JGR Space Physics

RESEARCH ARTICLE
10.1029/2023JA031317

Key Points:

¥ Signatures consistent with magnetotail
reconnection are observed in a
simulation driven by northward
interplanetary magnetic field
conditions

¥ The simulation results in the
production of a closed magnetotail
structure and polar cap arcs

¥ The above structure occurs within
a magnetotail that is highly twisted
such that open lobe regions cross the
equatorial plane

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

L. J. Fryer,
liflel9@soton.ac.uk

Citation:

Fryer, L. J., Fear, R. C., Gingell, I. L.,
Coxon, J. C., Palmroth, M., Hoilijoki, S.,
etlal. (2023). 3D GUMICS simulations

of northward IMF magnetotail structure.
Journal of Geophysical Research: Space
Physics 128 €2023JA03131https://doi.
0rg/10.1029/2023JA031317

Received 17 JAN 2023
Accepted 17 JUL 2023

©2023. The Authors.

This is an open access article under
the terms of th€reative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

") Check for updates

A p_J [ 2DVANCING
“\UU :::g;l sl::sl:qces

ok

3D GUMICS Simulations of Northward IMF Magnetotalil
Structure

L. J. Fryer!® R. C. Feaf!
P. Janhuner$4@, A. Kullen®!

, . L. Gingell%, J. C. Coxor?!
,and P.!A. Cassai¢

, M. Palmroth34(2 S, Hoilijoki3,

1School of Physics Astronomy, University of Southampton, Southamptor?Réigartment of Physics, Northumbria
University, Northumbria, UK3Department of Physics, University of Helsinki, Helsinki, Finlaifdanish Meteorological
Institute, Helsinki, Finland®School of Electrical Engineering and Computer Science, KTH Royal Institute of Technology,
Stockholm, SwedeiDepartment of Physics and Astronomy, West Virginia University, Morgantown, WV, USA

Abstract This study presents a re-evaluation of the Kullen and Janhunen (2Q34//doi.org/10.5194/
angeo-22-951-2004lobal northward interplanetary magnetic field (IMF) simulation, using the Grand Unified
Magnetosphereblonosphere Coupling Simulation version 4 (GUMICS-4), a global MHD model. We investigat
the dynamic coupling between northward IMF conditions and the EarthOs magnetotail and compare the resul
to observation-based mechanisms for the formation of transpolar arcs. The results of this study reveal that un
northward IMF conditions (and northward IMF initialization), a large closed field line region forms in the
magnetotail, with similarities to transpolar arc structures observed from spacecraft data. This interpretation is
supported by the simultaneous increase of closed flux measured in the magnetotail. However, the reconnecti
configuration differs in several respects from previously theorized magnetotail structures that have been
inferred from both observations and simulations results and associated with transpolar arcs. We observe that
dawnbdusk lobe regions form as a result of high-latitude reconnection during the initialization stages, which
later come into contact as the change in the ByilEomponent causes the magnetotail to twist. We conclude

that in the GUMICS simulation, transpolar arc-like structures are formed as a result of reconnection in the
magnetotail, rather than high-latitude reconnection or due to the mapping of the plasma sheet through a twist
magnetotail as interpreted from previous analysis of GUMICS simulations.

Plain Language Summarywhen the magnetic field associated with the solar wind is directed
Onorthward,0 the EarthOs aurora can adopt a formation where a ObarO of emission crosses the otherwise d
region that lies poleward of the usual auroral emissions. These phenomena are called Otheta aurorasO (due
their resemblance to the Greek letter), or Otranspolar arcs,0 and have been observed from spacecraft obsen
the auroral regions. As spacecraft cannot directly observe the global configuration of magnetic field lines
within planetary magnetospheres, simulations can be useful to gain insight into the possible structures that
occur during different solar wind conditions. We use a global simulation to model the interaction between the
solar wind and the Earth®s magnetosphere (the region of space around our planet) and see that a large-scals
line structure can form during certain northward-directed magnetic field conditions. When we trace these field
lines to the ionospheric boundary, we find that they resemble the global structures that have been observed fc
auroral arcs that stretch across the polar cap (also named theta aurora or transpolar arcs). We also note som
differences in their formation process from observational results.

1. Introduction
1.1. Northward IMF

The response of the EarthOs magnetosphere to the incoming interplanetary magnetic field (IMF) is a complex
dynamic process. This coupling has been extensively researched for a southward oriented IMF, yet-configu
tions of the magnetotail during northward IMF are less well understood. During strongly northward IMF, signa
tures associated with dual lobe reconnection have been observed (A®8IEY1983 Crooker,1992 Imber
etlal.,2006!2007 Russell 1972, similar to that first proposed by Dungey863. Imber et!al. 2006 found dual

lobe reconnection signatures to occur for clock angles within £10j of zero, though Lavrau®@@312009

found that they occurred over a wider range of up to £45j. More commonly, the IMF contains a sigBjficant
component, hence resulting in single lobe reconnection. This can occur either in one hemisphere or in-both he
spheres but with different interplanetary field lines, resulting in the stirring of flux around the magnetospher
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(Crooker,1992 Gosling et'al.1991!1996 Kessel etlal.1996 Reiff & Burch,1985 Russell1972. These types
of interactions can cause highly complex magnetotail configurations, resulting in the production of dawn
lobes during times when the IMF clock angle is larger.
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Two linked phenomena that are associated with northward IMF are the presence of hot plasma populations§W|t\
the lobes and transpolar arcs (TPAs). TPAs are large-scale auroral forms that protrude into the polar cap, ty
cally stretching from the nightside to the dayside, during northward IMF conditions (see polar cap arc reviérw k
Hosokawa et!al2020). Previous case studies and statistical studies have investigated the presence of hot @asn
within the high-latitude lobes and found it coincident with the formation of TPAs in the high-latitude polar r;iap
(Coxon etlal.2021 Fear etlal.2014 Fryer et!al. 2021 Huang et!al.1987!1989 Mailyan et!al.,2015. The
hot plasma observations by Fear et!201() and Fryer et!al.2021) were best explained by a mechanism firsg

proposed to explain the presence of TPAs (Milan e2@03 discussed below). The plasma properties in the%

studies exhibited features consistent with a population on closed field lines and showed a good correspoEde
between the times in which the spacecraft observed hot plasma populations and the intersection of their fo&pri
with TPAs in the polar cap.

0T/10p,

1.2. Transpolar Arc Mechanisms

‘Ausioniun eIUIBAA 1S9 Aq L

Large-scale TPAs were first observed by Frank etl8i8® and later named theta aurora (Frank etl&8I86
where Otheta auroraO typically describe arcs which span across the entire polar cap). TPAs typically OCCUE
northward IMF conditions (Frank et!al 98211986 Gussenhoverl,D82 Kullen et'al.,2002. They have been
observed globally and can occur in both hemispheres simultaneously (Cravet33laMizera et'al.1987%);
however, non-conjugate arcs have also been observed ("stgaar®688).,The topology of TPAs has long been2
debated. There has been evidence in the literature of polar cap arcs originating on open field lines (Gussehhc
& Mullen,!'1989 Hardy et!al. 1982 “stgaard et!al.,2003 and closed field lines (Craven et!dl991 Frank §
et!al.,’1982!11986 Milan et!al.,2005. Other studies argue that both types of arc can occur simultaneo@ly
within the polar cap (Hosokawa et!#0QPQ Reidy et!al.2018. More recent observational evidence suggest$
that large-scale TPAs are likely to form on closed field lines (Fear &tdl!Fryer et'al. 2021). Hosokawa ﬂf
etlal.!e020 and Fear’021) also discussed the origin of TPAs in recent reviews of polar cap arcs and northvgard
IMF dynamics, respectively.
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There are multiple theories proposed to explain how these large-scale arcs form. TPA mechanisms were co%npz
by Fear and MilanR0123, who detailed the dependence of their formation location onBjifhe physical %
driver (e.g., reconnection, twisting of magnetotail), the region in which the driver is located (e.g., magne%)tai
magnetopause boundary), and the expected timescales of the response to the IMF. The subsequent nmitic
TPAs is also controlled by the IME, component (Cumnock et!al297 Frank et!al. 1986 Milan et!al.,2009.
Some TPA mechanisms are based on observational studies (Change&&Mllan etlal.,2009, while others
have been developed from simulation and modeling results (K@@ !Kullen & Janhunen2004 Naehr &
Toffoletto,2004 Slinker etlal. 2001, Tanaka et!al2004. Simulation results all show slightly different topolo
gies in the magnetotail; however, most have shown that TPA-like structures within MHD-based S|mulat|on
form only after &B, sign change, which is a condition not required observationally as detailed in statistical st
by Fear and Mllan2(0125) and Kullen etlal.§015.
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Another large-scale phenomenon commonly associated with northward IMF and the presence of TPAs is @hc
collarO auroras. Horse collar auroras are defined as regions within the polar cap that contain a significait
of particle precipitation on the dawn and dusk sides (Hones é98B,'Hosokawa et'al2020. Low-latitude
spacecraft reveals that these structures contain smaller Sun-aligned arcs (ZH9@faMbre recent studies
such as Milan et'al2020 and Bower et!al.2022 have linked the presence of these structures to dual Ioée
reconnection during geomagnetically quiet northward IMF conditions. Tanaka29'&) 'discussed the results ¢

of a northward IMF simulation with a steady INBZcomponent, in which horse collar auroras formed. Multlplé
small-scale auroral arcs formed, which were aligned along the oval edge. The authors argued that shea:r flc
were responsible for such structures (similar to the mechanism suggested by Zharkp2€nlHorse collar g
auroras can be present without the need &y sign change but are not always associated with the presenc
TPAs.
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We aim to investigate within this paper the mechanisms that form TPAs within MHD simulations and congide
why previous simulation results seem to requi aign change to produce large-scale closed structures wign
it is not required observationally.

1.3. Kullen and Janhunen!@Q004)

M'AJEJquauuuo‘sqndnﬁw/:s

In this study, we re-examine the northward IMF simulation presented by Kullen and Jarnkoo@rHere

inafter referred to as KJ04) and go on to compare the results to more recent studies that discuss possnéle
mechanisms. In the original studgJ04), the Grand Unified Magnetosphereblonosphere Coupling Slmulatlgn
version 4 (GUMICS-4) was used to simulate the magnetospheric response to a number of different northiwe
IMF solar wind conditions and thus to investigate the connection between magnetotail twisting and pola§ or:
arcs. The first four runs within their study (1ab1d) looked at the effect on the polar cap, the plasma she%t e
surrounding magnetotail, during constant clock angle conditions, with a range of clock angles from 10j to §00
The results of these runs showed little evidence of arcs protruding within the polar cap, consistent with the I;BSL
of previous MHD simulations, which necessitated an BJBign change Otrigger.O The two final simulation rur§§
investigated by<J04 runs 02a0 and 02b,0 looked at the effect of introducing a sign charigjecontbenent
of the IMF, through a rotation in the clock angle from "45; to +45j. In run 2a, this rotation was executed raplgily,
whereas in run 2b, it was applied more slowly, over the course of an hour. In both runs, a large closed fle;ij li
structure was observed after llBgesign change moved past the nose of the dayside magnetopause. The aho
commented on the formation of a OfingerO of closed field lines in the tail, which bifurcated the lobes and niap[
to a ObridgeO of closed field lines in the polar cap (which they interpreted as an auroral arc).

BN IS
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KJO4 interpreted the large magnetotail structure (the OfingerQ) as a consequence of the relocationgof
high-latitude reconnection site, coupled with a reversal of the twist in the magnetotail due to the reversal Qf tl
IMF B, direction, thus combining two distinct elements of two previous models (Changd-@@8l Kullen,2000.
The plasma sheet twist was observed to be most severe in the far-tail regions and was argued to be conS|stent
the Kullen!000 model, in which the authors argue that TPAs form due to the way in which the distant plagmc
sheet maps to the ionosphere when the near-tail and far-tail are twisted in opposite directions. Additiosallyz

interpreted their results as being consistent with the model proposed by ChantP@@hihere a OnewO polarg

cap region forms as a result oBasign change, trapping closed flux between the OnewO and OoldO polér Ci
regions. Both of these interpretations present theoretical problems which motivate our reexamination. Asgnot
by Fear and Milan0123, the Chang et!al1099 idea is premised on the assumption that the new magne%n

pause reconnection site (after the IBfsign change) maps to a region that is equatorward of the open-clo§ed
boundary, which is physically impossible. Furthermore, in the original Kuléé modeling, a modification
of the Tsyganenkol@89 model is made in which two magnetotail regions, with oppditeomponents, are
joined together through a transition region (with a length 810 2(R;). Kullen!(2000 (later expanded upon
by Kullen et!al.!p003 in Figure 2b) interpret the plasma sheet field lines in the far-tail as connecting to Iébe
field lines in the near-tail, which then map to a TPA structure in the ionosphere. However, the lobe field linds a
topologically open, whereas the far-tail plasma sheet is closed, and the TPA (in the ionosphere) was inte§)re
to be closed. Therefore, this interpretation essentially has the effect of connecting the distant closed field lin
of the twisted plasma sheet to both open and closed topologies in the near-tail region. These theoretical ob%ta(
combined with subsequent observational and theoretical developments outlined below, provide motivatior§:for
re-examination of the origin&J04 simulation runs and further discussion of the results.

780/1T]
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1.4. Li etlal.|(2021)

1917 BUYUO ABIIM O (

A recent study by Li et!lal2021) used OMNI data to simulate two real northward IMF events and compared ~§he
outputs from two different MHD models, BATS-R-US and OpenGGCM. The main results from the study \éere
that during northward IMF conditions, open field line regions formed, which were twisted such that they Iefg th

@

simulation domain in the opposite hemisphere to the mapped ionospheric footprint. L2@2Bldbserved that £
the lobe regions underwent a rotation within both model runs and found that as a consequence, these §egi
could come into contact. The cause of the migration of these lobe field lines toward the central axis, and result'
reconnection, was speculated to be due to magnetic pressure pushing open field lines toward this centml a
where the magnetic pressure was thought to be low. They discussed how the vary@)gdkditions can affect

the occurrence and rate of reconnection, and how they compare to observations of substorms but did not explic
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discuss the possible link to global arcs and auroral features (although a more recent study by 2024 al.!
discusses the model results in context to TPAs). Additionally, they found signatures of fast earthward flows ®hic
indicated reconnection was taking place. They found that this only occurred in one of the two models, d:e‘sp
running both models with the same initialization conditions and solar wind parameters. We see similaritie;? ar
differences between our results and the conclusions from Li @02i1!(2022, which we make direct compari
sons to throughout this paper.

1.5. Milan Mechanism

/10p/WO02"A3|IM" ATRIqIBUIUOS

Milan et!al.!005 proposed a mechanism to explain how TPAs can form, based on a period of bursty mght
side tail reconnection during northward IMF. The study used the flux inside the polar cap to measure th@ re
of reconnection associated with the flux closure in the magnetotail during a period of northward IMF El'ai
Reconnection during IMF-Northward Nonsubstorm Intervals, or TRINNIsNFear & Mii1Rh Grocott
et!al.,2003!2004!2005!2007 Milan et!al.,2005 Nowada et!al.2018. Milan et!al.! 2005 proposed that a
period of dayside driving with a nonzero INB-component causes open magnetotail magnetic field lines to hé/e
a nonzerd, component. As a result of this introduced twist, two things happen when tail reconnectien SLﬁ)se
quently occurs First, the newly closed field lines in the Northern and Southern Hemisphere can have sugngflcc
azimuthal separation, such that when return convection occurs around the flanks to the dayside, one fcgatpl
would trail behind the other and have to convect faster to catch up with the leading footprint. This fast convéctic
flow in one hemisphere is believed to cause the observations of fast azimuthal flows associated with TR§\IN
as first proposed by Grocott et!&003 2004. Second, Milan et!al2005 then argued that as a consequencg

of the twisted tail, closed field lines in a local time sector straddling the noonBmidnight meridian could bez%orr
Ostuck,0 as these field lines cannot simply convect either dawn or duskward. They proposed that this regulte
the buildup of closed field lines, which Fear et20X5 referred to as a Owedge,O with the footprints of the Wec%)e
mapping into the polar cap (forming a TPA). Milan et!2005 suggested that the subsequent motions of TPAES
were a result of the circulation of polar cap magnetic flux and plasma excited by high-latitude reconnectio@ ar
hence detailed how the motion of a TPA is likely to be dependent on both the local time of the arc and the sién e
magnitude oB,. A more recent study by Milan et!a2020 also discusses the use of pressure pulses during TEA
events to determlne the length that the closed field line wedge extends into the magnetotail and argued tﬁat |
particular case study, the closed field line wedge extended uRtae@ntail. We will use this study to compare g
the length of similar structures in these simulation results to the estimates from the pressure pulse bright@ing

q LTETEOV

The Milan et!al.’2005 model has had success in explaining the time delay in the dependence of TPAs (Féar (
Milan,!2012a Kullen et!al. 2019, the formation location and its relation to the sign ofhpeomponent (Fear
& Milan,!20123, and the association with the ionospheric OTRINNIO flows indicating magnetic reconnectlen i
a twisted tail (Fear & Milan20128. Furthermore, the Milan et'aR§09 mechanism predicts that the Owedge@

of closed field lines in the magnetotail that is conjugate to the TPA should be populated by plasma that |§ rel
tively hot and dense compared with the lobe. This plasma should be intermediate in character between tl"ga (o]
rarefied lobe plasma and the hot, denser plasma sheet because the field lines forming the TPA initially @nta
lobe plasma but contract after being closed in the magnetotail, which will compress and heat the plasma (¢hot
not necessarily to the same degree as in the plasma sheet). This plasma population was shown to be pre‘f?.;en
consistent with a closed field line topology by Fear eRai1§), and the temperature (and its spatial dependenc@)

juoy/:sd:

was shown to be consistent with this mechanism by Fryer @0all)(and Coxon et!al2021). Therefore, in this g
study, we compare the output of the GUMICS model under varying northward IMF conditions with the charac
teristics that have been previously observed based on the Milan2&i04). {losed field line model. g
1.6. Motivation 7‘3“

Several simulation studies, suchkak)4, have sought to reproduce magnetospheric dynamics during northward
IMF. However, these simulations appear unable to reproduce TPAs which are not linked to an IMF sign crfang
which constitute the majority of cases observationally (see Fear & MD42a Kullen etlal. 2015and references §

therein). The interpretations of these simulation results also differ from interpretations of observation stuxdle
as they are based on mechanisms that are premised on &) #igh change Otrigger,O such as those develormd
by Newell et!'al.!1997, Chang et'al.1998, Kullen! 000, Kullen et!al.!2002, and CumnockRZ005. It is

clear that the results of simulations and observations relating to the formation of TPAs have shown incompzatit
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Table 1 conclusions, and hence a re-examination of these simulation results is neegled
Input Solar Wind Parameters In particular, we investigate whether the Owedge-likeO structures, inferre% by
i lal.! i ; g
Parameter Value Unit Milan etlal.!f005 and observgd |r_1 the magnetotall by Fear e2éll4) and g
: Fryer etlal.i2021), are present in simulations and whether they form by simg
DizuiEhg 1) fusiers Lm? lar mechanisms to those inferred observationally. g
TemperatureT) 100000 Kelvin (K) ) _ _ _ g
- e " el (T In this study, we will address these questions by re-evaluating the resglts
agne fC fe - ®) ) ) esla (T) of the run 2a first detailed byJ04 and compare them to the observationa%
Magnetic fieldY-GSM ) SH#110 9181514110 Tesla (T)  mechanism proposed to explain the presence of TPAs (Milan 20@8),!In 3
Magnetic fieldZ-GSM B,) 541107 Tesla(T)  Section?, we outline the details of the GUMICS-4 model, and in Sedjon! &
Velocity X-GSM (V,) 400,000 m/s we discuss the setup of the simulation run. In Sectione describe the %
Velocity Y-GSM (V,) 0 mls results f_rom the simulation originally carried outky04 and make a direct §
Velocity Z-GSM (V,) 0 mis comparison to the results we found. We lastly compare the results to the EPA

mechanism proposed by Milan et!&005, observational TPA properties,
and other northward IMF simulation results (e.g., Li e821) in Sectiorb.

2. GUMICS-4 Model

GUMICS-4 is designed to model the complex interaction between the solar wind and the coupled magnetosEéhe
ionosphere system. This code has been evolved from GUMICS-1, originally modeling two dimensions in§99
(Janhunen & Huuskonet993, to the most recent version GUMICS-5 (a parallelized version of GUMICS*Z4
[Honkonen et!al.2023). In this study, we use GUMICS-4 to be consistent with the results of Kullen afjd
Janhunen!2004. GUMICS-4 uses a 3D compressible MHD magnetosphere and electrostatic ionosq'g_ﬁen
(Janhunen et!lal2012. The magnetosphere is modeled between R24nd +3R. in theX direction, the point
at which the solar wind is introduced, and extends toRg64 both theY andZ directions. The MHD magre
tosphere and ionospheric model boundary is fixed at a geocentric distancBpid\&@re the two regions are
coupled by propagating the densitypressureP, velocity parallel to the magnetic field, and magnetic field,
vectors, across this boundary every 4!s. The maximum spatial resolution achievable within GUMICSRY;is O.m%S
however, this can vary depending on the location within the grid as GUMICS uses an adaptive grid method,gbri(
itizing near Earth and tail regions (Janhunen ef@lld. Further information about the capabilities and setup
GUMICS-4 is provided by Janhunen et!20{2).

un euiBiIA 159M Aq LTETED
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Reconnection in ideal MHD simulations, such as GUMICS, occurs due to numerical diffusion allowed bﬁth(
discretized grid. Despite this, signatures commonly associated with magnetospheric reconnection havé be
observed in previous MHD models (e.g., Fedder et@B3!2002 Laitinen et!al. 2005 Li et'al.,2021;, Usadi
etlal.,1993 Walker et!al.1993. Additionally, measurements of total polar cap precipitation from GUMICS
have compared well to observational studies, implying that the typical global magnetospheric dynamics (s
the Dungey cycle and resulting convection) are present within MHD simulations (PalmrotR@g. !

guounuoyy
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Locating reconnection regions in 3D simulations can be challenging due to complex field line topologiesg’Th
methods used to locate 3D reconnection regions differ from techniques used for 2D simulations, which irg/ol\
locatingX-points (see reviews by Parnell & Hayn2681Q Pontin,2011 Priest,2016), or locating saddle points
of the flux function corresponding ¥-point locations (as in Hoilijoki et!al2017). Laitinen et'al.®005 200§ %
found that GUMICS replicated well signatures of reconnection commonly seen in observations (e.g., ﬁ%ror
plasma flow reversals within a thin current sheet) during strong southward-IMF orientations. The technique
described by Laitinen et!al2@05 2006, to identify and quantify regions of possible reconnection, are uséd

within this study to locate possible reconnection regions within the GUMICS during northward IMF conditi%ns.

SUONIPUOD:

3. Simulation Run

n Jo sajni 10} A1

In this study, we present a single GUMICS run in which the IMF was directed northward for the entirety of-) th
simulation (as previously described Ky04 in their run 2a). The GUMICS model takes a list of solar winéﬁ
parameters (listed in Tablg!in 1!min intervals, which it introduces into the simulation at the upstream ec@e
of the simulation boxX!=!32R.). All solar wind parameters were kept constant for the entirety of the run, with
the exception of th8, component of the magnetic field, which has a linear transition from negative to posiﬁve
over the duration of 2!min. This transition occurs 2!hr after the start of the simulation (clock angle!z!"4§5 at
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120'min, Oj at 121!min and 45j at 122!min). Additional parameters such as the epoch time and date are re;qui
for the simulation to run, as the EarthOs dipole tilt is calculated from these parameters. We have chosen tg de
the run at 26 August 2000 04:00 UT as it coincides with a dipole tilt value of zero. All results detailed in;jthis
study were run with the highest resolution (adaptation depth of 5), resulting in the smallest grid siz@.of 0.’?5

Auroral conductances are driven by solar irradiance and field-aligned electric currents, where the solar irraéiar
is calculated by the model based on the epoch start date. These values were chosen with the aim to emlglate
results of run 2a bigJ04 2

4. Results

In this section, we give a direct comparison between the results of the original run 2a presé&tit@d and
our version of this run. We go on to discuss how we define regions of OreconnectionO and the resultin
configurations during this simulation run.

glc

4.1. Comparison With Kullen and Janhunen!@004

1A 159M Ad 2 TET80vE202/620T 0T /10 W00 Kol Al

Figurell shows six panels from the simulation; the timestamps shown above each panel refer to the timéz:sin
the IMF B, sign change has passed the dayside magnetopause boundary (at the magnetopause noseg he
t!=10 is the time that the midpoint of tt&& sign change reaches the nose of the magnetopause (as previogisly
defined byKJO4). Therefore, panels (a)D(f) represent the state of the magnetospthet8at, 22, 37, 52,
and 57!min, respectively. The magnetic field lines within each of these panels are shown in orange. Theg he
each been traced using the same starting points, &R 4i@rvals down theX axis, and additionally in a 2

spherical shell above 60j latitude (in 10j increments) and in 45; longitude increments around the ionos@wer
boundary (at a radius of 3. Note that as a consequence, we choose to observe the change in topoloogy é
set locations within the modeled magnetosphere, rather than the propagation of the same magnetic fie@ lii
throughout the run. A movie of these figures (including the initialization period) can be seen in Suppo@ting
Information51

Kapm

REL

During the initialization of the simulation, the dipole magnetosphere interacts with the incoming northward-dirathe
("45i clock angle) IMF through high-latitude reconnection with the initially dipolar nightside field lines (shodin
in the movie in the Supporting Informati@i). Some of the IMF field lines reconnect with the (initially closed)g
nightside dipolar field lines in just one hemisphere (e.g!=4t88!min in the movie), which has the effect of
opening dipolar field lines. Others go on to reconnect in the other hemisphere tootle!tP84nin); this strips
away the large region of closed field lines (dipole structure) on the nightside (Feak@i&lahd Figures 1d
and le of Milan et!al2D22). After just over an hour, a steady state is reached, where the majority of the cl
field lines in the magnetotail are now open and only a small closed region remains {Biglihes initialization
results in two relatively OnewO regions of open field lines which are like conventional lobe field lines except th
they are connected to the solar wind on opposite sides of the equatorial plane (i.e., the Northern Hemigph
OopenO field lines leave the simulation domain through the southern side, and vice versa), as indicated b§th(
and bottom arrow in Figur It also results in a region of OolderO downtail interplanetary field lines that rzave
disconnected from the magnetosphere and are hence curved anti-sunward (i.e., form a reversed OCO s?gap
a result of their previous connection to the closed, dipolar magnetosphere (central arrow ina&igumgpare &
again with Figure 1e of Milan et!aRl)23, also see more detailed discussion in Secti@n!Both types of field
line are visible ati=!"8!min, where the ends of these field line populations appear to intersetikis between
XI=I"50 R; andX!=!"100 R. downtail (Figurelg). We can therefore see from this initial timestamp that the steaéy
state for constant northward IMF at a "45; clock angle within GUMICS appears to show that the magnel%;tai
consists of open (i.e., connected to the ionosphere in one hemisphere) and disconnected tail field Iineszwh
are connected to the solar wind in both directions, and which we continue to refer to more generally as d(ngnt
interplanetary field lines), with only a small closed field line region close to Earth remaining. This is similegr to
that of the textbook magnetosphere (NishR2ROD), except for the connection of the lobe to the OwrongQ hel%li
sphere. This connection arises as a result of the simulation. It is not clear, from an observational point 0§vie
how closely this resembles the real magnetosphere under northward IMF conditions (when the magneé)tai
structure will be influenced by earlier periods of southward IMF and the pre-existing high-latitude field Iinegz are
open). However, we note that the structure in Figurstsembles that expected for reconnection with initiall
closed high-latitude field lines (Cowle}981,'1983 Crooker, 1992 Fuselier et!al2015 Milan et'al.,2022 and
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Figure 1. 3D plot of solar wind and magnetospheric field lines from the simulation run in Grand Unified Magnetosphereblonosphere Coupling Simulation (GUMIC
These panels correspond to the timestamps of "8, 7, 22, 37, 52, and 57!min since B)esipfFchange passed the nose of the magnetopause (the same times as
shown inKJ04 !their Figure 8). The background color indicates the log of the magnitude of the magnetic field strengtBNratfttXE¥ planes. The magnetic field

lines within each of these panels are shown in orange.

also that observed in other simulations that are initialized with northward IMF conditions (e.g., L2@24l.,!
2022discussed below).

JUO AB|IM UO (SUORIPUOD-PUE-SWIBY/!

Figurellb shows the simulation #t!7!min. The size of the closed field line region has increased both in Ien@th

downtail X axis) and in latitudinal extenZ @xis). Additionally, there is evidence that there has been penetratg)n

of the newB, component into the near-Earth magnetotail lobes due to the rotation of the solar wind end ¢ th
most earthward open field lines, away from the original "45j clock angle. Bf lpenetration during northward
IMF is discussed in more detail by Browett et!aD7 and Tenfjord etlal.J01§ and references therein.) The
downtail configuration of the magnetotail at this time remained relatively unchanged from the previous tifhes
tamp, which was prior to the introduction of the IBf=sign change region. %

asn Jo sani %)

Figurefic, att!=122!min (15!min later than the time shown in panel b), shows a completely different eonfi@u
ration. There is a significant portion of the magnetotail which is now closed (which we from this point on §/vill
refer to as the OwedgeO), and we see that it extends to large distances downtail. The open field lines, whigh |
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the simulation box far downtail (which appear to intersect the grid boundaryXiRHHCR,), remain oriented
inline with the original negatively directds], IMF component, with the nearest open field line again showi
signs of rotation in the positive IMB, direction. The features discussed above from our FigizBdkare also
evident in Figure 8 0KJ04, and what we refer to as the OwedgeO corresponds to the OfingerO comment
KJo4

ﬁw/:s@ wouy papeojumod ‘g ‘€202 ‘20v669TC

At t!=!37!min, the wedge appears to extend to its furthest length downtail, reaching."fR&ther supported
by the distances shown in Figuzethich is discussed below). The newly oriented, positive BjlEomponent
appears to have propagated into the distant tail region, which is evident in the change in orientation of thg m
earthward disconnected field line, and the change in orientation of the wedge itself from the previeus t§ne
tamp.!(We will further confirm these characteristics from Figungdich will be discussed below.) At!52!min
(Figurefle), the wedge structure becomes more complex. The closed wedge now has the addition of emhedc
solar wind field lines which appear to thread through the center of the wedge (highlighted by a white arrdyv) |
Figurelle, mimicking thread passing through the eye of a needle (Fifuie!Appendix A provides additional
views of this time stamp which confirms that the interplanetary population directly threads through the close
wedge structure). This appears to coincide with the start of the erosion of this closed wedge, which occuﬁs a
result of high-latitude reconnection in both hemispheres Ostripping awayO the closed flux in a similar magnel
the initialization. This is evident from the shape of the more earthward disconnected interplanetary field |II’§S .
they again form a backwards OCO shape, as a result of their earlier connection to the closed nightside fié_ld I
(see discussion above). This configuration indicates that high-latitude lobe reconnection with the closed v'gedg
converts magnetotail closed field lines to downtail IMF lines, oriented in the same direction as the OnewO %mc
ing solar wind. This configuration has been previously inferred using auroral data, where TPAs and cuspasp(
interacted during northward IMF conditions (Fear et2015. It also bears strong similarities to Onon- Iobe@
reconnection that has been observed with in situ observations (Fuselie2@t&lILavraud etlal.2019.

AsuM'Aquuauuuo‘sa&n
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Figurelf shows that by!=!57!min, these two processes (high- and low-latitude reconnection) appear to kfave
almost completely eroded this wedge of closed flux, as only a small region of high-latitude field lines rer#aln
closed. The threading of flux through the center of this wedge is still present at this time, and we are Iefﬁwn
the shell of closed field lines that have not yet been eroded by high-latitude lobe reconnection. It should be;noi
that the timings of the features in these last three timestamps differ slightly from the times at which theyzwe
observed byKJ04, though the features described above are all observed in their Figure 8. The wedge str@:tu
in our run appears to take longer to form as we observed no evidence of solar wind like field lines threadiég t
wedge at!=!37!min in our Figureld (this was observed #¢J04in the top right panel of their Figure 8) and ourZ
structure appears to erode slower than that observiéddzas we observe closed field lines associated with t@
original wedge at!=!57'min in this run (Figuré&f), which are not present at the corresponding time observed %y
KJO04 In summary, the overall structures and configurations of field lines throughout this run have reprocﬁjce
the global features observed Ky04 and appear to deviate only by a small time lag on the order of minutes.
therefore will refer to the times as they appear within our simulation results going forward.

()

A second way to analyze this structure is to look at the topology of the field linesiMipéanes, similar to that
shown in Figure!7 oKJO4 We plot topologies of field line passing through !0, 15, and "13R. slices in
FigureP. Here, the ionospheric boundary as well as open, closed, and solar wind field lines are plotted on
with a ZR¢ resolution in yellow, black, magenta, and white, respectively. Folloiitg, these plots have been &
cropped to a 80'#!14R). grid which focuses on the region in which the wedge of closed field lines was obserg/ed
in our Figurel. Comparison withi<J040s Figure!7 further confirms the similarity in the global simulations (@s
expected). By plotting the 2RPY plane at differenZ-values within the simulation, we can more clearly analyz%
the topological boundaries within the simulation. The times within this figure are the same times as shown @ith
the 3D field line traces in Figufeand are indicated at the right-hand side of each row. The central and right-h%tnd
columns of this figure replicate what was first showriKB@4in Figure!7; however, we have also plotted the lefts
hand column showing th¥bY plane aZ!=!"15 R.. This allows us to investigate the conjugacy between the tvé"o
hemispheres in more detail, which will be discussed later.

uon@Joa-pue-swlauwos'&qg&

¢

Focusing first on th&!=!0 plane (central column in Figu®)! att!=!"8!min, a thin and short (3B;) down
tail extension of the closed field line region existst!/At7!min, there is a small increase in the length of th
closed field line region as it now extends to just past45R. (atZ!=!0R.) with the width remaining initially

no wider than the resolution of the gridR(2, along theY!=!0R; axis. As time progresses, this closed field lin

e sajpne yO ‘o
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region extends from %"4RL. to "120R. downtail (between frames=!"7!min to t!=!37!min), the longest length
observed throughout the interval. This distance is slightly longer than an estimate of the closed downtail c@unt
part of a TPA from an observational study by Milan et202(), who inferred that magnetotail distances coultﬁ
stretch to %"9®&. downtail. A slight increase in the width of this region can be observed as time progresses,éwitl
the width reaching a maximum oR8 Two secondary, smaller closed regions can be seen to extend taiIvfard
within the simulation, initially observed #t!22!min and located dawn and duskward ofYe0R; axis. They
form atY!=!+20R_ but appear to merge with the initial wedge of field lines and migrate towax=R_ axis
as time progresses (betwasr22!min and!=!37!min). Byt!=!52!min, the main closed wedge appears to hav%
separated from the near-Earth plasma sheet idl#@R_ plane, as the region of closed field lines is only prese@
between "6(R. and "120R.. At first glance, this replicates what would be expected if a plasmoid had formEd
However, by probing th&!=!15R_ andZ!=!"15 R. configurations, we find that this is not the case. This separatlcxn
only occurs for small magnitudesofi.e., close to the equatorial plane) as there is still a closed region exten(ﬁng
earthward, and connecting to the near-Earth region, within thes& Ipigines. This is further confirmed by theg
field line traces shown in Figufiedat this time, when the high-latitude closed field line structure spans this enﬁre
region, connecting to the Earth in the both Northern and Southern Hemispheres. This is contrary to a plaémc
where the Opinching offO of the plasmoid would result in open field lines at higher latitudes between thé olf
moid and the planet. The OseparationO sé#n!@R att!=!52!min is actually representing the Othreading® of
solar wind field lines initially observed in field lines plots (and discussed previously with reference to Edgurefs!
andA1). By tI=157!min, this closed field line structure has reduced in size, no longer extending as far or as&vid
in theX orY direction.

ImAresguaul

7 8Uluo KoM

Studying theZ!=!"15 R. andZ!=!15R; planes (left and right columns of Figuzg!we gain information about
the higher latitude field lines and also their orientation within the tail (which is difficult to quantify from fiejd
line plots alone). At!'=!"8!min, we can see only the open field line regions in the lobes of the magnetosphére.
Note that two OwingsO of open flux occur on alternate sides of the central region in the northern and séuth
planes; these occur as the incoming solar wind has an initial clock angle of "45j. Seven minutes &fer tEe
sign change region hits the dayside magnetopause, the closed field line region emerges iRtipanas.
We note that interestingly, it appears on alternate sides of the magnetotail in the two hemispheres. Bétwe
tI=17Imin andt!=!37!min, these conjugate closed regions grow in both length and width, reaching just g’)as
"100 R downtail. The location of this closed field line region in both hemispheres moves with time as we é:ee
migration of the closed field lines in the dawn and dusk side toward snYaNeaifyes, hence toward the centralg
axis. This migration continues such that the position of the wedge af-wiglhes moves to the opposite sides o1§
the magnetosphere (i.e., opposite value¥)pindicating that the wedge rotated through the midnight meridié]
betweent!=137!min and!=!52!min. The position of the closed field lines along this alternate side is malntalr‘§ed
throughout the rest of the simulation run.

€

Jeigyjauu

The locations of the closed wedge and open field line regions compare well with the formation discussgd I
KJ04, though as we discuss below, our interpretation differs. The main observational differences occur in th§ lat
times of the simulation, as discussed above in the context of Higkremt!=I37!min, we observe a delayed ;%
decay of the structure compared with that observeldJ®y and a slightly longer closed field line region. We§
speculate that the most likely cause for this is a difference in grid resolution, as previous studies such és t
by Gombosi et!al.1998 have shown that the length of the closed field line region can be related to the néini
mum grid resolution in MHD simulations during northward IMF. Despite this, the tailward extent of the Weége,
which reaches a maximum downtail distance of %12€ompared well with recent estimates of TPA downtaiE
distances as discussed by Milan et202(0).

The overall global dynamics observed within our simulation results were similar to those preséaiedand
hence we do not believe the small-scale differences will affect the overall interpretation of this simulation.

4.2. Search for Reconnection

O ‘asn Jo sajni Joy Areiqi auluo A8

From the initial results of the simulation, it appears qualitatively that there was an increase in closed flux mee
ured within the magnetotail during the mid-stages of this simulation (based on the observations iMFigLE?res
andPR). To test this, we quantitatively measure the amount of closed flux threading EY2ZBSM plane at
ZI=10R,, at each time interval shown in FigizeTo do this, we calculate the flux mapping through each cel
that is indicated as closed in the central column of Figire!l, thez!=!0 plane), by multiplying the component
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Figure 3. The total dayside and nightside closed magnetic flux iXB¥eplane aZ!=!0R; GSM. The times correspond to those detailed in Fifjaned the area has
been taken as that shown in the central column of FRjuUAe define here dayside as any point for wiXED R and nightside as any point which has coordinates of
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of the magnetic field that is normal to the plane by the area of the cell, and sum the contributions from algcel
which contain closed field lines. At each timestamp, we measure the amount of closed magnetic flux on b@th t
dayside X!''0 R: GSM) and nightsideX{<!OR: GSM). The results of this can be seen in Figuwgth the left
graph showing the total closed flux on the dayside and the right-hand side showing the total closed magne
on the nightside.

] aUlUO!

etc fl

The total amount of closed flux on the dayside stays nearly constant throughout the simulation. Howe
the nightside, we observe a significant increase in closed flux over the first 30!min after tBedigif change
was introduced into the simulation. The peak in total nightside magnetic flux octlx&2atmin rather than
tI=I37!min (which is the time at which the closed wedge in the magnetotail extends to its maximum length oi)wr
tail). We suggest that this could be due to the initiation of dual lobe reconnection (signified by a backward§ 0o
shape in the field lines as previously discussed), as it appears to be the dominant process causing the er%si(
the wedge with time, first appearingthkt!37!min in Figureld. The amount of closed flux then decreases W|tla
time, as expected from the initial observations in Fiduwéiere we observed the stripping of the wedge in the
later stages of the simulation (FigufesandLf).
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The observation of an increase in nightside magnetic flux, while the total dayside magnetic flux remained corgsta
leads us to believe that there could be some form of magnetotail reconnection occurring within the simulatign. -
look for signs of reconnection, we use a similar technique to that described by LaitineR@Gnin(which the
simulation is searched for regions which contain four types of magnetic field line topologies at adjacent points

*Kajim-A.

ue-SWIBY

We choose to define a volume of widthRL611R, and 1R; in theX, Y, andZ directions, respectively, which
contains closed, interplanetary, and two oppositely connected open field lines. This volume is centered pn t
most tailward closed field line. Figudeshows the global perspective of the configuration of the magnetic fié;d
lines around the 3D region that contains all four topologies at the time of the initial growth of the WedgeéTh
panels shown correspond to timeg!ef2!min (Figurestab4jl andt!=112!min (Figuresle andif) after the IMF
B, sign change hit the nose of the magnetosphere. These times are chosen to stridtiféntite timestamp
shown in Figuredb andP, as this was the time at which the wedge appeared to grow, resulting in an |ncreaSe i
the length of the closed region of the EarthOs magnetotail. The top two panels (a) and (b) show a selecteﬁl St
of the field lines within the simulation #&!2!min in the GSMXEZ andYEYZ planes, respectively, and panels (c)j
and (d) show a more densely populatéy esolution view at the same time. Panels (e) and (f) have the sagi‘me
resolution as the figures shown in (c) and (d) but stieit2!min. The topology of the field lines within each§
plot is indicated by color, where magenta signifies the field line is closed, green and orange are open fiel@ lin
connected to the Northern and Southern Hemispheres, respectively, and IMF field lines are shown in blues

@

IUO Asiim u

e Si

Figuredashows the configuration of the magnetotail'at2!min. At this time, a small closed field line regiong
extends down to %) downtail, similar to the length of the closed magnetotail 5!min later at 7!min, shogvn
in both Figureslb andP. Just tailward of this closed field line region, there are two regions of open field liges
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Figure 4. Field line traces of the region which contained all four topologies within the magnetotail 2!min (abd) and 12!min (e, f) afteB thigiMhange had

hit the nose of the dayside magnetopause boundary. Both timestamps are shown in two perspextidgtefth@ndYEZ planes (right). Field line topologies are
indicated by colors where magenta field lines are representing closed field lines, blue are solar wind, and green and orange are open field lines connected to
Northern and Southern Hemispheres, respectively. Closed field lines are also distinguishable by a dashed line style.
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connected to alternate hemispheres (seen in green and orange). An interplanetary field line (seen in
located at distances further down the tail (for Bbvegions), replicating typical tail reconnection conflguratlon

ue

wédpapeojumoq ‘g ‘€20z ‘Z0v669T2
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Open field lines can be seen to crossXtais in Figurelaand leave the simulation domain at opposite sides
the simulation box. Northern Hemispheric open field lines (green) leave the simulation box at Zegaltisss,
while Southern Hemispheric open field lines (orange) leave the simulation at pdsiiges, resembling an
Oalpha-likeO shape. This is similar to the configurations discussed by Nishida9&8a!Park et!al. 2015,
Fuselier et!al.Z018, and Li et!al.'2021, 2022. This result arises from the fact that the field lines are direct@
northward for the entirety of the simulation, including the initialization phase. Therefore, the open (greer§ an
orange) and solar wind field lines (blue) downtail prior to the BJBign change are configured based on the
dipole having been stripped away by high-latitude reconnection resulting from the interaction between the élpo
and the incoming northward IMF. Figudblshows the same field lines at the same timestamp but from a dlffergnt
perspective, th¥E¥Z plane. From this figure, we can see that the location of the two populations of open field nes
(green and orange) cross from dawn to dusk=dz!=!0.

AJEJquauuuo‘sqnd@eusd
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Looking at the magnetotail at the same time, but with increased field line density (shown iMEjgwecan
see that the two regions of open field lines populate a large region of the magnetotail. Interestingly, some<0f t
interplanetary field lines shown in blue, at higfvalues, are located earthward of the majority of the open fieEﬂ

line ends. This complex configuration is comparable to the results from the northward IMF OpenGGCM suaulc
tion run discussed by Li et!lakl§21) (shown in their Figure 10cl).

S
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Figuredd allows us to analyze the mid-tail region in more detail and reveals that the two open field line re@lon
align along the same clock angle (orientated at a "45;i clock angle, aligned with the initial IMF conditiogs).
There is additionally a region of IMF field lines which appears in this projection to be sandwiched between §he5
two open field line regions. The high-latitude ends of these field lines can be seen to be the most affectedﬁby
incomingB, sign change as they are twisted clockwise compared with the majority of the open field line regon
in both the Northern and Southern Hemispheres. Despite this twist, there are a small number of open flela lir
which can be seen to be distributed between the downtail interplanetary field line region, as also seenyin |
previous panel (c).

Looking at the simulation 10!min later in Figure!att!=!12!min since the IMB, sign change hit the nose of the
magnetopause, we observe that there is a significant increase in the length of the closed field line region
the magnetotail (indicated by the magenta field lines) as it now extends R @dfntail. Not only has the
wedge increased in length, but it has also increased in hgigive¢tion), as observed in Figu2eds the wedge
can be seen to reach t@€4+20R.. Again looking along thX axis, we have the configuration of more earthwareg
closed field lines followed by a mid-region where the open field lines appear to intersect, ending with a mére
tailward solar wind region, indicating that there is possibly a region of reconnection here (this configuratiog ca
also be observed in the 2D topological traces in Figuaer!=!0 as discussed above). Interestingly, looking a”z
the YEZ plane in Figuretf, we can see that both open and IMF field lines have been further rotated fromgthe
original negative clock angle, to more positive clock angles, presumably as a result of the penetration %f tl
incoming positiveB, component into the magnetotail. We also note that the region of open field lines that api)ea
interspersed W|th|n the interplanetary field line region have also undergone some rotation from the orlglnalfcloc
angle.

) suo!l!puooéue swia) 8y} 8a
—

In order to confirm the presence of reconnection within the magnetotalil, it can be useful to use secondary
parameters, such as the flow velocity (Laitinen etP8lQf. Figuresba andbb show theX-component of the
plasma velocity just before (#¢!"8!min) and just after (at!=!7!min) the IMFB, sign change had hit the nose of
the magnetopause. We see little difference between these two states and there is no significant flow in the mld
and distant tail region to suggest that there is any reconnection region at larger distances dotntag!min
(Figurebg), a small region of slower tailward flow appears betwéeti'60 R, andX!=!"80 R.. This slow region
of flow grows along theX axis and increases in width slightly along thexis. Att!=!37!min (Figurebd), it
extends betweeK!=!"40 R andX!=!"100 R and has a width betweet%!+1R.. We can compare this to the
topological plots in the same plane in Fig@rahd can see that 8!37!min, the region of slow (%50!'km/s) g
tailward plasma velocity overlaps with the region encompassing the closed wedge. This stagnated flow th@ref(
has similarities to the properties of the Otrapped wedgeO discussed by MilaaeHahiiereby the closed field
line structure straddles the noonBmidnight meridian and is stuck due to the prohibited return flow aroundeitf
the dawn or the dusk sides. #¢!52!min (in Figurebe), a region of fast tailward flow (%500!km/s) is situatedt
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Figure 5. Plasma flow velocitx-component contours in thY plane for each of the times shown in Figlir@hese contours have been calculated from grid values
at 0.2%R_ resolution.

earthward of the slower region, betwe€n!"20 R. andX!=!"50 R.. This coincides with the regions at which the
interplanetary field lines appear in the near-Earth tail region, which thread the inner wedge structure (ind
by a white arrow in Figureb&andP atz!=!10, t!=152!min).

ate
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We also observed a similar distribution in ¥ plane, as no earthward flows were observed throughout t§e
duration of the simulation (shown in Appendix A in Figi®). The only significant difference between the twoé
planes was the location of the slower tailward plasma flows, as KEihelane, which was no longer alignedjz
along the central!'=10/Z!=!0R; axis but had two distinct regions which formed at higherdlues (between 5 and _5;
15R;). Overall, Figured shows significant tailward flow within the magnetotail but no signatures of earthwéird
flow. This is contrary to the features observed by Li et282]) in their simulation run of northward IMF with %
OpenGGCM, where for short periods of the order of minutes, earthward flows were observed assomate@ w
reconnection. It should be noted that significant earthward flow bursts were only observed for one out of th>e tv
models used within the Li et'ali§21) study, despite the same input of solar wind parameters. A more dlrect
comparison of the variation in model outputs is beyond the scope of this study; however, it is further addr&ss

by Honkonen et'al2013.
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7 s Closed To summarize, the observations we have presented in Fitfifeslow the
open > formation of dawnBdusk lob | iated with Fz
mm— Open N ormation of dawnbdusk lobes (commonly associated with strongBM z
— [MF conditions during simulations of northward IMF). We have located regions
X within the simulation that show signatures associated with reconnectiongin

conjunction with a measured increase in the total nightside magnetic flijx
within the magnetotail. This is measured at the same time as an incr%se
in length and width of the wedge of closed flux, all of which are indicativn“’g
and consistent with a period of reconnection occurring in the magnetoéil
during the simulated period of northward IMF (with an IBifsign change). %
Although we do not observe any earthward flows within the magnetotail, tge
presence of reconnection is supported by the observations of slower tailwgrd
flow regions, aligning with the wedge of closed flux that builds up within thg
magnetotail, consistent with the idea of the OwedgeO of closed flux ©stagna
ingO in the tail as proposed by Milan et2005.

5. Discussion

0

SN BUIBIA 1S9M AQ LTE

Figure 6. A schematic showing the proposed magnetotail reconnection [N this paper, we have reproduced the results and extended the analys__
processes observed in this simulation run in 2D as if viewed from the dusk KJ04 who presented simulations of northward IMF dynamics using th;e
side looking at th&EX plane. The colors correspond to different topologies, GUMICS-4 MHD code. The features highlighted above were interpreted By
with magenta representing closed field lines, green and orange representing 304 a5 a consequence of the change in the twist of the magnetotail, reshilt
open field lines connected to the Northern and Southern Hemisphere, L . . . . . ®
respectively, and blue lines representing interplanetary field lines. Dashed ing in a change 9f mapping of field lines from the far't.a” tol the 'OnOSphe@‘
lines are representing configurations prior to reconnection and solid lines @nd/or a relocation of the magnetopause reconnection site. Both of thgse
represent post reconnection field lines. Arrows indicate the direction of the processes were argued to occur as a result of a change in the IMF orient@ior
magnetic field. The expected configuration of magnetotail reconnection duriigat was introduced into the simulation. As discussed above, both aspects of

northward IMF conditions with regions of two open field lines with the sameyiq interpretation present theoretical difficulties which have motivated oﬁr
B, components but opposi; components of the magnetic field. Resulting rg;eexamination @

in the production of closed flux in the magnetotail and a single interplaneta
field line directed northward. One process that has been argued to introduce closed field lines into he
magnetotail is the process of dual lobe reconnection, which adds new cIo%ed
field lines to the dayside magnetosphere, followed by a period of reve;&e
convection which convects them into the magnetotail (Imber 006! Indeed, we have discussed above thé
observations of signatures of dual lobe reconnection both early on in the initial stages of the initialization éf th
simulation, leaving kinked interplanetary field lines in the mid-tail (Sectidrdnd Figurela), and also later
toward the end of the simulation, during the end of the lifetime of the closed wedge within the magnetotail, &hic
we argued contributed to its erosion (Sectodbnd Figuresle and'lf). We therefore considered whether thes
process of dual lobe reconnection could induce a wedge structure to form in the magnetotail, by expansiorg of
preexisting closed field line region (i.e., the plasma sheet) in the tail. However, we argue that this is not thé or:
here for at least two reasons. First, we measure no significant changes in the total dayside closed flux @om
throughout the entirety of the simulation run (as shown in Fig)yiedicating that there is no closure (or open &
ing) of field lines on the dayside and hence the nightside magnetotail is not being replenished by reverse c%nv
tion from the dayside population (Dungé963. Second, the fact that we measure an increase in total closed f%,lx
within the magnetotail which corresponds to the growth of the closed region downtail (without a change i th
total closed flux on the dayside) strongly indicates that there is tail reconnection occurring within the magne%:pta
The topological field line configurations also indicate the four-point conjunction topology commonly associ::?lte(
with magnetotail reconnection. s

1oy o
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Given the observational evidence of magnetotail reconnection presented above, we interpret the formatiorgof'
nightside closed field line OwedgeO as a consequence of magnetic reconnection in the magnetotail. Our Eiltel
tation is summarized by the schematic in Fighralhich shows the expected configuration of the magnetotaﬁl
as a result of magnetotail reconnection at low latitude between two open field lines connected to oppesite@er
spheres. The two open field lines are both northward-directed but have ofpaositeponents which, we argue, 3
allows component reconnection to occur between them. We have observed B)atghehange penetrates intog
the magnetotail, creating a rotation in both the open magnetic field lines (lobes). We suggest that this rc:gatiw
results in the two regions of open field lines (connecting to opposite hemispheres) being brought into cénte

=1k
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with each other and reconnecting at a point close tX tirds, where these field lines cross (see also Figjure!
This results in the formation of a closed field line and a single interplanetary field line downtail (solid magent:
and solid blue, respectively, in Figue!We observed this kind of configuration within the field line traces ié

Figure4 which coincided with the start of the growth of this wedge structure. During this process, there E n
expected change to the amount of closed flux on the dayside, but there would be an increase in closed flué me
ured on the nightside, both of which were observed within this simulation (see Bjigling$ configuration has
some similarities with the mechanism proposed by Milan ef@0§, in that closed field lines are formed in
the magnetotail by magnetotail reconnection during a period of northward IMF, and this results in the b
of an azimuthally narrow OwedgeO of closed flux in the magnetotail which extends to high latitudes,
observationally by Fear et!'akl4, Fryer et!al.’2021), and Coxon et'al2021). However, the configuration
we observe in this simulation differs from that proposed by Milan e?@0% in one major respect, which is that 3

the instigation of magnetotail reconnection appears to be inherently linked to the alpha-like configuration @f t
magnetotail. It is this configuration that means that a rotation in the tail (arising from a change in théhgign é:f

IMF B, component) can bring the Northern and Southern Hemisphere open field lines into contact, alloﬁvin
reconnection to occur.

Areiqyjaul
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The Oalpha-likeO magnetotail configuration arises due to reconnection between the IMF and closed magn
spheric field lines during the initialization phase (as the simulation is initialized with a dipole field). Obseg_va
tionally, it is not entirely clear whether the Oalpha-likeO configuration is representative of the real magn%tot
during periods of northward IMF, and indeed the real magnetotail configuration is likely to depend en cé_mdi
tions such as the length of time for which the IMF has been northward, how strongly northward the §Ioc
angle has been, and in particular, how long it takes newly reconnected northward IMF field lines to mov§ inf
the main body of the magnetotail. On the one hand, newly reconnected northward IMF field lines do gd0|
a configuration that is similar to that in Figuetegardless of whether the magnetospheric field lines they

reconnect with are open or closed prior beforehandNsee configurations sketched originally by G@@lby!(§

1983 and invoked by several subsequent authors (Crob882!Fear etlal.2015 Fuselier et'al.2018. There §
fore, in some senses, the configuration could be viewed as realistic. However, the real-life IMF varies begwe:
periods of northward and southward IMF, and so the starting point (when the IMF first turns northward%is |
Osouthward-IMFO magnetotail, and there will be significant quantities of initial magnetotail lobe flux that§nus
be displaced or removed before the field lines that are added to the magnetotail lobes during the nor%we
IMF period begin to dominate the magnetotail. Therefore, another possibility is that the Oalpha-likeO fielé’alin
become much more stretched downtail by the time they reach the central regions of the tail. If that is the,:ca
our simulation results are still representative of TPAs in that we observe a closed field line that is formgd &
nightside reconnection closing lobe flux, but the precise trigger of the nightside reconnection process miéﬂt n
be realistic. We therefore do not draw a conclusion on how representative the observed pre-TPA magrgiétm
configuration is of the OrealO northward IMF magnetotail, but note the occurrence of the alpha-like -configu
tion and reconnection in the GUMICS simulation with interest. The structure and shape of lobe field lines @ndt
various northward IMF conditions would be an interesting future avenue of research, both observationallgg ar
in simulations. 3

ue-SUL

Moving on to comparisons with other recent results, there are some similarities between the features of oucésin
lation run and the results of Li et!a20R1), but there are also some interesting differences. Initially, one mi@;’n
expect the closed wedge to contract and be associated with strong earthward flows, similar to those traditgon:
associated with northward IMF substorm conditions as discussed by Lee2ét18),!Miyashita et!al.Z0117),
Park etlal.20195, Li etlal.!021), and references therein. However, in our simulation, it is clear (from the mid@le
panels in Figure) that the wedge increased in length toward more negétixaues rather than forming and §
contracting earthward. This configuration is further supported by the topological field line traces te=t, at%

in Figure4a where the wedge can be seen surrounded by open field lines more tailward and closed fieIcE;Iine
more earthward. This forms a complex topology which means that the closed field line region appears to beéint
twined between the remaining open field lines which have not yet undergone reconnection and the pre-e‘f)(isti
smaller closed region which was present at the start of the simulation at lower latitudes located more eari}lw;
(comparable to a typical plasma sheet like configuration). Therefore, it appears that the closed field line ggi
cannot contract, which explains why no strong earthward flows are observed. Another factor that may conﬁibl,
to the lack of strong Earthward flows is that the reconnection occurs between field lines that meet at an§ang
to each other, rather than being nearly antiparallel as is the textbook substorm/plasmoid reconnection séna
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This means that a smaller fraction of the total magnetic flux participates in the reconnection process, resu
weaker exhausts from the reconnection region.

ng
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Figurebd shows that a larger region of slow plasma is present at the locations in which the wedge has fornged.
similar field line configuration was observed in the OpenGGCM run presented by Li2@2i) !(their Figure
10cl). However, we observe a significant difference between the lifetime of the wedge structures wnhng th
simulation and the results discussed by Li et202(). Li et!al.!021) observed earthward flows starting 1!hr_§r
after the start of northward IMF conditions, with the last burst occurring 4'hr after the introduction of northwarc
IMF. This indicates that the closed field line region observed within their study has a longer lifetime, on the §rde
of hours, compared with our simulation, as the wedge in our simulation erodes within an hour of its first gfowt
signatures (Figur#). This is likely to be a result of the difference in solar wind conditions fed into the simulat%m
(as Li etlal.'p02]] used real event data in their study), but inherent differences in the models (such as reso§1tic
or type of solver) could also play a part in the discrepancies observed between these different models (Ho%okz
et'al.,2020.

jluo'sgn
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A follow-up study by Li et'al.£022 showed evidence of dawnbdusk lobe regions during observed and simulgtec
northward IMF conditions. ARTEMIS data and the OpenGGCM global MHD model were used to studyéthe
conditions of northward IMF events and the resulting magnetotail structures. Their results were consisterit wi
the topological features observed within their previous study Li eP@21), as well as the alpha-like config
urations shown in this study. Lik€JO4 Li et!al.!022 interpreted their results as consistent with the Cha
et!al.!998 model and described their formation of a closed field line region as being due to field linesgha
were trapped between new and old lobe regions (shown in their Figure 12). We previously discussed the pEySi
limitations of the model proposed by Chang etE998; we would suggest that a modified magnetotail recoré
nection mechanism such as that described by Milan &@f13(would be more consistent with the results of Li%
etlal.!@021, 2022, which are in turn consistent with our results. Interestingly, very similar dawnbdusk open ﬁ)be
populations and resulting closed wedge structures that form in the high latitudes are present in simulation% us
real events (such as those discussed by Li 2@21]2023) and artificial simulated conditions (as discussed b);f:£
Kullen and Janhuner®004 and this study). This may indicate that these northward IMF phenomena are a résul

TSIV}

of macroscopic IMF characteristics, and not microscopic changes in preceding solar wind conditions. 5

3
The topological plots in Figurg! with particular focus on the closed regions in the large magntydenes, 2

[e]
showed that the wedge had a conjugate-like nature where it forms on alternate sides of the equatorial plane,Zon
rable to the structure described in theory by Milan et28l0f and direct observations by Obara et!h888, 3

Huang et!al.}989, Carter et'al. 017, Xing et!al.!2018, Fryer etlal. 021, and references therein. If we tracez
the field lines threading a spherical shell at the ionospheric boundary of the magnetospheric simulation, v§e C
identify the topologies that trace down to the polar cap, as shown in Figlietrace magnetic field lines in the &
northern polar cap between 55 and 90;j latitude with a resolution of 2j latitude and 0B24 MLT with %O.25€’§\/IU
resolution, to the southern ionospheric boundary. We show the configuration of the polatt<@2%min and 2
t!=137!min (the same times as shown in previous simulation figures), which captures the main observed rgoti
of the arc-like feature observed within the polar cap.! There is a large portion of the lower latitude regiah (:
both times) dominated by closed field lines (representative of the auroral oval and mapping to the plasmésh
region), with the dayside oval boundary extending to higher latitudes than the nightside, as expected. Hogyev
we can observe a high-latitude protrusion of the closed field line region on the nightside, into the open%bol
cap.!As previously discussed (and shown in Fig)yrete initially see the wedge form on the dawn side in the
Northern Hemisphere, which corresponds to a TPA-like structure on the dawn side of the northern polar caf (s
in Figure¥a) and a conjugate arc structure is also seen in the Southern Hemisphere7figaréie dusk side. 3
With these ionospheric traces, we can observe the same movement duskward/dawnward in the Northern/Sgutt
Hemispheres, respectively (Figurasand?d), as previously observed in Figu2eTherefore, the development 7‘3“
of this large closed wedge that formed during this northward IMF simulation resembles the development pf tt
global structure discussed by Milan et!'an@s. g

00" A3)IM:
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We can compare the motion and location of the arc-like formation within this simulation to previous o@ser
vational studies. We observe that the TPA-like feature forms in the initial stages of the simulation om th
dawn side (when viewed from the Northern Hemisphere) and then progresses to move toward the £IOO
midnight meridian and stagnates on the dusk side. This motion is demonstrated well i Figereby the
closed field line region forms at negatiVevalues within the positive high-latitude plar#=£!15R.), and
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Figure 7. Footprints of field lines &t=!122 andt!=!37!min since the interplanetary magnetic field (INE;)sign change hit
the nose of the magnetopause. The points have been traced from the Northern HemispheRe raiciu3.with a spherical
grid between 55j and 90; MLAT with a resolution of 2j MLAT, and 024 MLT with %0.25!hr resolution. The topologies
of the field lines can be seen in the same color scheme as Eigtiere closed field lines can be seen in magenta and
open field lines in green. (a, ¢) The Northern Hemispheric tracéisfa2!min and!=!37!min, respectively. The Southern
Hemispheric footprints seen on the right in panels (b) and (d) have been traced from the Northern Hemispheric footprints
only, and hence only contain points that are closed. All Southern Hemispheric traces have been plot as if viewing through tl
Earth from the Northern Hemisphere, with dawn to the right.
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then progresses to positivevalues with time, or Figurg!'where we observe the protrusion of closed fielti;
lines initially on the dawn side and later toward dusk (in the Northern Hemisphere). The opposite métio
is observed for the Southern Hemisphere (or negatipknes) and hence consistent with characteristics ef
conjugate arcs.

9|IM uo (suonipu

Previous statistical studies, such as those by Gussenhd98g),(Fear and Milan!20123, and Kullen
etlal.!Q015, have shown that there is a dependence between the local time at which TPAs form and th% IV
B, component. Fear and Mila@q123 explicitly showed that there was an improved correlation betwean
the IMF B, component and the location of the arc when the IMF conditions were averaged between Sar
4thr prior to the arcOs emergence while Kullen eR@lLH observed a peak in the correlation with 1DZ'h§
lag. Both studies found that if the IME, component was negative within their respective average wmdows
prior to the observations of an arc, the arc was most likely to form post-midnight in the Northern Hemlsgﬁmr
(and pre-midnight in the Southern Hemisphere). Hence, as this run has been initialized with 2!hf of geg
tive IMF B, conditions, before the IMF rotation, the formation location of this arc on the dawnside in %he
Northern Hemisphere (and dusk side in soaith) agrees with the statistical behavior observed by Fear and
Milan!(20123.
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6. Conclusion
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The results found from this simulation suggest that there is evidence for reconnection in the magnetotail, re§ult|
in an increased amount of closed flux measured on the nightside. We interpret this as a buildup of a Owe“gige
closed flux in the magnetotail, which is the magnetospheric counterpart of a TPA. The OwedgeO and reglor
closed field lines traced to the ionosphere are similar in many respects to the interpretation inferred frem n3agr
tospheric and ionospheric observations of TPAs and corresponding magnetospheric structure (Ccﬁ@ﬁlet!alg!
Fear & Milan,20123!2012h Fear et'al.2014 Fryer et'al. 2021 Milan et!al.,2005. Our interpretation differs 3
from that of Kullen and Janhune2004, who argued that the observations were due to a combination of t&o
mechanismsNone in which the TPA arises due to the way the distant plasma sheet was argued to mapfgto
ionosphere when a twist is applied to the magnetotail (Ku2@d() and a second which interpreted a TPA-likeg
feature as a result of a change in the location of the magnetopause reconnection site OtrappingO regions §f C
flux within the polar cap (Chang et!al998.

M
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We do note that there is a key difference between our simulation results and observational |nterpretat|ons Swh
is that the magnetotail reconnection occurs due to the Oalpha-likeO configuration of the magnetotail, Whlc}g ar
from the northward IMF initialization of the simulation, but bears similarities to dawnbdusk lobeshatréch
been argued to form during northward IMF configurations by previous studies (Fuselier 2918]. L

etlal.,2021,12022). A consequence of this Oalpha-likeO configuration is that the two twisted open field line reélon
are brought into contact by the rotation of the magnetotail. This explains why, in this simulation, the formatién ¢
the wedge/TPA appears to be caused by the introduction of th&)kign change. If the Oalpha-likeO structur§

of the northward IMF magnetotail proves to be observationally realistic, that might indicate that a minor n§_odi
fication of the Milan et!al.R005 TPA model (which has been successful in explaining multiple TPA obser\é’a

tions), could be beneficial, to account for the presence of dawnbdusk lobes that appear to be common ir% re
simulations.

N elubip IS

Appendix A: Additional Simulation Fields of View

This appendix contains two further figures which show additional fields of view within the simulation. &lgur
shows multiple views of the 3D field line traces made at time t!=152 mins within the simulation. A&ysinevs
the X component of the plasma velocity in the XBZ plane within the simulation.
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Figure Al. Field line traces itxXEYZ, XBY, ZbY, and 3D field line trace plots ftk=!52!min. The bottom right figure replicates the 3D field line traces from Figate!
t!=152Imin. The 2D planes have sequential field lines traced with different colors. The black, purple, and red field lines, which have their ends leaving the simu
domain betweeX!=1"50 and D6R., thread through the population of closed field lines (the OwedgeO).
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Southampton by the Finnish Meteorological Institute, Helsinki, Finland, to run the GUMICS-4 model Iocélly.
GUMICS-4 is also available open sourcenhtips://ccmc.gsfc.nasa.gov/models/GUMICS%4-HC-1thirbugh

the CCMC interface. All parameters that can be input into the open-source version of GUMICS are lis
SectionB of this paper which could be used to recreate this Note(The output of the GUMICS-CCMC code

has not been verified against this output run directly with the GUMICS model).
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