panel) and greeny, 1o schematic FAC illustration in Fig.the prenoon side
?g;’gl%nul%e:nztIfﬁ%g;‘:gstsnizz r(]on;:3'\(‘)%3:g’outf_'r)Pa'\:I:;/grfggob;events are characterised b_y four latitudinally separate FAC
AITOWS. sheets located on either side of the FC 1 and FC 2 flows.
This is different from the post-noon side events where only
two sheets are present. We shall look for this prenoon versus
postnoon asymmetry in the auroral observations.

Moving from left to right, we notice the following three
that the two R1 components (R1 and C2) belong to two dif-features of the auroral configuration: (i) prenoon aurora con-
ferent phases of evolution of open field lines: newly opensisting of a multi-layered latitudinal structure when mov-
flux (R1 and FC 1 channel) and old open field lines (C2 anding from south to north: (a) green line diffuse aurora (CPS
FC 2). The circuit involving the C1-C2 currents and their source) at the equatorward boundary of the MSP field
ionospheric closure current gives rise to flow channel FC 2.0f view (FOV) until 07:40 UT, (b) PMAFs/prenoon activ-
This type of two-component R1 FAC configuration (R1 and ity (dayside BPS source) (white arrow); (ii) red-dominated
C2) is also illustrated in the recent statistical study\dhg cusp-type aurora (“midday gap” aurora) during the interval
et al.(2010 (see their Fig. 7). 07:41-08:30 UT, and (iii) two consecutive poleward-moving

The mid-altitude data obtained during the Polar passforms (PMAFs/postnoon) in the interval 08:35—-09:00 UT
marked in Fig.3 (IMF By > O/prenoon case) shows a (two white arrows).
four-sheet FAC configuration (C1-C2-R1-R2) in relation to  We shall argue that the 07:40 UT aurora, which belongs to
plasma data and auroral observations from the ground (Svalur category PMAFs/prenoaBy > 0, corresponds to FAC
bard MSP data). The complete dataset is giveframrugia  structure in FC 1/prenooBy, > 0 in Fig. 3. In this case, the
et al.(2003. initial brightening stage of the PMAFs is captured by the

Data from the FAST spacecraft obtained during the traver-MSP. This is contrary to the two auroral forms marked in
sal along the postnoon meridian (13:00 MLT) marked in the interval 08:35-09:00 UT, which correspond to our cate-
Fig. 3 (By < O/postnoon case) document the four-sheet FAgory PMAFs/postnoorly > 0. As documented isandholt
current system (C1-C2-R1-R2) in relation to a staircase paret al. (20049, they originate in the postnoon sector (outside
ticle precipitation in the cusp regiorgrrugia et al.2004). the MSP FOV) and, in our view, the present MSP signature
This pass occurred during an interval of staBle< 0 con-  corresponds to a later phase of PMAF evolution (notice the
ditions (clock angle near 18%asting for many hours around higher latitude of the entrance to the MSP FOV). This stage
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is somewhere in the transition phase between flow channels ACE /MAG/SWEPAM January 10, 2004
FC 1 and FC 2, as indicated in Fig). IO%L\M e~ T
In the present case, the configuration of PMAFs/prenoon— o
midday gap aurora — PMAFs/postnoon was accentuated by« soofi—
certain changes in the IMF orientation (southeast before g 550:;7/\/,%/
07:40 and after 08:30 UT while strongly south in the interval s ...[ o
07:40-08:30 UT). The same type of PMAFs/prenoon versus - 10=§q~v I

[N
€
A

o

PMAFs/postnoon asymmetry under steady south-east IMF f,o, B WWMW/\ mwww
conditions has been documentedSandholt and Farrugia - gg} i * 1 et 1 ———
(20079 22 | | L
We conclude that the asymmetry across noon in };OEMWW'.WWWWWWM’W
PMAFs/prenoon versus PMAFs/postnoon reflects the asym-€ = & ™™ | | | ‘
metry across noon of the FC 1-FC 2 flows and associatedg "°? | PNV WWisse S et
FAC configuration described in Fi@. The prenoon FAC ~ * °4jj P S P v
structure spans a wider latitudinal range than the postnoon % oiw 777777777777777777 e -

structure, as does the auroral activity. The PMAFs we referto ® o[ 1 }

are explained in terms of the evolution of open flux tubes ini- = _sj, M
tiated by flux transfer events, which are signatures of pulsed & -uowwu | B
magnetopause reconnectidtussell and Elphic1979. "gw\w L

We notice that this auroral configuration consisting 0

8z (nT)

of PMAFs/prenoon and PMAFs/postnoon separated by a '-IZJ‘ } TWWMM
“midday gap aurora” is consistent with a solar wind- ¢op— T —n
magnetopause-ionosphere coupling which is discontinuous = s | 1
at magnetic noon (seBandholt and Farrugi&2003. This S USRI ‘ ‘

is a characteristic feature of the combined antiparallel- E‘zf\f\/\ ]

component merging configuration describedHoigelier et al.

3 &
< 1
P

(201). S 0 ‘ -
A most direct association with magnetopause reconnec- & isof+ 1 ]

H H H H - 180 | L | | |

tion in our auroral data (Figh) is the magnetospheric ero- 13 14 15 16 17 18

sion signature seen at 07:40 UT, i.e., the equatorward migra- ut

f[lon of the gree_:n line aurora near the southern horizon. Th'ﬁzig. 6. Interplanetary plasma and magnetic field data obtained from
'_S dug to the dlsap_pearz_ince of CPS G_)Iectrons on newly Opegbacecraft ACE during the interval 13:00-18:00UT on 10 Jan-
field lines, as predicted in the theoretical workLafckwood uary 2004: proton density, bulk speed and temperature, the apha-
(1997). This erosion event is a result of the southward turn-particle-to-proton number density ratios, the dynamic pressure, the
ing of the IMF. This type of auroral erosion effect has also components of the magnetic field in GSM coordinai®gs By, Bz)
been documented in other cases (Saadholt and Farrugia and the total field strength, the geoeffective interplanetary electric
2002. field (EkL) and the Boyle potentiaBoyle et al, 1997). Southward
turning of the magnetic field at 13:05 UT is marked by the first verti-

4.1.2 Case 3 (ICME): 10 January 2004 B, < O; post- cal guideline. The vertical dashed lines at 15:27 and 17:05 UT mark
noon); convection and S-M effect inyresponse to the times of F15 passes across flow channel FC 1 in the prenoon sec-

e . tor (approx. 09:00 MLT/70MLAT), when the ACE to Earth propa-
ICME magnetic field southward tuming gation delay is taken into account. The first (vertical) red guideline

. . . marks the front boundary of the ICME. The second (horizontal) red
On this day, an interplanetary CME was moving over Earth, . jine gives the average valuet, = (4.0+0.6) mVm—1. The

during its radial expansion. An abrupt southward turning of horizontal red line in the bottom panel gives the average value of
the ICME magnetic field was detected by spacecraft ACE atgoyle potentiak= (1128 4 3.7) kV.

13:05UT when theBy was negative{10nT). This south-

ward turning is marked by the first vertical (dashed) guide-

line in Fig.6. A horizontal red line gives the average value of netic deflections to the rapid southward turning of the ICME

ExL = (4.0+0.6)mVm1in the interval 14:00-18:00UT. magnetic field at 13:05 UT.

The horizontal red line in the bottom panel gives the average The second aspect is the study of Birkeland current and

value of Boyle potential = (118 4+ 3.7) kV. ion drift latitude profiles associated with flow channels in
This gave us a unique chance to study the response iprenoon sector (approx. 09:00 MLT/7BILAT) obtained by

plasma convection in general and the excitation of FC 1-FC Xatellite F15 during the intervals 16:15-16:17 and 17:58-

flows in the postnoon sector above Svalbard. We shall con17:59 UT (see track marked in Fig) which occurred un-

centrate on the ground responses in plasma flows and magler extremely steady south-west,(< 0; By < 0) directed
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100 200 o v 141000 UT 14:00 UT. This is followed by an increasing negative deflec-
tion in the interval 14:00-14:10 UT. The latter response is

the magnetic signature of flow channel FC 2 detected over-

head Svalbard by SuperDARN radars. Eastward flow and as-

sociated westward Hall current give rise to the negative X-

component magnetic deflection. The transition from FC 1 to

FC 2 responses at 14:00 UT in the Svalbard stations records

is consistent with the polar cap expansion associated with

the magnetospheric erosion event initiated by the southward
turning of the ICME magnetic field.

‘ The propagation delay between the southward turning
recorded by ACE at 13:05 UT and the magnetic signature of
the FC 1 flow enhancement at BJN (13:55 UT) is 50 min.

According toZhang et al.(2011) the evolution time of
FTEs is about 18-22 min from their origin on the magne-
topause (at the reconnection site) to the magnetotail lobe.
This estimate is consistent with our present observations of
the successive FC 1 and FC 2 flow excitations observed dur-
ing the 20min long interval from 13:55-14:15UT in our
10 January 2004 case.

Thus, in this case we identified tiiy-related ground mag-

netic deflection (Svalgaard-Mansurov effect) associated with

enhanced anti-sunward convection in flow channel FC 2 in
the postnoon sector undsy < 0 conditions which was ini-
tiated by a southward turning of the ICME magnetic field.

2000 m/s

X-COMPONENT

BIN

e 4.1.3 Case 4 (ICME): 10 January 2004 By <O;
prenoon); convection-precipitation-FAC (Peder-

Fig. 7. SuperDARN convection plot for 14:10UT (top) and sen current closure)

ground magnetic deflections from Svalbard IMAGE stations NAL . )

(75° MLAT), LYR (74°MLAT), HOR (73° MLAT) and BJN Figure 8 shows data obtained dunng a pass from

(71° MLAT) during the interval 13:00-15:00 UT. Magnetic signa- Pre-midnight  (20:00 MLT/7OMLAT)  to  pre-noon

tures of enhanced flows in flow channels FC 1 and FC 2 are marked(09:00 MLT/70 MLAT) indicated in Fig.3 (By < O/prenoon

The coordinate system in the upper panel is MLAT/MLT. The sun case). End of the interval of substorm electrojet activity

is at the top and dusk is to the left. MLAT range from 40=99  is marked by an arrow in the convection panel. We shall

shown. concentrate on the precipitation and FAC structures ob-
served during the traversal of the polar cap boundary in
the prenoon sector (09:00 MLT/73-)lat 17:58-17:59 UT.

magnetic field conditions. The times of these F15 observalAC Polarities are derived from gradients in tisg-trace.
tions of FC 1/prenco, < 0 are marked by the last two As mentioned above, this pass occ_urred during a 4-h Io_ng
vertical guidelines in Fig6. Here, we assume a propagation |nterval_ of very stable, south-west directed ICME magm_atlc
delay from ACE to Earth of 5055 min (see below). field (Fig. 6). Th(_e B, and By components at the time of this

Figure7 shows the spatial convection plot for 14:10 UT as Pass are very similar~(6 to —7nT, Fig. 6). We notice the
derived from SuperDARN radars in the upper panel. Flow llowing features:

vectors and convection streamlines are sho@negnwald 1. Channel of enhanced anti-sunward flow at polar cap en-
et al, 1995 Ruohoniemi and Greenwal@003. The coor- try at 20 MLT/66 MLAT). This occurred at the time of
dinate system is MLAT/MLT. MLAT range from 40-90s substorm electrojet activity (sendalsvik et al, 2012

shown. Flow channels FC 1 and FC 2 are easily identified.  neir Fig. 10). It is interpreted as flow channel FC 3 (see
Clear FC 2 flows in the form of anti-sunward convection Fig. 3), i.e., that flow category which is driven by mag-

centred at 17:00 MLT/7SMLAT are seen above Svalbard. netotail reconnection.
The bottom panel shows four X-component magnetograms

from Svalbard stations NAL (PAVILAT), LYR (74° MLAT), 2. Increasing anti-sunward cross-track flow component as
HOR (73 MLAT) and BJN (7® MLAT) during the inter- the satellite traverses the centre of the polar cap and
val 13:00-15:00UT. The FC 1 response is seen as a pole- into the prenoon sector (until approx. 17:55UT). The

ward propagating positive X-deflection in the interval 13:50— reduced polar cap flow speed at 17:55UT marks the

Ann. Geophys., 30, 817830, 2012 www.ann-geophys.net/30/817/2012/



P. E. Sandholt and C. J. Farrugia: Plasma flows, Birkeland currents and auroral forms 825

F15 10 Jan 2004
R0y
e 5 1
s 1 lon
g [
|04,‘:.‘ of 5 __ Ele
3 ol
o > 4
il B ” M 1! |
10 | 1 |
1044 MR
g 1 R M [T
I} 5 Vopgi WA | Z
£ 3 T | L 5 E
g 104 B gl : i 10t E 2
o { ‘ | ‘\l T “ﬂ‘ ! b b
2 ‘l I‘ ) ! \‘ TRRETR Y 03
_ 1074 LRI ‘ ; d‘;;
S [ Al B 10°
& I T
* ! s
10 L0t o
g s §§
15 10 | 1 | 2 =~ 3
= 107 4
¥
103 a B
TN YAV YN AR L UL TN (WA 10 B
3000
Sunward
@)
m
$ ’ i
) — HOR-C
Antisunward
-3000
600
=R [ S -
—__ AB;
-600

63300 63480 63660 63840 64020 64200 64380 64560 64740 64920 65100  UT(SEC)

17:35 17:38 17:41 17:44 17:47 17:50 17:53 17:56 17:59 18:02 18:05 HH:MM
311 40.4 50.1 59.9 69.6 79.2 87.8 80.8 70.6 60.2 MLAT
20.8 20.7 20.6 20.4 20.3 20.0 16.1 9.60 9.17 9.03 MLT

Fig. 8. DMSP F15 data obtained during the pass from pre-midnight to pre-noon MLTs in the interval 17:35-18:05 UT, as indicat&d in Fig.
Panels from top to bottom shows precipitation energy fluxes (ions/electrons), average energies, electron and ion spectrograms, cross-trac
ion drift, and magnetic deflection components acrdis €ast-west) and along() the track. Entry into and subsequent exit of the polar cap
occurred at 20:00 MLT/68BMLAT and 09:00 MLT/7P MLAT, respectively. Channel of enhanced sunward convection at 09MEMIIAT

is marked by vertical guidelines. End of the interval of substorm electrojet activity is marked by an arrow in the convection panel.

abrupt decay of westward electrojet activity during a 5. The above mentioned narrow boundary layer flux is lo-
substorm Andalsvik et al, 2012). cated immediately poleward of a latitudinally wide band
of CPS electrons.

3. Channel of enhanced sunward cross-track flow compo-

nent at the polar cap boundary is traversed at 17:58 yTrrom these data we conclude that the boundary between
(09:00 MLT/71—73 MLAT). This flow channel is bor- the narrow layer of enhanced boundary layer electron en-

dered on its poleward and equatorward boundaries byer9y flux (see spike in the top panel of F&).and the CPS
inward- and outward-directed FACs, as inferred from "€gime traversed at approx. 17:58:30 UT marks the transi-
positive and negative gradients, respectively, infae tion from open to closed field lines. The observed wide-band

trace in the bottom panel. This is a flow-FAC configura- electron acceleration structure is similar to that documented
by Newell et al.(2010. This type of precipitation is referred
to by Lockwood (1997 as dayside BPS (newly open field
4. The equatorward boundary of this flow channel, wherelines) and corresponds to the auroral phenomenon we call
the FAC is directed outward, is characterised by en-PMAFs/prenoon, <0 (seeSandholtand Farrugi@0073;
hanced electron precipitation flux (broad energy spec-heir Figs. 7 and 8).
trum) and ion fluxes at 1-3 keV.

tion as marked schematically in the left panel of Hg.
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115200 - 1155400 UT

WIND/SWE /MFI November 20, 2007 (GSM) 20 Nov 2007
— 60 7 T T T T T ] T T T ] 1000 46 kV /’l’_\
'~ a0 ! 1000 m/s ¥ : S

X-COMPONENT

p 8 BJIN
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10:00 10:30 11:00 11:30 /12:00 12:30 13:00

Hour (UT)

Fig. 10. SuperDARN convection plot for 11:52—-11:54 UT (top) and
ground magnetic perturbations (marked by arrows) in two Svalbard
stations (HOR and BJN) during the interval 10:00-13:00 UT.

centrate on the south-west directe, < 0; By < 0) field
near the trailing edge of the ICME detected by Wind during
the interval 10:00-11:50 UT. This interval is characterised
Fig. 9. Wind data for ICME passage at Earth on 20 November 2007.by an initial rise and a subsequent fall of the dynamic pres-
Panels from top to bottom shows: proton density, bulk speed, prosure from 6-16-4 nPa. The dynamic pressure variation and
ton temperature, dynamic pressure, magnetic field compodgnts  the variable magnetopause reconnection rate contributed to
By, By, the total field, plasma beta, the clock angle in the GSM expansions/contractions of the polar cap during the interval
Y-Z plane and the Boyle potential. The two vertical guidelines at 1-30_12:40 UT. As a result of this reconnection rate vari-
32}%?:32251\,%;5%&%?k the interval of polar cap ground magnetlca_lbility (see e.g., southward turning of the ICME magnetic
' field at~09:30 UT; Wind time) and dynamic pressure varia-

tions (e.g., enhancement at 10:00 UT; Wind time), with asso-

The observation of a relatively good correlation betweentiated polar cap boundary motions, Svalbard magnetometer
variations in the cross-track ion drift and tise perturbation ~ Stations were in the right position (70-74LAT) to detect
across the flow channel (see panels five and six in &igs the magnetic signatures of_ep|sod|c enhancements of antl-
as expected for a model describing ionospheric closure of théUnward polar cap convection (flow channel FC 2) during
two FAC sheets by a Pedersen curreédmnfddy et a, 198q  the interval 11:00-12:40 UT. .

Sandholt et a).1989. Deviations from such a correlationare ~ 1he interval is characterised by a high level of polar

usually attributed to the presence of conductivity gradientsC@P convection (polar cap potential drop) and its variability,
and associated polarization electric fields. driven by dayside reconnection, as estimated from the Boyle

potential Boyle et al, 1997, which is fluctuating between
4.1.4 Case 5 (ICME): 20 November 2007Ky < 0; post- ~ 100-180kV.
noon); pulsed flows and S-M effect Figure 10 shows SuperDARN convection plot for 11:52—
11:54 UT (top) and ground magnetic perturbations in Sval-
Figure9 shows interplanetary plasma and magnetic field datebard during the interval 10:00-13:00 UT. The ground sta-
for the ICME passage at Earth on 20 November 2007. Windtions are HOR (74MLAT) and BJIN (7P MLAT). In the
was situated at (236, 86, 1B} at 04:00 UT, 20 November SuperDARN plot we distinguish between two flow stages,
and the Wind-Earth propagation delay~4 h. We shall con-  i.e., northwestward flows (our FC 1) centred at approx.
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70° MLAT, and anti-sunward flows (our FC 2) at higher lat- Z

itudes (71-75MLAT; approx. 15:00 MLT), where the Sval- L

bard stations (e.g., HOR at 7MILAT) are located. The tilted Y B <O
line connecting the two panels of the figure marks the asso- HBL 7 :

ciation between anti-sunward flow in FC 2 and the magnetic
deflection at station HOR at 11:52 UT.

In Fig. 10we, therefore, illustrate the ground magnetic de-
flections in the regime of flow channel FC 2. This appears as
a series of negative X-deflections in the HOR qRALAT)
and BJIN (72 MLAT) magnetograms in the regime of en-
hanced anti-sunward convection, as detected by SuperDARN
radars. The most clear magnetic events are observed durngawn
the interval 11:00-12:40 UT. The end of the events series at
12:40UT corresponds to the ICMBy field polarity tran-
sition from negative to positive recorded by Wind approx.
50 min earlier (at 11:50 UT).

In our view this series of negative X-component deflec-
tions is a Svalgaard-Mansurov effect corresponding to the
tailward evolution of open flux tubes along the duskside II\\IIF
periphery of the polar cap, associated with flux transfer —— K_»
events, as predicted [§outhwood1987) for the prevailing Jwp
By < 0 conditions of the actual ICME fields@ndholt et a). Ei . ) )

20108. After 12:40 UT, whenBy is positive, the Svalgaard- -ig. 11. Sche_manc |MF-magnetosph(_are-m_)nospher(_e interconnec-

Mansurov effect is presumably shifted to the prenoon SectOItlon topology in stage two. of the open flg!d line evolution fo_r south-
west-directed IMF Bz < 0; By < 0) conditions. The emphasis here

of the pqlar cap. is on old open field lines (OOFLs), sheets of field-aligned electric

By this case, we demonstrate a temporal structure ofrents (C1-C2-R1-R2) and flow channel FC 2. Current circuit in-
the Svalgaard-Mansurov effect associated with pulsed antiyolving Birkeland currents C1-C2 are marked in blue. The figure
sunward convection in the regime of flow channel FC 2. shows the GSM Y-Z plane along the dawn-dusk meridian (X = 0).

Dusk is to the right. North is up.

5 Flow channel FC 2 and IMF-magnetosphere intercon-

nection topology 6 Summary and conclusions

Figure 11 shows a schematic illustration of IMF- . - .
. . In our review of recent statistical and event studies we
magnetosphere interconnection topology for a south-

west-directed &, < 0; B, < 0) IMF. The figure shows the aim at shedding light on the spatial-temporal structure of

GSM Y-Z plane along the dawn-dusk meridian £ 0). The plasma convection, FACs, precipitation/aurora and associ-

emphasis is on 4-component sheets of field-aligned electrigtEd ground magnetic deflections in the polar cap. The em-

currents (C1-C2-R1-R2) and flow channel FC 2 IOCatedphasis is on spatial-temporal structure of FACs and convec-

on old open field lines (downstreamside of the cusp) Thetlon as origin of the S-M effect in ground magnetic deflec-

current circuit involving Birkeland currents C1-C2 (marked _tlons, I.e., the increased (decreased) H. compone_nt appearing
. o . n away (toward) sectors of the IMF, as illustrated in our case
blue) consists of C1-C2 with ionospheric Pedersen curren L . L
: example shown in Fig. To this end, we distinguish between
closure (not shown) and the tail magnetopause current. Th

-M effects in two stages of evolution of open field lines in
C2 current represents the outer layer (poleward part) o L .
L the Dungey model of plasma convection in the reconnecting
the R1 current which is connected to the outer part of the
magnetosphere.

LLBL (open field lines). This is the "extra downstreamside The basis for this inference is our documentation that both

cleft-associated R1 current” of Watanabe et al. (1996). ; .
. ) N flow channels FC 1 and FC 2 are essential elements in the
Our C1 current is the “extra RO current” of Watanabe et . : )
al. (1996) temporal-spatial structure of Dungey convection cells. First
' ' e . of all, we argue that it is most appropriate to distinguish be-
Flow channel FC 1 (not shown in this figure) is the result of . -

(r:ween these two convection stages. This is demonstrated, for
example, by the sequential activations of these flows during
the first approx. 20 min after southward turnings of the IMF,
as illustrated in Fig7. Furthermore, we find that the two flow
features correspond to ionospheric Pedersen current closures
of two specific FAC pairs related to different spatial-temporal

residing on newly open field lines, as illustrated by Figs.
and8.
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domains of the solar wind-magnetosphere-ionosphere interrents depicted in Figl1and described by Watanabe as “extra
connection topology, as shown in Fig. downstreamside cleft-associated region 1” (C2) and “extra
FC 1 is a flow channel located on newly open field region 0” (C1) currents. Our FC 2 flow channel is included
lines appearing on either side of noon for a given IMF in the regime of the polar electrojet (PE), applying the termi-
By polarity. Both the prenoon and postnoon channelsnology ofFeldstein et al(2009 (see their Fig. 15d, e).
are closely connected with specific auroral phenomena, The central point in our reasoning, as illustrated in our
namely, poleward-moving auroral forms (PMAFs/prenoon Figs.4 (By > 0 case) an@ (By < 0 case), is that the dayside
and PMAFs/postnoonS@andholt and Farrugi20073. The R1 current is split into two components (current sheets). The
regime of the outward-directed FAC component at the equanorthernmost FAC sheet (our C2 current) is connected to the
torward (poleward) border of FC 1/prenoon (postnoon) ishigh-altitude solar wind-magnetosphere dynamo current on
characterised by accelerated electrons and associated intentdee downstreamside of the cusp. The other circuit elements
auroral emissions at 557.7 and 630.0 nm. This precipitatiorare the ionospheric Pedersen current closure and the high-
regime is the dayside BPS precipitation on newly open fieldlatitude FAC we call C1. This current circuit is responsible
lines, as described dyockwood(1997). A good example of  for momentum transfer to the ionosphere in the second stage
the FC 1By < O/prenoon variant, observed during extremely of evolution of open field lines in the Dungey cycle, i.e., dur-
steady interplanetary CME conditions, is given in Fdg. ing the interval when time elapsed since magnetopause re-
For a givenBy polarity FC 1-PMAFs/prenoon and FC 1- connection is approx. 10-20min. This is in contrast to the
PMAFs/postnoon are separated by a diminution of auroraddayside R1 current which belongs to the regime of newly
activity around noon, the “midday gap aurora” (see Bg.  open field lines. Thus, the boundary between the R1 and C2
This auroral configuration is consistent with solar wind- current regimes is characterised by a jump in the low-energy
magnetopause-ionosphere coupling processes which are dign cutoff (time elapsed since reconnection), as demonstrated
continuous at noon, as is also argued by e&sgndholt and in our Fig.4. We note that the distinction between the R1 and
Farrugia(2003 andFuselier et al(2011). C2 currents appears in case studigar(dholt and Newell
Our inferences on these aurora-convection-FAC configu-1992 Farrugia et al.2003 2004, but not in large satistical
rations in the vicinity of the open/closed field line boundary studies of FACs, due to smoothing effects (see Agderson
are largely based on previous documentation of the correet al, 2008.
spondence between auroral forms and particle precipitation The outward-directed FAC (C2) at the equatorward bound-
regimes Newell and Meng1994 Lockwood 1997): CPS-  ary of the dusk-sideXy < 0) FC 2 is accompanied by elec-
void-dayside BPS/LLBL (see, e.gSandholt and Newell tron precipitation structures with energy extending to approx.
1992 Sandholt and Farrugi@2002 Sandholt et a).2004). 1keV (flank LLBL source), giving rise to discrete auroral
Additional relevant information is obtained from auroral forms in the close vicinity of the polar cap boundaBafd-
signatures of magnetopause reconnection events excited Hyolt and Farrugia20073.
rapid southward turnings of the IMF, which are charac- In combined observations of convection and ground mag-
terised by (i) disappearance (equatorward shift) of a diffusenetic deflections obtained by SuperDARN and the IM-
green line aurora excited by magnetospheric (CPS) electron#AGE Svalbard chain of magnetometer data, we document in
and (ii) appearance of dayside BPS aurora (PMAFs) associFig. 10 a sequence of 5-10min long ground magnetic de-
ated with the presence of accelerated magnetosheath eleftections at polar cap latitudes, within the FC 2 regime. In
trons Gandholt and Farrugi®2002), as predicted by ock- our view, this is a temporal structure of the S-M effect re-
wood(1997). lated to pulsed anti-sunward convection. This type of pulsed
In contrast to FC 1, FC 2 is a flow channel located on oldflows along the periphery of the polar cap was predicted by
open field lines on the downstream side of the clsrru-  Southwood(1987) as an ionospheric signature of flux trans-
gia et al, 2009. The FC 2 flow channel shows a charac- fer events, which result from pulsed magnetopause recon-
teristic prenoon-postnoon asymmetry (F8). It is mainly nection. Thus, we document in Fid0 the presence of a
located on the postnoon/dusk (prenoon/dawn) side of theclear manifestation of flux transfer events (modulations of
polar cap for IMFBy <0 (>0) conditions. We identified the magnetopause reconnection rate) in the S-M effect for
this flow channel (FC 2) in the equivalent convection de-the case oBy < 0 conditions.
rived from Weimer patterns of ground magnetic deflections In summary, to fully appreciate the sources of the S-M
(Weimer et al. 2010. This inference is based on the well- magnetic fluctuations, one needs to consider the FACs re-
known association between ionospheric Hall currents andated to both newly open and old open field lines and the
ground magnetic deflectiongikushima 1969. Thus, the  strong Hall currents flowing in the respective flow channels
IMF By-related FC 2 flows are accompanied by ionosphericformed by their ionospheric Pedersen current closures.
Hall currents which give rise to a Svalgaard-Mansurov ef-
fect since the current is eastward-directed B> 0 and
westward-directed foBy < 0. This S-M effect is connected AcknowledgementsAccess to the DMSP data bagettps://swx.
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