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A B S T R A C T 

Strong magnetic skew characterizes several non-potential structures in the solar corona, including filaments, which can erupt, 
producing major geomagnetic effects. Magnetic skew is thus a useful property in understanding locations of free magnetic energy 

in, and making forecasts from, global coronal magnetic field models. We develop a new technique for analysing the formation, 
evolution, and persistence of magnetic skew systematically in such models. This technique is applied to data-constrained 

magnetofrictional simulations, which include flux emergence in magnetic bipolar regions as observed on the Sun. Magnetic 
skew in the model is analysed, both globally and within the Earth-bound field of view. The latter is considered as these simulations 
have an observational bias: magnetogram observations can only be made along the Sun–Earth line. Results show that small patches 
of strong skew form incrementally, especially around recently emerged bipolar regions. However, large areas of strong skew, of 
sizes typical of filaments, take approximately two weeks to form after the emergence of new flux. Because of this observational 
bias in including new bipolar regions, most areas of strong skew in the model form on the far side of the Sun. Once formed, these 
areas may persist over long periods of time, comparable with the time-scale for solar rotation, and reproduce long-lived solar 
phenomena. Therefore, most strongly skewed regions in the model on the Earth-facing side of the Sun rotate into the field of 
view and do not form there. This illustrates a limitation of any global data-driven model that dynamically builds non-potentiality 

and skew through surface motions and flux emergence, with emergence based solely on observations from the Sun–Earth line. 

Key words: magnetohydrodynamics (MHD) – methods: numerical – Sun: atmosphere – Sun: filaments, prominences – Sun: 
magnetic fields. 
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 I N T RO D U C T I O N  

olar filaments are extensive features appearing on the Sun,
ypically seen in H α absorption over the solar disc. For historical
easons, they are often referred to as prominences when viewed at
he limb. Filaments contain cool dense plasma, suspended in the
orona against the action of gravity by their magnetic fields (Parenti
014 ). Although they often persist stably for long periods of time,
laments are liable to erupt, consequently launching coronal mass
jections (CMEs). On average, one such ejection from the Sun takes
lace every day. Of these, two-thirds are associated with erupting
rominences (Golub & Pasachoff 1997 ). Such events have long been
ocumented for their ability to cause geomagnetic disturbances at
arth (e.g. Sabine 1852 ; Hale 1931 ; Newton 1943 ; McLean 1959 ),

n a phenomenon known as ‘space weather’ (in the term coined by
avis 1957 , 1959 ). Space weather has grown in strategic importance

n recent years, and has been listed on the British National Risk
egister (Hapgood et al. 2021 ). 
Filaments lie above polarity inversion lines (PILs; Babcock &

abcock 1955 ) within filament channels. Filament channels are
 E-mail: jr93@st-andrews.ac.uk 
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egions characterized by fibrils antiparallel on either side of PILs,
lthough not all filament channels contain a filament (Martin 1998 ).
n a filament or a filament channel, the component of the magnetic
eld along its long axis is dominant (Foukal 1971 ) and the magnetic
eld is strongly skewed (Leroy, Bommier & Sahal-Brechot 1983 ,
984 ) relative to a normal to the underlying photospheric PIL.
agnetic skew is thus a useful indicator of where filaments can

orm, of the storage of free non-potential magnetic energy, and of
here eruptions may occur. 
With the growth and development of computational resources,

umerical modelling of the solar magnetic field has become in-
reasingly refined and increasingly able to probe the formation
f filaments, along with other phenomena. Early models treat the
oronal and photospheric magnetic fields entirely independently (e.g.
ltschuler & Newkirk 1969 ). More advanced models (beginning
ith van Ballegooijen, Cartledge & Priest 1998 ; van Ballegooijen,
riest & Mackay 2000 ) begin to couple the evolution of the
hotospheric and coronal fields, accounting for their interaction and
or the influence of the former upon the latter. 

At the same time as treating this coupling of coronal and pho-
ospheric systems, it is equally important over time to consider the
volving photospheric input of new magnetic flux into this global
agnetic system. Early models (e.g. Mackay, Gaizauskas & van
© The Author(s) 2025.
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allegooijen 2000 ) start from a given set of initial conditions and
llow the magnetic field to evolve according to known governing 
quations, without accounting for the continual supply of new flux 
nto the global field through the photospheric boundary. As with any 
hysical system, the evolution of the global magnetic field is a prod-
ct both of its internal physics, and of the external influences upon
he system, which constitute the boundary conditions for models. 
ecognizing this, simulations such as those of Yeates, Mackay & 

an Ballegooijen ( 2007 ) start treating the emergence of flux in the
orm of idealized bipolar regions, showing the importance of this 
rocess for the accuracy of the model (Yeates et al. 2007 , 2008 ).
ncluding this flux, however, requires observational data to prescribe 
he properties of bipolar regions to be inserted into the simulations. 

When new bipolar regions emerge on the photosphere, they create 
ew PILs and bring new flux into the solar atmosphere. As this
ew flux interacts with the pre-existing field and is acted upon by
otions on the surface, magnetic shear or skew can form along 

he PILs, hence the importance of including new magnetic flux when 
odelling the formation of filaments. Using magnetograms produced 

y instruments such as the Helioseismic and Magnetic Imager 
HMI; Scherrer et al. 2012 ) aboard the Solar Dynamics Observatory 
Pesnell, Thompson & Chamberlin 2012 ), the emergence of these 
egions is detectable. Having identified the emergence of new flux, 
he results can be used in a data-constrained simulation of the coronal

agnetic field to provide the lower boundary condition. In such a 
imulation, the coronal magnetic field evolves in response to the 
merging flux, among other factors such as surface motions and 
upergranular diffusion. One limitation that such data-constrained 
imulations suffer is that bipolar regions can only be observed and 
heir properties determined, for insertion into a simulation, within 
he Earth-bound field of view. This extends approximately 60◦ on 
ither side of central meridian as seen from Earth. 1 For this reason,
t is important to quantify how this limited field of view affects the
roduction of strong magnetic skew in data-constrained simulations. 
Yeates et al. ( 2018 ) compare several competing data-driven sim-

lations, seeking numerically to reproduce the state of the solar 
agnetic field at the time of the total solar eclipse on 2015 March

0. In particular, the magnetofrictional model of the global coronal 
eld (as originated by Mackay & van Ballegooijen 2006a ; Yeates 
014 ) is compared with non-linear force-free (Wiegelmann 2007 ; 
mari et al. 2013 ), magnetohydrostatic (Bogdan & Low 1986 ), force- 

ree electrodynamic (Contopoulos, Kalapotharakos & Georgoulis 
011 ), and magnetohydrodynamic (Mikic & Linker 1994 ; Feng 
t al. 2012 ) models. In that comparison, an isolated example of
he magnetofrictional model, with one particular parameter regime, 
ne initial condition, and one set of boundary conditions, is used. 
Expanding upon that, Mackay & Upton ( 2022 ) demonstrate the 

ull capability of the magnetofrictional model, and the wide range 
f physical parameters available, including comparing two data 
ets containing bipolar regions. First, they use a set produced 
rom synoptic magnetograms, with data from HMI, produced every 
arrington rotation. Secondly, a data set is inferred from an Advective 
lux Transport (AFT; Upton & Hathaway 2014a , b ) simulation, 
hich is itself informed by normal-component HMI magnetograms, 
ut which additionally incorporates surface flux transport (SFT) in 
 While half of the Sun’s surface, up to 90◦ on either side of central meridian, 
an be seen from Earth at any one time, reliable measurements cannot be taken 
t or close to the limb as a result of projection effects. Here, measurements 
re deemed to be reliable of locations within 60◦ of central meridian, and this 
indow is taken to be the ‘Earth-bound field of view’. 

s
o  

fl  

P  

2

rder to provide global magnetic field maps that vary across all
ongitudes every day. Data at higher cadence 2 available in the latter
et, combined with allowing bipolar regions to emerge both pre- and
ost-central meridian, yield considerably different evolutions in the 
agnetic energy, the electric current, and both the amount and the

istribution of open flux, compared with the results from using the
ynoptic data. All of these are important for the behaviour of the
olar wind, which can, in turn, exert geomagnetic effects. 

Since the primary intention of the work of Mackay & Upton ( 2022 )
s not to focus upon the production and persistence of strongly skewed 
agnetic fields, it is pertinent to focus more narrowly upon these is-

ues in this work. In order to do so, new techniques are developed and
resented, which allow for the identification and quantification of the 
ormation of skew in the global magnetofrictional model. In addition, 
he persistence of skew in the coronal magnetic field in the global

agnetofrictional model after it has formed from one solar rotation to
he next can be studied. Once developed, these techniques are applied, 
oth over the entire Sun and specifically within the limited field of
iew from Earth. By doing so, it is possible to consider how the
imited range of longitudes over which bipolar regions are inserted 
ffects the production of skew at longitudes visible from Earth. 

Starting from observations of the Sun’s photospheric magnetic 
eld on 2014 September 1, numerical simulations of the coupled 
hotospheric and coronal fields are undertaken in order to follow 

he evolution of the coronal field in the period up to 2015 March
0. In the simulations presented here, skew in the magnetic field is
dentified and calculated over the full duration of the simulations. 

In Section 2 , the model used for simulating the global magnetic
eld is outlined, alongside the method for identifying bipolar regions 
rom observations. Overall aspects of the coronal magnetic evolution 
n the simulations are described in Section 3 . Then, Section 4
iscusses their implications for the evolution of skew within the 
olar corona on a macroscopic scale, both over the whole Sun and
ithin the field of view seen from Earth. Section 5 provides a more
etailed discussion of the formation and evolution of individual 
istinct features characterized by strong magnetic skew. Section 6 
emonstrates an approach for the systematic detection of such 
eatures of strong skew within the Earth-bound field of view. As
n illustration of the processes and time-scales typically involved in 
he generation of skew, Section 7 treats the case of a particularly
otable filament, which is within the Earth-bound field of view at the
ime of the total solar eclipse of 2015 March 20. Section 8 statistically
onsiders the time-scale for the generation of skew in the magnetic
eld relative to the emergence of flux in the global magnetofrictional
odel. Finally, Section 9 reviews some of the major conclusions, 

nd considers future implications of the work. 

 M E T H O D  

.1 Global simulations 

umerical simulations of the coronal magnetic field are performed 
ccording to the non-potential evolutionary model originated by 
ackay & van Ballegooijen ( 2006a ) and Yeates ( 2014 ), which has

uccessfully been used to study the hemispheric pattern in chirality 
f filaments (Yeates et al. 2008 ), open flux (Yeates et al. 2010 ),
ux ropes (Yeates & Mackay 2009 ), and CMEs (Pagano, Mackay &
oedts 2013 , 2014 ). Mackay, DeVore & Antiochos ( 2014 ) provide
MNRAS 542, 2184–2210 (2025)

 AFT maps are available at a cadence up to one map every 15 min. 
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uller details of the operation of the numerical code implementing
his method, which is briefly outlined here. 

Defined in terms of a magnetic vector potential � A , the magnetic
eld, 

� 
 ( r, θ, φ, t) = ∇ × � A , (1) 

volves within a domain, 

( r, θ, φ) ∈ [ R�, 2 . 5 R�] × [ 0 , π ] × [ 0 , 2 π ] , (2) 

efined in spherical polar coordinates. In longitude, the grid has cells
f uniform width � = 0 . 46875◦. In latitude, the grid is stretched,
ith cells having width � at the equator, reducing towards the
oles. Within the code, the spherical coordinates are transformed
nto modified coordinates x , y , z for computation: 

 = φ

� 

(3a) 

 = − log tan θ2 
� 

(3b) 

 =
log r 

R�
� 

, (3c) 

here R� is the solar radius. Two distinct parts constitute the global
odel, namely those representing the photospheric and the coronal
agnetic fields, which are coupled and evolve simultaneously. 
First, in the photosphere, where the plasma- β is high, fluid forces

ominate over magnetic, and the very low resistivity leaves the
agnetic field largely ‘frozen’ to the plasma. Photospheric motions,

esponsible for SFT, therefore heavily influence the magnetic evo-
ution. In particular, three processes contribute. First is differential
otation, whereby different latitudes rotate at different rates, which
s treated using the profile (from Snodgrass 1983 ): 

( θ ) = (
0 . 18 − 2 . 3 cos 2 θ − 1 . 62 cos 4 θ

)
deg d−1 . (4) 

econdly, the poleward drift of meridional flow is modelled (follow-
ng Schüssler & Baumann 2006 ) by a latitudinal velocity: 

θ = −15 sin 2 λeπ−2| λ| m s−1 , (5) 

here λ is latitude, given by λ = 90◦ − θ . Finally, surface diffusion,
epresenting the large-scale consequence of smaller scale super-
ranular flows, is treated through a regular second-order diffusion
perator (as proposed by Leighton 1964 ), with coefficient (from
eVore et al. 1985 ): 

 = 450 km 

2 s−1 . (6) 

ll three are applied in order to prescribe the boundary flows � vs and
iffusion on the solar surface. In conjunction with the emergence of
ux in the form of bipolar regions (� Sb ), these processes govern the
volution of the photospheric magnetic flux: 

∂ � As 

∂ t 
= � vs × � Br − D∇s × � Br + � Sb . (7) 

In the second, coronal part of the model, the magnetic potential
volves according to 

∂ � A 

∂ t 
= � v × � B + � R , (8) 

here the velocity is given by 

�  = 1 

ν

� j × � B ∣∣ � B 

∣∣2 + v0 e
− 2 . 5 R�−r 

rw � er , (9) 

here � j = ∇ × � B . This velocity is the combination of, respectively,
 magnetofrictional relaxation velocity and a radial outflow imposed
NRAS 542, 2184–2210 (2025)
t the source surface at 2 . 5 R�, with characteristic width rw and speed
0 . Imposing the former causes the magnetic field to tend towards a
orce-free equilibrium (Yang, Sturrock & Antiochos 1986 ), while the
atter simulates the effect of the solar wind. Here, v0 = 100 km s−1 ,
= 60 km 

2 s−1 , and rw ≈ 0 . 1 R�. 
Resistivity is the only non-ideal effect, with the form 

� 
 = ηc 

� j = η0 

( 

1 + 1 

5 

∣∣ � j 
∣∣∣∣ � B 

∣∣
) 

, (10) 

here η0 = 60 km 

2 s−1 . This resistivity is enhanced in regions of
trong current, and acts primarily to limit the amount of twist in
trongly sheared magnetic fields. 

.2 Initial condition 

he initial condition is constructed from an AFT map on 2014
eptember 1 at 12:00 UT . This map is taken as a lower boundary
ondition, from which a potential field source surface (Schmidt
964 ) extrapolation is performed, out to a source surface at 2 . 5 R�.
he resulting three-dimensional magnetic field is used as the initial
ondition. 

Since the coronal magnetic field is, in reality, highly non-potential,
nd the simulation begins from a potential field, the first 8 weeks of
he simulation are taken to be a ramp-up period, during which time
he simulation approaches a quasi-stationary, non-potential state. By
014 November 1, such a state can be deemed achieved. 

.3 Inserting bipolar regions 

ipolar regions, representing newly emerged flux, are inserted
ccording to the form prescribed by Mackay & van Ballegooijen
 2006a ), namely 

x = B0 
√ 

e 

(
z 

ρ0 
e−ξ + 4 β

x ′ y ′ 

ρ2 
0 

e−2 ξ

)
(11a) 

y = 2 βB0 
√ 

e 

( 

1 −
(
x ′ )2 + z2 

ρ2 
0 

) 

e−2 ξ (11b) 

z = B0 
√ 

e 

(
− x ′ 

ρ0 
e−ξ + 4 β

y ′ z 
ρ2 

0 

e−2 ξ

)
, (11c) 

here
(
x ′ , y ′ ) are local coordinates inside the bipolar region and z

eight above the photosphere; ρ0 is the half-separation, namely half
he distance between the peaks of the two opposing polarities; β a
arameter regulating the self-twist of the bipolar region; ξ given by 

=
1 
2 

(
x ′ )2 + (

y ′ )2 

ρ2 
0 

; (12) 

nd B0 a coefficient fixed by the total flux, � , in the bipolar region: 

0 = � 

ρ2 
0 

√ 

eπ
. (13) 

oth B0 and � take the sign of the following polarity in the bipolar
egion. A bipolar region may be tilted at an angle γ0 , which is the
ngle between the meridian through the centre of the bipolar region
nd its local inversion line. In order to achieve tilt γ0 in the bipolar
egion, the local coordinates

(
x ′ , y ′ ) are rotated about the centre of

he bipolar region ( x0 , y0 ) : 

′ = ( x − x0 ) cos γ0 − ( y − y0 ) sin γ0 (14a) 

′ = ( x − x0 ) sin γ0 + ( y − y0 ) cos γ0 . (14b) 
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Two regimes are considered for β. First, one case inserts all 
ipolar regions with β = 0 . 0, thereby inserting untwisted bipolar 
egions. Secondly, another case inserts bipolar regions with β of 
qual magnitude but opposing sign in the two hemispheres: 

=
{−0 . 4 λ > 0◦

+ 0 . 4 λ < 0◦ . (15) 

s can be seen from the helicity density associated with this form of
ipolar region, 3 

� 
 · � B = βρ0 B

2 
0 e

[ 

2 −
(
x ′ )2 + z2 

ρ2 
0 

] 

e−2 ξ , (16) 

he parameter β controls the self-helicity 4 with which each is inserted 
nd, in particular, the sign of helicity. Accordingly, this latter choice 
f signs reflects a tendency for negative helicity to prevail in the
orthern hemisphere, and positive in the southern, as has been 
bserved (Pevtsov, Canfield & Metcalf 1994 , 1995 ; Zirker et al.
997 ). As demonstrated by Yeates et al. ( 2008 , section 3.2 and table
), this choice of magnitude for β most accurately reproduces the 
emispheric distribution of the chirality of filaments observed (as by 
ust 1967 ; Martin, Bilimoria & Tracadas 1994 ). 5 Comparing the two
ases, β = 0 . 0 and β = ∓0 . 4, is instructive in order to demonstrate
ow the formation and evolution of magnetic skew depend upon 
he presence of self-twist in new bipolar regions, along with the 
bserved hemispheric preference in twist (as reported by Mackay & 

aizauskas 2003 ; Mackay & van Ballegooijen 2005 ). 
While the form of bipolar regions inserted into the magnetofric- 

ional simulations is highly idealized, this is sufficient, since the goal 
f these simulations is to study the global evolution of the coronal
agnetic field as active regions decay and are transported poleward. 
s such, the decay of active regions and their interactions, with each
ther and with the ambient coronal field following their emergence, 
re most important. Such simulations are not intended, nor are they 
ppropriate, to study the internal dynamics of active regions during 
heir early emergence. However, to include the consequences of 
nternal shear of newly emerged bipolar regions on the long-term 

oronal dynamics, some amount of skew associated with bipolar 
egions can be included through the parameter β. In particular, 
he angle of skew in a bipolar region of the form of equation (11)
atisfies tan γ ∝ −β. When included, this skew is highest at the point 
f symmetry between the two polarities of the bipolar region and 
ecreases with distance along the PIL towards the edge of the region.

.4 Identification of bipolar regions and production of data set 

n order to study the coronal magnetic field as accurately as
ossible, it is important that the photospheric field closely matches 
bservations for the full duration of the simulation (2014 September 
 to 2015 March 30). Fundamental to this is the insertion of new
ipolar regions as observationally detected, as done by Yeates et al. 
 2007 ). 
 Helicity density is here quoted using the vector potential for which the code 
olves, and as quoted in Yeates et al. ( 2007 , equations 7 –9). In general, a 
ector potential is not gauge-invariant, and therefore other forms of helicity 
ensity for the given field exist, in particular that relative to a potential field. 
 Aside from self-helicity, there will also be mutual helicity, which may not 
e of the same sign. 
 Dextral chirality corresponds to negative, and sinistral to positive, helicity 
q.v. Mackay, Longbottom & Priest 1999 ). 

d  

m  

6

2
7

8

9

c
i

Newly emerged bipolar regions are identified from the AFT 

imulations according to the process described by Mackay & Upton 
 2022 , section 2.2.1). For each region detected, its properties – the
igned flux, longitude, latitude, tilt, and half-separation between the 
wo polarities – are determined. 

Because new magnetic bipolar regions can only be observed from 

ne vantage point at Earth, their properties can only be determined
ithin a limited range of longitudes visible from Earth around central
eridian. As such, this set of bipolar regions contains both those that

merge outside the Earth-bound field of view before subsequently 
otating into it, and those that truly emerge within that field of
iew. All these bipolar regions are reported, and consequently only 
nserted into data-driven simulations, within that limited range of 
ongitudes. However, this is not representative of the true evolution 
f the magnetic field on the Sun, where new flux may emerge at
ny longitude. How this affects our ability to model the production
f strongly skewed fields at longitudes visible from Earth will be
nvestigated in this work. In addition, three-fifths of the bipolar 
egions, and two-thirds of the total associated flux, emerge in the
outhern hemisphere, 6 including the largest single bipolar region, 
hich has flux � = 1 . 211 × 1023 Mx and emerges on 2014 October
3. 7 

.5 Analysis 

or magnetic field lines passing over PILs, magnetic skew is 
nderstood in terms of the orientation of the magnetic field with
espect to the underlying inversion line. First, the normal to the PIL
s defined: 

ˆ �  = − ∇s 
� Br ∣∣∣∇s 
� Br 

∣∣∣ , (17) 

here ∇s denotes the horizontal components of the gradient 8 and 
r the radial magnetic field component on the surface. Then, the 
ngle of skew, γ , is defined as the angle between this normal and
he horizontal magnetic field, � Bh , at some chosen height of interest 
Martin & McAllister 1995 , 1996 ): 

= sin −1 

(
ˆ � n × � Bh 

)
· ez ∣∣∣ � Bh 

∣∣∣ . (18) 

ere, that height is taken as being around 11 000 km . Where γ > 0◦,
his corresponds to dextral skew, where γ < 0◦, this corresponds to
inistral skew. Throughout this work, the angle of skew is discussed
n terms of its absolute value, | γ | . 

Filaments typically exhibit an angle of approximately 20◦ (Leroy 
t al. 1983 , 1984 ) between the filament’s axis and its magnetic field.
ince the filament’s long axis follows the PIL, this corresponds to
n angle of skew in the magnetic field of approximately 70◦. 9 Skew
n the simulations is understood to be ‘strong’ when exceeding this
alue, and ‘weak’ otherwise. Based on the angle of skew on each
ay, and how it varies from one day to the next, skew in the coronal
agnetic field is divided into eight categories, listed in Table 1 ,
MNRAS 542, 2184–2210 (2025)

 This is the consequence of a particular hemispheric asymmetry in solar cycle 
4. 
 that is, day 52 of the simulation. 
 that is to say, the components tangential to the surface. 
 Given an angle of 20◦ between the axis and the magnetic field, the 
omplementary angle, between the normal to the axis and the magnetic field, 
s 70◦. 



2188 J. Reid, D. H. Mackay and L. A. Upton

M

Table 1. Categories into which points of skew in the magnetic field are 
divided. In plots showing skew by category, each category is represented by 
the colour specified in the second column. References to skew being ‘above’ 
or ‘below’ a given threshold are to be understood in terms of the absolute 
value. On any given day, skew is categorized according to its value on one 
day, and how that value compares with its value on the previous day. 

Category of skew Colour 

Dextral, remaining below 70◦

Dextral, remaining above 70◦

Dextral, currently above 70◦, below 70◦ on previous day 

Dextral, currently below 70◦, above 70◦ on previous day 

Sinistral, remaining below 70◦

Sinistral, remaining above 70◦

Sinistral, currently above 70◦, below 70◦ on previous day 

Sinistral, currently below 70◦, above 70◦ on previous day 
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hich quantify its evolution in time. 10 In later plots, each category
s represented by the colour specified therein. 

Given its association with filaments, the production of magnetic
kew greater than 70◦ is the focus of this investigation. In order
o identify where and when this strong skew appears, the change
n the angle of skew on each day from the previous day must be
etermined. Skew is calculated above PILs, but these will evolve
hrough translation and elongation. In order to compare the angle of
kew at the same location between consecutive days, γ is interpolated
rom values along an inversion line on to a fixed longitude–latitude
rid. Using this, the change in skew between consecutive days is
asily calculated, allowing skew to be classified as in Table 1 . 

 G L O BA L  E VO L U T I O N  

ig. 1 compares the total flux, total magnetic energy, and total current
n the two simulations studied, namely with β = 0 . 0 (represented by
reen lines) and with β = ∓0 . 4 (represented by magenta lines). 
Since both simulations start from the same initial state, and since

ach bipolar region inserted has the same flux irrespective of the
elf-twist ( β) with which it is inserted, the total flux (solid; Fig.
 a) in the two simulations is the same (and hence one line overlies
he other). During the first two days of the simulation, there is a
apid decrease in the total flux through the photosphere. This is
he consequence of the AFT initial condition, which contains many
mall-scale polarities. 11 These small-scale polarities are quickly
ancelled by the macroscopic diffusive processes, leaving only the
arge-scale long-lived flux patterns. After this early phase, the flux
ises with the insertion of bipolar regions that are deduced from
bservations. Each bipolar region inserted causes a sharp increase,
f varying size according to the amount of flux inserted. Largest is
hat on day 52, when a single bipolar region of 1 . 211 × 1023 Mx is
nserted and accompanied by other smaller regions, as part of a larger
omplex of activity. At times when no bipolar regions emerge, the
otal flux reduces, through cancellation of oppositely signed flux. 

Notably, a clear separation soon emerges between the open fluxes
n the two cases (dashed lines in Fig. 1 a). With β = 0 . 0 (green),
NRAS 542, 2184–2210 (2025)

0 These categories are disjoint but not exhaustive. For example, rare events, 
n which strong dextral skew on one day becomes weak sinistral skew on the 
ext, would not fall in any category listed in the table. 
1 as shall be seen in Fig. 9 (a). 

w  

s  

1

he open flux is lower, and the difference grows over time. Open
ux, in addition to that present in the initial state, is created through
 range of non-potential processes (discussed by Mackay & Upton
022 , section 3.5), one of which is the eruption of flux ropes. With
ipolar regions emerging twisted, flux ropes more readily form and
rupt. As they do so, they carry their flux up to the top boundary, at
 . 5 R�. Upon reaching the boundary, the flux becomes open. Hence,
he case with twisted bipolar regions ( β = ∓0 . 4; magenta) yields
reater open flux as flux ropes form and erupt more frequently. 
Magnetic energy is plotted as a function of time in Fig. 1 (b).

tarting from the same initial state, the total magnetic energy follows
 similar trend in the cases with β = 0 . 0 (green) and with β = ∓0 . 4
magenta). In each, similar large sharp growths occur with each new
ipolar region inserted. In the case with β = 0 . 0, however, the bursts
re smaller and the total energy persistently lower than for β = ∓0 . 4.
his is a consequence of the untwisted bipolar regions ( β = 0 . 0)
eing associated with lower energy. In general, the magnetic energy
ollows the evolution of the total flux. 

Current evolves in a similar fashion (Fig. 1 c). Initially, the potential
eld contains zero current, but surface motions and emergence
f bipolar regions introduce coronal currents. Once again, sharp
ncreases occur when the regions are inserted. Untwisted regions
with β = 0 . 0) carry less current, and so the growth in total current is
maller in that case (green) than in the case with β = ∓0 . 4 (magenta).
 fuller discussion of the global properties of the simulation can be

ound in Mackay & Upton ( 2022 ). 

 HOLI STI C  VI EW  O F  SKEW  

n order to analyse how strong skew forms and how long it persists,
t is necessary to quantify the location and variation of skewed field
ines over the duration of the simulation. In order to do so, the angle
f skew of the magnetic field above PILs is calculated on each day
f the simulation. 
Figs 2 and 3 show a characteristic example, illustrating the results

or 2014 December 10. 12 In each panel of Fig. 2 , the properties of
agnetic skew are shown above the underlying radial magnetic field

n the solar photosphere. In those panels, white and black represent
ositive and negative flux, respectively. The scaling of the radial
agnetic field is given by the first colour bar on the right-hand

ide. The entire path of PILs, which divide regions of positive and
egative flux, is given by the coloured line in Fig. 2 (a). In each
lot, the vertical dashed red line denotes the longitude of the Sun
ying at central meridian on the Sun–Earth line on that day. The
ertical blue dashed lines show longitudes within 60◦ of central
eridian, where the magnetic field can be measured accurately by

xisting magnetographs on the Sun–Earth line. From the distribution
f the radial magnetic field, it can be seen that, at this stage in
he solar cycle, the majority of the bipolar regions are concentrated
ear the equator. As a result of this, the paths of PILs are most
omplex between latitudes of ±40◦, where there is a mixture of
orth–south and east–west orientations. Closer to the poles, the PILs
ppear smoother and more elongated. In each hemisphere, this is
he result of the complexity in the radial magnetic field decreasing
ith latitude and differential rotation shearing and thus extending the
ILs in an east–west sense. During the simulation, new PILs appear
hen new magnetic bipolar regions emerge. One part of the PIL

eparates the two polarities making up the bipolar region, and the
2 Animations of maps in Fig. 2 are available in online supplementary material. 



Strong magnetic skew in global coronal model 2189

Figure 1. Evolution over time of (a) surface and open magnetic flux, (b) total magnetic energy, and (c) total current. Shown here are simulations with bipolar 
regions inserted untwisted ( β = 0 . 0; green) and with β = ∓0 . 4 according to the sign of latitude, in order to match the observed hemispheric pattern in helicity 
(magenta). In (a), the total flux at the surface is shown by solid lines, the unsigned open flux by dashed. In (a), the solid green and magenta lines overlie each 
other, for the reasons discussed in Section 3 . 
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ther separates the bipolar region from the background field within 
hich it emerges. 
The coloured line in Fig. 2 (a) represents the variation of the skew

ngle of the magnetic field along the entire path of PILs. Red and
lue denote positive and negative γ , respectively, as indicated by 
he colour bar on the right-hand side. At locations where the angle
kew is around 0◦ (green), the field lines lie nearly normal to the PIL
nd are close to potential. In contrast, for either chirality, where the
ngle of skew is around 90◦, field lines lie parallel to the PIL and
re highly non-potential. Strongly skewed field exists along most of 
he length of the PILs, both at low and at high latitudes, where, in
ach hemisphere, both dextral (red) and sinistral (blue) skew can be 
ound. Strong skew often arises along the parts of PILs separating 
he opposite polarities making up bipolar regions. Examples of this 
an be seen at ( 80◦, −20◦) , ( 160◦, −20◦) , and ( 260◦, −15◦) , where 
inistral skew is present, or at ( 80◦, 5◦) , ( 160◦, 5◦) , and ( 290◦, 10◦) , 
here dextral skew is present. 
While Fig. 2 (a) presents the overall skew on the 2014 December

0, Fig. 2 (b) illustrates how the skew has changed along the PIL over
he preceding 24 h. In this plot, red and blue denote, respectively, γ
ncreasing and decreasing compared with the preceding day. Values 
or the change in skew are significantly less than those for the skew
tself, and so the scale is restricted to the range [ −20◦, 20◦] . From
ig. 2 (b), it is clear that the change in skew is much more localized

n nature, but can occur across all latitudes and longitudes. 
In Fig. 2 (c), magnetic skew is categorized according to Table 1 ,

ith the exception that the orange and indigo categories of weak skew 

emaining below 70◦ are omitted, which would otherwise obscure 
he remaining categories. Most prominent in this plot are the yellow 

nd blue locations denoting, respectively, dextral and sinistral skew 

emaining above 70◦ from the previous day. These represent locations 
f strongly sheared fields, consistent with the angles measured within 
olar filaments, which persist above the PIL from one day to the
ext. Also prominent in this plot is the set of red regions around
 290◦, 10◦) , which denote skew that has increased to be above 70◦

ver the last 24 h and which are co-spatial with a region of increasing
(red) in Fig. 2 (b). Therefore, at these locations, skew has increased

o become consistent with the orientation of the field measured 
n filaments and, as such, this set of locations represents where a
lament channel has formed. Locations where the angle of skew has 
rown above 70◦ (red and purple) are significantly fewer in number 
nd smaller in area than those where strong skew persists (yellow and
lue). 
While Fig. 2 illustrates PILs according to the angle of skew along
hem, Fig. 3 shows field lines in the corona. These are shown in two-
imensional projections (a) and in three dimensions (b), in which 
he central meridian of the Sun is chosen to match that observed on
014 December 10. In each, the underlying photospheric magnetic 
eld is shown as in Fig. 2 . In Fig. 3 (a), examples can be seen of both
extral- and sinistral-skewed field lines, where the angle of skew 

long these field lines is shown by Fig. 2 (a). Around the bipolar
egion at ( 255◦, −15◦) , field lines starting in the area of positive 
olarity (white) clearly veer leftwards as they cross the underlying 
nversion line towards the negative polarity (black). This sinistral 
kew (blue) can be seen at the corresponding location in Fig. 2 (a).
extral skew is illustrated by the bipolar region at ( 290◦, 10◦) , where 
eld lines cross the inversion line, from positive polarity (white) to
egative (black), inclined to the right. Positive γ (red–orange) at the 
ame location in Fig. 2 (a) indicates this chirality. 

To quantify the overall properties of the skew over the entire
uration of the simulation and over the full Sun, Fig. 4 plots several
ntegrated quantities: (a), (d) the length of PILs with dextral or
inistral skew; (b), (e) the average angle of dextral or sinistral skew
ver all PILs; and (c), (f) the proportion of the length of PILs with
trong dextral or sinistral skew. In each panel, dextral skew is denoted
y a red curve and sinistral skew by blue, while black gives the results
or total (dextral and sinistral) skew. The top row shows results for
he case where β = 0 and the bottom row for β = ∓0 . 4. 

Over the first ten days of the simulation, there is a rapid decrease
n the length of PILs along which there is dextral (red) or sinistral
blue) skew (Figs 4 a and d). After this rapid decrease, each settles
o a relatively constant value for the remainder of the 210-d duration
f the simulation. The reason for the rapid decay in the total length
f PILs with dextral or sinistral skew is that the magnetogram used
s the initial condition contains a large number of small magnetic
lements. These produce a fine-scale structuring of PILs, close to the
esolution of the numerical grid. However, surface diffusion quickly 
emoves this fine-scale structuring, producing the smooth large-scale 
aths shown in Fig. 2 (a). While the lengths of PILs with dextral and
inistral skew differ between the two simulations, the total length of
ILs (black) is the same for both simulations at any one time. For
ost of the duration of the simulations, it is around 3 . 2 × 1010 m

Figs 4 a and d). 
While the total length of PILs is the same, the strength of skew

long them varies between the cases with β = 0 . 0 and β = ∓0 . 4.
nitially, the average skew decreases with time (Figs 4 b and e) in
MNRAS 542, 2184–2210 (2025)
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Figure 2. Maps of the radial photospheric magnetic field, where white and black represent positive and negative polarity, respectively. Superimposed on top of 
those, in the first three panels, are areas of skew above PILs shaded (b) according to the angle γ ; (b) according to the difference in γ between the current day and 
the previous; and (c) according to the categories of Table 1 , each in the corresponding colour given therein. Each of Br , γ , and the change in γ is represented 
according to the relevant colour bar shown. In (a), (b), and (c), the dashed red vertical line represents central meridian, and the dashed blue lines the bounds of 
the field of view. In order to demonstrate the location and identification of skew, the coronal field on 2014 December 10 is represented. On this day, the central 
meridian is at 339◦. Here, the case with bipolar regions inserted having β = ∓0 . 4, according to the sign of latitude, in order to match the observed preference 
in helicity, is presented. Animations of these maps are available in online supplementary material. 
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Figure 3. Maps of the radial photospheric magnetic field, where white and 
black represent positive and negative polarity, respectively. In each plot, the 
same illustrative set of field lines is superimposed upon similar two- and 
three-dimensional maps of the photospheric magnetic field. In (a), a 180◦- 
wide view is plotted, aiming to represent the field of view and the portion of 
the Sun visible in (b), but, in order to avoid wrapping around 0◦, the range 
shown is [ 0◦, 180◦] . In (b), the view seen is centred on central meridian. 
In order to demonstrate the location and identification of skew, the coronal 
field on 2014 December 10 is represented. On this day, the central meridian 
is at 339◦. Here, the case with bipolar regions inserted having β = ∓0 . 4, 
according to the sign of latitude, in order to match the observed preference in 
helicity, is presented. 
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13 For both untwisted and twisted bipolar regions, it should be noted that the 
photospheric distribution and thus the total length of the PILs are the same. 
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oth simulations. This occurs as the small-scale structure in the initial 
ondition is removed. This decrease represents the fact that the initial 
mall-scale structure in Br , which creates coarse photospheric PILs, 
oes not extend to a significant coronal height. In the corona, the field
s smoother, giving the false impression of strong skew of the coronal
eld relative to the underlying photospheric PIL. After the first few 

ays, this small-scale structure is removed and, in each simulation, 
he unsigned average skew increases until around day 50 as a 
onsequence of flux transport effects. This represents the transition 
rom the initial potential field to a non-potential configuration. After 
hat, a nearly steady state is found for each of dextral and sinistral
kew. Such a steady state indicates the approximately equal formation 
nd ejection of skew. Between days 10 and 50, the total length of
ILs remains nearly constant. Therefore, the increasing levels of 
kew are caused by the growth of skew along existing PILs, rather
han by the appearance of new PILs with strongly skewed fields. On
omparing the two simulations, it can be seen that, when bipolar 
egions emerge twisted, slightly higher values of the average skew 

re found. In particular, the mean skew increases from around 55◦

 β = 0 . 0; Fig. 4 b) to around 60◦ when twist in the bipolar regions
s included ( β = ∓0 . 4; Fig. 4 e). Over the final fifty days of the
imulation, the average angle of skew reaches nearly 60◦ for the case
ithout twist ( β = 0 . 0) and 65◦ for the case with twist ( β = ∓0 . 4).
uring the period studied, most bipolar regions emerge south of the

quator, where skew is typically sinistral. As a result, where bipolar
egions emerge twisted, there is a greater increase in sinistral skew
han in dextral (Fig. 4 e). This can be seen in Figs 4 (b) and (e),
here for the case with β = 0 . 0, levels of dextral and sinistral skew

re consistently similar, but the case with β = ∓0 . 4 shows sinistral
kew almost always greater than dextral (Fig. 4 e). 

Finally, in Figs 4 (c) and (f), the fraction of the length of the
ILs with dextral or sinistral skew above 70◦ is presented. This 
uantifies the length of the PILs exhibiting a strongly sheared field,
s is consistent with that found within a filament channel or filament.
ollowing the behaviour found in Figs 4 (b) and (e), the length of
ILs with strong skew rapidly increases between days 10 and 50,
fter which a nearly steady level is found. For the same reason that
he mean angle of skew increases during that interval, strong skew
lso prevails along a greater fraction of the total length of PILs. In the
imulation with β = 0, only between 30 per cent and 40 per cent of
he length of PILs generally exhibits strong skew (Fig. 4 c), whereas
his increases to between 35 per cent and 45 per cent of PILs in the
imulation in which β = ∓0 . 4 (Fig. 4 f). 

Overall, when the skew in both simulations is compared in terms
f these integrated quantities, very few differences arise between the 
wo simulations. Any that do are relatively minor. The most notable
ifference is that the simulation including twisted bipolar regions 
 β = ∓0 . 4) produces a more strongly skewed magnetic field than
oes the untwisted case ( β = 0 . 0). 13 The fact that this difference is
mall indicates that bipolar regions that emerge with twist are not the
ain source of shear in the simulation over long periods of time. 

.1 Area of skew over the whole Sun 

hile it is useful to consider the angle of skew instantaneously along
ILs, an alternative approach is to interpolate γ from PILs on to the
odel’s fixed grid (as discussed in Section 2.5 ). Doing so allows the

hange in skew from one day to the next to be determined. Fig. 5 plots
gainst time the areas of the Sun where skew is classified in terms of
ach of the several categories defined in Table 1 (each represented
y a curve of the colour given in the table). In the two simulations,
ith β = 0 . 0 and with β = ∓0 . 4, these areas evolve similarly. 
Initially, skew below 70◦ exists over large areas (orange and 

ndigo curves in Figs 5 a and b), as a consequence of the small-scale
ariations in the initial condition (as discussed in Section 3 ). As these
mall-scale variations are removed, these areas of skew fall, and this
ontributes to a reduction in the areas represented by the orange and
urple curves. By around day 50, they reach a steady level. 
While the cancellation of small-scale PILs is one contributor to 

he decrease in the area where there is weak skew, another is the
rowth of the angle of skew above 70◦. As the angle of skew at
ndividual points crosses the threshold | γ | = 70◦, the area associated 
ith those points transfers from the orange and indigo categories to

he yellow and blue categories, respectively. Over the first 50 days, in
oth simulations, the area of strong skew rises steadily, but slightly
aster in the case with β = ∓0 . 4 (Figs 5 a and b). After the first two
onths, the areas where there is strong skew are nearly steady. For the

ase of bipolar regions being inserted with β = ∓0 . 4, strong dextral
MNRAS 542, 2184–2210 (2025)
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Figure 4. Along PILs, (a), (d) their total length of PILs, (b), (e) the average angle of skew, and (c), (f) the fraction of their total length where the field is strongly 
skewed (| γ | > 70◦). Dextral, sinistral, and total skew are shown in red, blue, and black, respectively. Results are compared for simulations inserting bipolar 
regions with (a), (b), (c) no self-twist ( β = 0 . 0) and (d), (e), (f) self-twist matching the hemispheric pattern in helicity ( β = ∓0 . 4). 
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nd sinistral skew each prevail over an area around 7 × 1016 m2 

Fig. 5 b). However, with untwisted bipolar regions, strong skew is
eldom present over quite so large an area, generally around 5–6 ×
016 m2 ( β = 0 . 0; Fig. 5 a). This indicates that bipolar regions that
merge with twist are more likely to create stronger skew as they
ubsequently evolve and interact with the coronal magnetic field. 

Despite the fact that the areas with skew remaining above 70◦ are
elatively steady, the areas where the angle of skew grows above 70◦

red and purple) consistently appear to outweigh the areas where it
alls below 70◦ (green and cyan). For each chirality, the area where
he angle of skew grows above 70◦ is around 1 × 1016 m2 , and the area
here it falls below 70◦ around 3 × 1015 m2 . At first, this difference
etween these areas of growing and diminishing skew seems counter-
ntuitive. However, there are two reasons that the difference between
hese areas does not equal the rate of change of the area where skew
s above 70◦. 

First, the areas where the magnetic field is skewed can change in
wo ways. As PILs grow in length and as flux ropes form and grow,
he area where there is strong skew slowly and continually increases.
n the other hand, aside from the angle of skew decreasing, strong

kew can also be removed rapidly through the eruption of flux ropes,
hich decreases the total area where there is strong skew. Following

uch an eruption, the underlying PIL, relative to which skew is
alculated, remains. However, the highly skewed flux rope above it
as been removed. In its place, the angle of skew is around zero. 14 
NRAS 542, 2184–2210 (2025)

4 As such, the skew at the location where the flux rope lay may not be 
ategorized as dextral or sinistral skew above 70◦ falling to be skew of the 
ame sign below 70◦, and thus that location not counted in the two categories 
f falling skew in Table 1 . 

i  

F  

i  

n
 

v  
hen the slower growth of skew balances its local rapid elimination
hrough ejection, the areas of persistent strong skew (yellow and
lue) are steady. 
Secondly, differential rotation has a tendency to cause existing

reas where there is strong skew to expand. It is far less likely to cause
hem to reduce. Fig. 6 illustrates this difference by considering the
ay in which it acts on flux ropes (brown). Fig. 6 (a) shows the typical

ituation on the Sun. Parts of flux ropes closer to the equator (which
s shown in black) will be carried eastwards by differential rotation
represented by green arrows) faster than parts further away from the
quator. Consequently, north–south flux ropes will be sheared and
hereby elongated, thus increasing their area. Seldom will differential
otation reduce flux ropes in length: only flux ropes running from
outh-west to north-east in the Northern hemisphere, and from north-
est to south-east in the southern, are affected in this way (similarly

llustrated in Fig. 6 b). Differential rotation thus creates a way in
hich the area where there is strong skew can expand, and the total

rea of strong skew thus increases, aside from the angle of skew
rowing from below 70◦ to above 70◦, as would fall in the category
f strengthening skew. 

.2 Area of skew within the Earth-bound field of view 

hile quantifying the presence of magnetic skew over the entire Sun
s useful, this does not reflect what would be observed from Earth.
or that reason, it is instructive to quantify over time the changes

n skew that would be seen within the Earth-bound field of view,
amely within 60◦ of central meridian, as the Sun rotates. 
Fig. 7 plots against time the area within the Earth-bound field of

iew where there is skew of each category given in Table 1 . In order
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Figure 5. Plotted against time, the areas above which skew falls within the 
several categories of Section 2.5 and Table 1 , each represented by a curve 
in the corresponding colour, across the whole surface of the Sun. Results 
are compared for simulations inserting bipolar regions (a) with no self-twist 
( β = 0 . 0) and (b) with self-twist matching the hemispheric pattern in helicity 
( β = ∓0 . 4). 

Figure 6. Effect of differential rotation on filaments. Differential rotation 
imposes velocities (green arrows, longer for faster velocities) that act upon 
a filament (brown) as seen on the left of each panel, shear it, morphing 
it into the shape shown on the right. Here, the effect on filaments in the 
Northern hemisphere is illustrated; in the Southern hemisphere, a similar 
effect would be seen, mirrored in the equator (black). Depending on the 
initial configuration of the filament, the effect of differential rotation may (a) 
elongate or (b) shorten the filament. 
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hat the graphs are more easily readable, it is useful to separate, on
ne hand, areas where skew remains above or below 70◦ and, on
he other, areas where skew grows above or falls below 70◦. For
hat reason, they are shown on different scales, the former in (a)
 β = 0 . 0) and (b) ( β = ∓0 . 4), and the latter in (c) ( β = 0 . 0) and
d) ( β = ∓0 . 4). In these results, some facts are quite prominent.
arge undulations appear in the areas of skew remaining below 70◦

orange and indigo) or above 70◦ (yellow and blue), which recur 
pproximately every twenty-seven days . 15 

As a demonstration of this, Fig. 8 (a) shows a Fourier transform
f the area of strong dextral skew ( γ > 70◦) in the field of view as a
unction of time, from the case with β = ∓0 . 4 (namely, the yellow
urve in Fig. 7 b). Power present in oscillations of a given period
s plotted against that period. For periods longer than around 70 d,
here are too few data points, and thus the Fourier transform becomes
nreliable at those periods. Strikingly, the Fourier transform peaks 
t a period of 26.375 d (dashed red vertical line), this being the data
oint closest to the Carrington rotation of 27.2753 d (Stenflo 1990 ). 16 

or a given location of strong skew in the field of view, this period is
he mean time for that location to leave the field of view, to pass over
he far side of the Sun, and to re-enter the field of view. Given the
oncentration of power at this period, much of the variation in the
rea of strong skew is provided by the periodic return of relatively
teady magnetic configurations to the Earth-bound field of view. 

In order to illustrate such a periodic return occurring, it is
orthwhile to consider the specific example of a bipolar region 
hich emerges at ( 121◦, 9◦) on December 23 (day 113) and which 
roduces a feature of strong dextral skew. To do so, Fig. 8 (b) plots
he total area of weak (orange) and strong (yellow) dextral skew
gainst time. Highlighted in green are the times when this magnetic
ipolar region lies within the field of view observable from Earth.
his bipolar region first enters the field of view on day 112, but, at

his time, there is no enhancement of the strong skew compared with
hat found approximately twenty-seven days earlier. This is because 
he area associated with the bipolar region is small, and so, on its first
otation through the field of view (days 112 to 121), it makes only a
mall contribution to the total skew above 70◦. As the bipolar region
volves on the far side of the Sun, its magnetic field slowly evolves
nd an area of strong skew develops around it. When this magnetic
onfiguration next enters the field of view (day 139), the area of strong
extral skew has a much higher peak, but, when this configuration
eaves (day 148), this area declines. This process occurs two further
imes (between days 166 and 175, and between days 193 and 202), as
he bipolar region successively returns to the field of view observable
rom Earth. In the total area of weak dextral skew (orange), there is a
eriodic effect similar to that in the total area of strong dextral skew.
hat additional effect is the result of the presence of other features
f weak dextral skew leaving and re-entering the Earth-bound field 
f view, alongside the feature of strong skew discussed. In the two
arlier highlighted intervals (days 112 to 121, and 139 to 148), the
eaks in the total area of weak dextral skew occur slightly earlier
han do those in strong dextral skew, in part because, as the flux rope
ssociated with the bipolar region grows, locations of weak skew 

ecome locations of strong skew. 
MNRAS 542, 2184–2210 (2025)

5 In particular, this is strongly apparent here in the orange and yellow curves. 
6 Since this period is an average, rotation of features spanning several 
atitudes will contribute to a periodic effect across a range of time-scales 
rom 26 to 38 d. In part, the limited fineness of the discretization in time 
asks this, with many periods subsumed into the one point. 
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Figure 7. Plotted against time, the areas above which skew falls within the several categories of Section 2.5 and Table 1 , each represented by a curve in the 
corresponding colour, within the field of view. Results are compared for simulations inserting bipolar regions (a), (c) with no self-twist ( β = 0 . 0) and (b), (d) 
with self-twist matching the hemispheric pattern in helicity ( β = ∓0 . 4). Between (a), (b), and (c), (d) are split areas of skew remaining above or below 70◦ and 
skew crossing that threshold, in either direction, on account of the different scales spanned and in order that the latter smaller categories not be obscured. 
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While the large periodic behaviours seen in Figs 7 (a) and (b)
orrespond to large features of strong skew entering and leaving the
eld of view, the total areas where skew grows above 70◦ or falls
elow 70◦ show a different evolution: no such periodic variations
ppear (Figs 7 c and d). Areas of skew in these categories are identified
y a change in the angle of skew from one day to the next. As such,
hese categories specifically select locations where magnetic skew
volves in a particular way, and thus exclude structures where skew is
elatively steady and which merely translate through the coordinate
ystem. Such relatively steady magnetic structures, as they enter and
eave the Earth-bound field of view, create the strong oscillations
een in Figs 7 (a) and (b). Thus, by excluding these structures, the
ategories of growing or reducing skew (Figs 7 c and d) are far less
ffected by periodic variations. 

Aside from such periodic variations, the analysis of the total areas
f skew of different categories raises two important questions. The
rst is how likely it is that skew of each category lies in the Earth-
NRAS 542, 2184–2210 (2025)
ound field of view. The second is how likely it is that the skew of
ach category found within the field of view forms there. 

Regarding the first question, it is clear that the total area of weak
kew of either chirality (orange or indigo), in either simulation, is
enerally around 1017 m2 over the whole Sun. Within the Earth-bound
eld of view in either simulation, it is around 3 × 1016 m2 . Similarly,

he simulated area of strong skew of either chirality over the whole
un is around 5–7 × 1016 m2 , of which around 1 . 5–2 × 1015 m2 lies
ithin the field of view. Evidently, skewed magnetic structures are
ispersed across all longitudes on the Sun, and, as one-third of the
un is visible from Earth, so around one-third of these structures are
ithin the field of view. However, this does not indicate where strong

kew has formed, nor how likely it is to form within this field of view.
Regarding the second question, the areas where skew within the

eld of view grows to be strong (red or magenta), or falls to be
elow 70◦ (green or cyan), represent areas where new strong skew
s created or where existing strong skew is removed within the field
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Figure 8. Oscillations in area of strong dextral skew in field of view (that is, 
the yellow curve in Fig. 7 b), as individual features rotate into and out of view. 
(a) Fourier transform, plotted against period, of the area within the field of 
view above which there is dextral skew greater than 70◦. As a result of limited 
cadence for output of the data, the peak occurs at 26.375 d (indicated by a 
dashed red vertical line), the closest point to the Carrington rotation period, 
27.2753 d. As the simulations span only 210 d, there are three or fewer data 
points for periods of 70 d or longer, and so the transform becomes unreliable. 
(b) Total area of weak (orange) and strong (yellow) dextral skew within the 
field of view, highlighting in green the periods when a feature originating 
at ( 121◦, 9◦) lies within the field of view. As this large feature periodically 
returns to the field of view, the total area is significantly enhanced. Each green 
band is offset 27 d from the previous one, corresponding to the period of solar 
rotation, and is 9 d wide, corresponding to the interval between one location 
entering and leave the field of view. 
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f view. Clearly, the areas associated with these locations, which are 
eing added to the total areas of strong or weak skew on any one day,
eldom exceed 6 × 1015 m2 (Figs 7 c and d). However, the periodic 
scillations in Figs 7 (a) and (b), which indicate strong skew entering
nd leaving the field of view, have amplitudes typically of the order
f at least 1016 m2 . Therefore, most of the strong skew in the field
f view, shown in Figs 7 (a) and (b), exists in the field of view as
 result of the rotation of pre-existing strong skew into the field of
iew, rather than as a consequence of the production or growth of
ew strong skew within it. This is a strong indicator of a fundamental
roperty, namely the long-term persistence of skew, which typically 
asts longer than the time-scale for solar rotation. 

How far growing skew outweighs diminishing skew varies signif- 
cantly with the presence ( β = ∓0 . 4) or absence ( β = 0 . 0) of self-
wist in bipolar regions. In both cases, the areas of dextral and sinistral
kew falling below 70◦ fluctuate around 1 × 1015 m2 , whereas the 
reas of growing skew fluctuate around 3 × 1015 m2 for β = 0 . 0 (Fig.
 c) and 4 × 1015 m2 for β = ∓0 . 4 (Fig. 7 d). Consistently, inserting
wisted flux leads to the more rapid creation, and to the greater total
reation, of strong skew. 

 L O C A L  E VO L U T I O N  O F  SKEW  

sing area-integrated quantities, as in Section 4 , the prevalence 
f skew over the entire Sun can be easily considered. However, 
or studying the formation of filaments, it is important to consider
pecific locations at which there are large contiguous regions of 
trong skew (| γ | > 70◦). Here, the appearance and evolution of such
egions are discussed for the case where β = ∓0 . 4, because this is
 more realistic representation of non-potential bipolar regions on 
he Sun, which has been shown to produce the known hemispheric
attern in chirality (Yeates et al. 2007 ). 
Fig. 9 shows maps of the photospheric magnetic field ( Br ) over

everal different days, in the same format as Fig. 2 (c). On top of
hese maps, areas with skew in each category are shaded in the colour
iven in Table 1 . Locations where skew remains below 70◦ (orange or
ndigo) are not shaded, as they would otherwise obscure the image.
ocations of interest, where strong skew lies or is produced, are
ircled in brown. As time progresses, the central meridian (dashed 
ed) and the bounds of the field of view (dashed blue) move towards
ecreasing longitudes at a rate of 13.2◦ per day. 
At the start of the simulation (2014 September 1; Fig. 9 a), the

alculated magnetic skew is dominated by the nature of the initial
ondition. Within the initial condition, numerous small patches of 
ixed positive (white) and negative (black) polarity create significant 

mall-scale variation along PILs. Those small-scale variations pro- 
uce random structuring of PILs, which is associated with non-zero 
kew (as discussed in Section 4 ). Only a small amount of this skew
xceeds 70◦ (yellow or blue), occurring only in small fragments. 
ithin a few days (e.g. September 13; Fig. 9 b), these small-scale

egions have mostly vanished, after the combined actions of SFT and
urface diffusion have removed them. Following this, the magnetic 
eld is smoother and shows variations on a larger scale. 
After this early evolution, small instances of the formation of skew

bove 70◦ within the Earth-bound field of view occur. For example, 
extral skew grows at a location around ( 20◦, −45◦) , beginning on 
eptember 13 (seen in red in Fig. 9 b). After this location has left the
ame field of view, by September 23 (at λ = −45◦ in Fig. 9 c), the
agnetic feature of strong dextral skew (yellow) is much larger, and

xtends between longitudes 350◦ and 10◦. 
Such instances of the initial formation of strong skew within the

eld of view from Earth are comparatively rare. With observations 
vailable only on the Earth-facing side of the Sun, larger regions
f strong skew at longitudes visible from Earth are more likely to
orm outside and to be carried by solar rotation into the Earth-bound
eld of view, rather than to form therein, in line with the results of
ection 4.2 . During the remainder of the month, prominent examples
f the rotation of strong skew into the Earth-bound field of view
nclude strong dextral skew (yellow) at ( 150◦, 15◦) and at ( 150◦, 70◦) 
n September 30 (Fig. 9 d). Both of these are areas of persistent skew
hat have appeared over the limb and rotated into longitudes visible
rom Earth (demarcated by vertical dashed blue) as a consequence 
MNRAS 542, 2184–2210 (2025)
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Figure 9. In the format of Fig. 2 , maps of the radial photospheric magnetic field, according to the colour bar shown, with, superimposed on top of those, areas of 
skew above PILs, shaded according to Table 1 . As in Fig. 2 , the vertical dashed blue lines represent the bounds of the field of view, dashed red central meridian; 
sections of PILs where skew remains below 70◦ are omitted; and the case with bipolar regions inserted with β = ∓0 . 4 is presented. 
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Figure 9. – continued 
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Figure 9. – continued 
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Figure 10. Points of growing or falling skew in the field of view and their position relative to a reference point at the intersection of the central meridian with 
the equator. In (a), (b), and (c), histograms show the distances of pixels where skew falls in several of the categories in Table 1 from the reference point, each 
represented by the bars of the corresponding colour. In (d), (e), and (f), skew above PILs is coloured in accord with Table 1 , superimposed on top of maps of 
the radial magnetic field, drawn according to the scheme used in Fig. 2 , with the reference point marked in brown. As in Fig. 2 (c), sections of PILs where skew 

remains below 70◦ are omitted, for clarity of the remaining features. In (a), (b), and (c), the dashed brown indicates a threshold on area of 7 . 5 × 104 m2 . In (a) 
and (d) are skewed locations to the south left of the reference point on November 10, in (b) and (e) cells to the north left on December 14, and in (c) and (f) cells 
to the south right on March 28. Here, the case with bipolar regions inserted with β = ∓0 . 4, according to the sign of latitude, in order to match the observed 
preference in helicity, is analysed. 
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f solar rotation. By the end of September, the hemispheric pattern
f predominantly dextral skew (yellow) in the Northern hemisphere,
nd sinistral (blue) in the Southern, has been established. For the
emainder of the simulation, this pattern will persist. 

In October, skew evolves, but predominantly through change in
xisting structures that have appeared over the first rotation. For PILs
panning an extended range in latitude, differential rotation acts upon
arts at different latitudes at different rates, and this shear elongates
hem, such that skew grows in spatial extent. On October 13 (Fig. 9 e),
nother noteworthy example lies at ( 35◦, 45◦) : a flux rope of dextral
kew is seen in the middle of an interval of several days during which
t is lengthened by differential rotation. At ( 55◦, 65◦) , another flux
ope is undergoing a similar process, and is already visibly longer
han when it originated on September 13 at ( 120◦, 65◦) (Fig. 9 b).
he growth of this strong skew is, by its nature, incremental and,
onsequently, the majority occurs on the far side of the Sun. 

By the start of November (Fig. 9 f), the system has sufficiently
volved as to be considered relatively independent of its initial
NRAS 542, 2184–2210 (2025)
tate. From this point onwards, large-scale features dominate the
istribution of strong skew. Large features of strong skew generally
orm mostly or entirely on the far side of the Sun, and then come into
iew, as opposed to forming while visible on the Earth-facing side.
his is a consequence of inserting new flux in the form of bipolar

egions only on the near side of the Sun. For instance, one such
eature originates in a wisp of growing dextral skew (yellow and red)
n November 1 (Fig. 10 c) around ( 90◦, −35◦) , which is then within
he field of view visible from Earth. However, this initially tenuous
tructure has rotated out of the field of view by the time that it has
ecome as a major feature of strong skew at ( 90◦, −40◦) , as seen
n November 16 (Fig. 9 g). Most of its evolution to achieve such an
longated form takes place on the far side of the Sun and consists of
low, incremental expansion of the area of strong skew. 

Similarly, the very pronounced extent of strong dextral skew
yellow) stretching from ( 280◦, 40◦) to ( 315◦, 10◦) (Fig. 9 f), which
s outside the field of view from Earth, enters the field of view around
ovember 11. On the same day, the emergence of a bipolar region
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Table 2. Number of features of growing skew detected exceeding a given 
threshold on area. Statistics are summed over the full duration of the 
simulation. Two simulations are compared, inserting bipolar regions with 
no self-twist ( β = 0 . 0) and with a degree of self-twist reproducing the 
hemispheric pattern in helicity ( β = ∓0 . 4). Results for three thresholds are 
quoted in order to demonstrate the effect of choosing it. Proportions quoted 
are the fraction of features detected with a given chirality (dextral or sinistral). 

Threshold Case Dextral Sinistral Total 

5 × 1014 m2 β = 0 . 0 196 52.4% 178 47.6% 374 
β = ∓0 . 4 248 48.2% 266 51.8% 514 

7 . 5 × 1014 m2 β = 0 . 0 66 56.4% 51 43.6% 117 
β = ∓0 . 4 82 46.9% 93 53.1% 175 

1 × 1015 m2 β = 0 . 0 18 51.4% 17 48.6% 35 
β = ∓0 . 4 37 52.8% 33 47.2% 70 
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17 Such an area could represent a filament of length 75 Mm and breadth 
10 Mm . 
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n the Southern hemisphere at ( 309◦, −12◦) introduces a short PIL, 
long which sinistral skew is greater than 70◦ at a small point in the
entre. After rotating out of the field of view, this region evolves, and,
hen it re-enters, a much longer and broader flux rope has formed

December 8; Fig. 9 h) at ( 310◦, −10◦) . 
On December 23, the bipolar region responsible for the flux 

istribution discussed in Section 4 and in the context of Fig. 8 (b)
merges. When it does so, it is located at ( 121◦, 9◦) . On the preceding
ay, that location is on the edge of the field of view, 60◦ left of
entral meridian. On emergence, a new PIL is created between the 
ositive and negative photospheric polarities. Associated with that 
nversion line, dextral skew is present, but not yet above 70◦ (and 
hus not visible in the coloured categories of Fig. 9 , which exclude
 γ | < 70◦). Over time, as this feature of dextral skew rotates over
he solar disc, γ will progressively grow to be above 70◦ at points
bove the inversion line. As this occurs, strong dextral skew (yellow) 
s seen along a progressively longer section of the PIL, producing a
rogressively larger, more coherent structure. Twelve days after the 
mergence, by then on the far side of the Sun, this is illustrated by
he magnetic field on January 4 (Fig. 9 i). Around the same location,
he bipolar region is still noticeable on the surface, albeit in fainter
atches of black and white, associated with magnetic flux much 
educed by the action of diffusion. Strong dextral skew is present 
etween these polarities, and extends along an expansive magnetic 
eature, to ( 95◦, 30◦) . Since that feature has an area much larger than 
hose around it, it will dominate the total area of strong skew reported
n the field of view when it returns to it, giving rise to the periodic
ehaviour seen in Fig. 8 (b). 
As in that example, many features of strong skew originate within 

he field of view and then continue to form on the far side of the Sun.
owever, some features also originate on the far side, unconnected 
ith the emergence of bipolar regions. On January 4 (Fig. 9 i), strong
extral skew grows along a short segment of a PIL in the Southern
emisphere around ( 190◦, −50◦) , starting completely outside the 
eld of view. When it enters on January 15 (Fig. 9 j), it has grown

o an established magnetic structure of much more considerable 
ength. 

While such instances are rare, one example of strong skew growing 
o a noticeable extent within the field of view centres around a bipolar
egion emerging on January 26 at ( 73◦, 17◦) , creating a short PIL 

long which dextral skew appears (Fig. 9 k). Over the next few days,
his broadens and elongates to form the sinuous region of strong skew
y February 1, which is the first day after it leaves the field of view
Fig. 9 l). On the far side, the growth of this features continues and
t produces a very pronounced filament channel, which is explored 

ore closely in Section 7 . 
Behaviour of this nature is typical of the later stages of the

imulations. Where new bipolar regions emerge, short PILs, as- 
ociated with considerable skew, form very quickly between their 
olarities, often within a few days of emergence. However, these short 
ocations of strong skew are too small to represent solar filaments 
r filament channels. On the other hand, lengthier structures, more 
ndicative of larger filaments, are produced over far longer times 
y the incremental increase of areas of strong skew. Because these 
rotracted intervals can span several Carrington rotations, this fact 
as a clear implication for what is observable: only small sections of
his ongoing process of growth and development occur within the 
eld of view visible from Earth, while most of the process of the
roduction of skew occurs on the far side. This limitation may be
artly due to the fact that new bipolar regions can be included only
fter they are observed on the near side. This produces a selection
ffect in these data-constrained simulation. 
 SYSTEMATICALLY  I DENTI FYI NG  L O C A L  

EATURES  IN  W H I C H  SKEW  F O R M S  

ntegrating areas of each category of skew over the whole Sun and
ver longitudes visible from Earth quantifies the formation of skew 

nd its persistence, both in small isolated points and as part of
arge magnetic structures. However, it is also useful to consider the
ormation of strong skew in specific, spatially coherent features, and 
he locations of these features. In particular, by identifying these lo-
ations, magnetic configurations corresponding to filament channels 
re found, which can subsequently be compared with observations. 

As exemplified in Section 5 , locations at which skew forms
re numerous, but it is beneficial to quantify them. Hence, some
utomated method for detecting them is useful, in order to study
hen and where they occur. For that purpose, cells in each snapshot
here skew is seen to grow above 70◦ or fall below 70◦ within the
eld of view are selected (namely those in the red, green, purple, and
yan categories of Table 2 ). Then, these cells are classified according
o whether they lie in the Northern or Southern hemisphere, and
hether to the left or right of central meridian. Within each of the

our quadrants, the distances of the selected cells, in their separate
ategories, are calculated from the intersection of the central meridian 
nd the equator, which is taken to be a reference point. Those
istances are expressed as the angles subtended on the Sun by the
inear distances between the selected cells and the reference point. 
hen, the selected cells, in each category, are binned according to

heir distance from the reference point, and the sum of the areas of
he cells in each bin found, producing histograms for each category
f skew and for each quadrant. Where the total area in a given bin
xceeds a chosen threshold, this indicates a large group of points
f a certain category of skew that are a similar distance from the
eference point, which are assumed to be neighbouring each other. 
hat group is taken to be a distinct feature of skew. Each bin is 4 . 5◦

ide, which corresponds to an arc around 50 Mm long on the Sun.
ence, a cluster of points associated with a reasonably sized filament

ould fall within the same bin, and be detected as such. Empirically,
 threshold on area of 7 . 5 × 1014 m2 was found to be fairly reliable
n identifying distinct features. 17 Using this technique, the potential 
ites for the formation of filament channels on the visible side of the
un are identified. 
Fig. 10 demonstrates representative selected features identified 

ith this method. Histograms (top row) show the distances between 
he reference point and pixels where the angle of skew grows above
MNRAS 542, 2184–2210 (2025)
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0◦ or falls below 70◦. Each category is represented by bars of the
olour specified by Table 1 . Maps of the photospheric magnetic field
bottom row) show areas of skew highlighted using the colours of
able 1 , in the format of Fig. 2 (c), but with the spatial range focused
n one quadrant and with the reference point marked in brown. Each
olumn represents a different day, on which some distinct feature of
kew is identified. For each day, the quadrant represented is that in
hich some notable feature occurs. As in Section 5 , results here focus
pon the simulation in which bipolar regions emerge with β = ∓0 . 4.
On November 10, to the left of central meridian in the Southern

emisphere, the areal threshold (dashed brown) is breached in
our bins (Figs 10 a), comprising angular distances in the ranges
 18◦, 22 . 5◦] , [ 22 . 5◦, 27◦] , [ 27◦, 31 . 5◦] , and [ 54◦, 58 . 5◦] from the 
eference point. Each contains sinistral skew growing to be above 70◦

purple), indicating collections of points separated from the reference
oints by distances in those ranges. Correspondingly, growing skew
s seen in four large features, around ( 355◦, −15◦) , ( 350◦, −5◦) ,
 340◦, −10◦) , and ( 320◦, −5◦) (Fig. 10 d), these locations being,
espectively, approximately 20.25◦, 24.75◦, 29.25◦, and 56.25◦ from
he reference point (brown, here in the top-right corner). 

On November 25, histograms find two features where skew grows
o be strong, in bins centred 6.75◦ and 24.75◦ to the north right of the
eference point (Figs 10 b). A locations of growing dextral skew (red)
round ( 185◦, 5◦) clearly corresponds to this. It occurs along the PIL
eparating a recently emerged bipolar region from the ambient field.

Finally, on 28 March, the histograms (Fig. 10 c) show that the
hreshold is exceeded in bins representing clusters of points around
0.25◦, 24.75◦, 29.25◦, and 33.75◦ to the south right of the reference
oint. Two neighbouring patches of growing sinistral skew (purple)
t ( 5◦, −15◦) lie in the range [ 18◦, 22 . 5] and provide the first cluster.
t ( 5◦, −25◦) , another fragmented sinistral feature provides a rare

nstance of growing strong skew not obviously connected with an
merging bipolar region. Strong skew at ( 20◦, −15◦) along the PIL
nternal to a bipolar region is responsible for the third and the largest
f these features. All of these three are instance of skew, in this
ase sinistral, becoming stronger and growing above 70◦. Reducing
inistral skew, however, located around ( 15◦, −30◦) on a segment of
 long, existing structure (cyan), constitutes the feature responsible
or the final bin in which the threshold is exceeded. 

By applying this technique systematically to all snapshots,
otential sites for the formation of filaments are identified, as
emonstrated by the several examples discussed. In terms of their
izes, their association with emerging flux, and the greater prevalence
f strengthening skew over weakening skew, all of these examples are
ypical of the simulation as a whole. Analysing the local evolution of
kew in this way shows three facts. First, the formation of strong skew
ithin the field of view occurs in relatively small pockets. Those

arger structures of strong skew, which may give rise to filaments, do
ot rapidly or instantaneously form in a large cluster of points where
kew grows above 70◦ at once. Rather, only small parts of them
re formed at any one time, with skew growing above 70◦ only at a
ew points at once, demonstrating that the formation of large-scale
tructures characterized by strong skew is an incremental process.
econdly, those small locations where skew grows to be above 70◦

ithin the field of view are generally associated with the emergence
f new flux in the form of new bipolar regions and occur in immediate
esponse to that emergence through the reconfiguration of the coronal
eld; the longer-term production of skew is not generally visible in

he Earth-bound field of view, as it occurs on time-scales longer than
he transit time across the solar disc. Thirdly, the removal of strong
kew, through the angle of skew falling below 70◦, is far less likely
o be detected within the field of view than its production, because,
NRAS 542, 2184–2210 (2025)
s discussed in Section 4 , the removal of strong skew takes place
hrough the more rapid process of the eruption of flux ropes, rather
han through a gradual reduction of | γ | from above 70◦ to below 70◦.

Applying this analysis, all instances in which the area in one bin
here skew grows above 70◦ exceeds the chosen threshold are ex-

racted. Table 2 shows the number of such instances, within the field
f view, totalled over the duration of the simulation, comparing cases
ith β = 0 . 0 and with β = ∓0 . 4. Although only examples from the

atter are shown in Fig. 10 , comparing the statistics for the two cases
llustrates the effect of twist. In order to ascertain the significance
f the choice of the threshold on area, statistics are provided for
hresholds of 5 × 1014 m2 , 7 . 5 × 1014 m2 , and 1 × 1015 m2 . 

In the case with β = ∓0 . 4, the lowest threshold is breached around
ne and a third times as often as in the case with β = 0 . 0. However,
s the threshold is increased to the highest value, this increases to a
actor of 2. Evidently, the presence of twist makes the production of
trong skew more likely, but it brings about a greater enhancement
n larger areas of strong skew than in smaller areas. 

Similar analysis applies to the chirality of identified features
s applies to their number. Greater skew naturally forms on
he PILs above newly emerged twisted bipolar regions, and the
ipolar regions in this data set are predominantly in the Southern
emisphere, where sinistral skew is typical. Therefore, adding
elf-twist to emerging flux increases the creation of sinistral skew
ore than it increases the creation of dextral skew, as was found in
ection 5 with respect to Fig. 4 . For this reason, the proportion of
eatures that are sinistral increases when inserting twisted bipolar
egions (with β = ∓0 . 4) compared with the case with β = 0 . 0, for
he two lower thresholds, but not for the largest threshold. At the
argest threshold, that proportion little changes, since the features of
rowing skew of largest area are least affect by the skew associated
ith the small bipolar emergences. Skew directly associated with
ipolar emergence is generally small in area and contributes to a
eneral, small-scale level of total skew. Forming larger structures
nvolves more processes and a more complex evolution, which
s contingent on more than emergence alone. In particular, small
egions of skewed magnetic fields must be free to develop and grow,
ithout being disrupted, such as by the emergence of new flux.
ess total flux and fewer bipolar regions emerging in the Northern
emisphere, where dextral skew dominates, allow the development
f such structures to continue over longer periods of time and hence
or these structures to attain greater areas. As a result, larger features
f strong skew are more likely to be dextral than are smaller features.
Analysis of the form in Fig. 10 , however, can overlook some

ubtleties of the structures in which skew arises. Two instances are
hown and discussed in Appendix A . In addition, using histograms
uch as these shows the production of skew within the field of
iew, but it is also instructive to be able to detect skew outside
he field of view. This would make it possible to understand the
ikelihood of strong skew being produced within the field of view.
or these reasons, a subsequent work (hereafter, Paper II) additionally
rocesses cells of growing skew using a clustering algorithm, thereby
roviding sets of discrete features. 

 CASE  STUDY:  FI LAMENT  O N  DAY  O F  

CLIPSE  

n 2015 March 20, the day of the solar eclipse, a large filament
s seen near central meridian at ( 100◦, 20◦) . Figs 11 , 12 , 13 , and 14
llustrate this filament on 3 d. Fig. 11 shows maps of the photospheric
eld on top of which regions of skew are coloured according to the
ategories of Table 1 , in the manner of Fig. 2 (c). Fig. 12 shows
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Figure 11. Large filament discussed in Section 7 , which is seen at ( 100◦, 20◦) 
on 2015 March 20, the day of the total solar eclipse, illustrated in the case 
in which bipolar regions are inserted with β = ∓0 . 4. Areas of skew, shaded 
according to the scheme given by Table 1 , are superimposed upon a map 
of the photospheric magnetic field, in the manner of Fig. 2 (c). For the days 
represented by these plots, the central meridian is (a) at 99◦, (b) at 165◦, and 
(c) at 65◦. In brown are circled the different stages of the filament on the 
several days listed. 
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18 Because the results of the simulation represent noon, but the observation 
represents a time around 5 h later (the earliest time available), there is a small 
shift in longitude. 
19 Since no H α data are available for 2015 March 15, this shows the Sun on 
2015 March 16. 
20 As is noticeable in Fig. 12 (a), there are two thicker dark segments of the 
filament between which the filament is thinner. On the limb, the thinner part 
is, through an effect of projection, slightly more difficult to see, but the two 
thicker parts are obvious. 
21 Section 5 refers to the same region in relation to Fig. 9 (k). 
22 According to the NOAA classification, this is AR 12271. 
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bservational images of the Sun in H α from the Big Bear Solar
bservatory (BBSO; Leibacher & GONG Project Team 1995 ). Fig. 
3 shows maps of the photospheric field with representative field 
ines chosen to highlight the structure of the filament, in the format
f Fig. 3 (a). Fig. 14 shows, in the same format as Fig. 3 (b), three-
imensional representations of the Sun in the simulation, showing 
he photospheric radial magnetic field and, in each panel, the same 
eld lines, as in the corresponding panel of Fig. 13 . In each figure, the
ay represented is (a) March 20, (b) March 15, and (c) January 27. 

In Fig. 11 (a), the filament is visible as the elongated region
f strong dextral skew (yellow) extending from ( 80◦, 20◦) to 
 110◦, −20◦) , crossing central meridian (dashed red; at 99◦). In H α

Fig. 12 a), the uppermost parts of the same structure can be seen as
he dark thread-like area of absorption lying on central meridian. 18 

y plotting field lines around that area (Fig. 13 a), the shape of the
eld in the flux rope is revealed: within it, field lines tend to follow the
ominant axial component, along the length of the filament. Those 
eld lines are embedded within an overarching arcade, which can 
e seen as the field lines crossing above the flux rope. As they do
o, these field lines connect opposite polarities in a filament channel
n either side of the underlying inversion line. In three dimensions
Fig. 14 a), the same field lines show the same structure. 

Five days beforehand, the same feature exists, in substantially the 
ame form, before rotation brings it into the field of view. Figs 13 (b)
nd 14 (b) show field lines traced from the same starting points as
hose in Figs 13 (a) and 14 (a). Comparing with observations showing
he Sun five days later reveals the evolution of the field in the
ntervening period. When it crosses over the limb and on to the solar
isc, the flux rope is recognizably the same entity seen on the day of
he eclipse (Fig. 11 b). Precisely the same is seen in the observation
Fig. 12 b): 19 the dense dark filament is pre-existing when it crosses
ver the limb as the Sun rotates. 20 Between the times at which the
lament enters the field of view (March 15) and at which it reaches
entral meridian (March 20), the configuration of field lines does not
ignificantly change, demonstrating the slow nature of changes in 
he coronal magnetic field. Field lines in Fig. 13 (b) have the same
ightwards orientation as they cross the PIL, giving the flux rope the
ame strong dextral skew and the same shape as it has on March
0. Off the limb, the field lines of the overlying arcade protrude at
reat heights into the corona, while the filament itself is much more
ow-lying, nearer to the surface (Fig. 14 b). From this, it is clear that
his flux rope exists prior to its rotation on to the visible disc. 

This filament originates from the emergence on January 26 of a
ipolar region at ( 73◦, 17◦) . 21 , 22 Each of Figs 11 (c), 12 (c), 13 (c),
nd 14 (c), shows the Sun on the following day. While the new flux
n the emergent bipolar region is strong and conspicuous around 
 73◦, 17◦) in Fig. 11 (c), there is little strong skew associated with
t, except in small pockets, where skew has locally formed on the
IL between the two polarities of the new region. Corresponding to

he emergence, the H α observation (Fig. 12 c) shows a small white
atch of emergent flux stronger than that surrounding it, slightly right
f central meridian (circled in brown). Around the nascent bipolar 
egion, the field lines (Fig. 13 c) indicate that the field has yet to
nteract fully and connect fully with the ambient field into which
t has emerged. In three dimensions (Fig. 14 c), the overlying field
traddles the PIL high above the surface, but there are, at this stage,
ew connections between the field of the emergent bipolar region and
he ambient coronal field. 

On February 1, the magnetic structure that the new region has
reated leaves the Earth-bound field of view, containing only a small
mount of the strong skew that will characterize the later flux rope,
s is seen in Fig. 9 (l). Over subsequent days and weeks, this structure
onnects with the ambient coronal field. As it does so, it progressively
MNRAS 542, 2184–2210 (2025)
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Figure 12. Large filament discussed in Section 7 , which is seen at ( 100◦, 20◦) on 2015 March 20, the day of the total solar eclipse, illustrated in the case where 
β = ∓0 . 4. Observational images, taken in H α from the BBSO (Leibacher & GONG Project Team 1995 ), show the state of the Sun, to which the simulation 
should correspond. In (b), since no H α data are available from the BBSO for March 15, the Sun is shown as observed on 2015 March 16. For the days represented 
by these plots, the central meridian is (a) at 99◦, (b) at 152◦ (on March 16), and (c) at 65◦. In (c), the emergence of the bipolar region with which the filament 
originates is circled in brown. 

Figure 13. Large filament discussed in Section 7 , which is seen at ( 100◦, 20◦) on 2015 March 20, the day of the total solar eclipse, illustrated in the case in 
which bipolar regions are inserted with β = ∓0 . 4 (Fig. 2 c). Field lines, chosen to highlight the filament, are superimposed upon maps of the radial component 
of the photospheric magnetic field, where white and black represent positive and negative flux, respectively. In (b), the field lines shown are integrated from the 
same starting points as in (a), such that they are ‘the same’ ones on the two different days. In each sub-panel, a 180◦-wide view is plotted, generally centred 
on central meridian, similar to what can be seen in observations, as in Fig. 12 . In (c), the range shown is [ 0◦, 180◦] and thus, unlike (a) and (b), not centred on 
central meridian, in order to avoid wrapping around 0◦. For the days represented by these plots, the central meridian is (a) at 99◦, (b) at 165◦, and (c) at 65◦. 

Figure 14. Large filament discussed in Section 7 , which is seen at ( 100◦, 20◦) on 2015 March 20, the day of the total solar eclipse, illustrated in the case in 
which bipolar regions are inserted with β = ∓0 . 4. Here, the filament is illustrated in the case with bipolar regions inserted having β = ∓0 . 4, according to the 
sign of latitude, in order to match the observed preference in helicity. In (c), the same field lines are shown above a three-dimensional representation of the Sun, 
likewise shaded according to the photospheric magnetic field. In each panel, the central meridian is in the centre, as in observations, such as those of Fig. 12 . 
For the days represented, the central meridian is (a) at 99◦, (b) at 165◦, and (c) at 65◦. 
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Figure 15. Large filament discussed in Section 7 , as it grows on the far 
side of the Sun on 2015 February 6. Here, the filament is illustrated in the 
case with bipolar regions inserted having β = ∓0 . 4, according to the sign of 
latitude, in order to match the observed preference in helicity. In (a) areas of 
skew, shaded according to the scheme given by Table 1 , are superimposed 
upon a representation of the photospheric magnetic field, in the manner of 
Fig. 2 (c). In (b), the far side of the Sun in the simulation is shown on a three- 
dimensional model, with field lines traced from the same starting points as 
those in Fig. 13 (a) and (b), and Fig. 14 (a) and (b). 
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23 namely, the sum of the red and purple curves in Fig. 5 (b). 
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engthens, eventually producing the feature of strong skew visible. 
his feature subsequently rotates over the limb on March 14, reaching 
entral meridian by March 20. Most of the filament forms through 
ncremental addition to this early structure. 

When the associated bipolar region emerges, it does so at a 
ocation that, on the day of emergence, is within the field of view.
oincidentally, the emergence of the bipolar region on 2015 January 
6 and the filament’s visibility on March 20 are separated by 53 d.
s this is twice the solar rotation time, the region twice returns to

he Earth-facing side of the Sun in this time. During most of that
ime, however, this region is on the far side of the Sun and thus
ot visible from Earth. It is when it is on that far side that much of
he magnetic configuration that becomes the flux rope forms. Fig. 
5 shows maps of the photospheric field on February 6, when that
onfiguration is on the far side. In (a) PILs are superimposed, shaded
ccording to the categories in Table 1 . In addition, Fig. 15 (b) shows
 three-dimensional representation of the Sun, looking at the far 
ide, with field lines traced from the same starting points as those
n Fig. 13 (a). Around ( 80◦, 15◦) , and ( 90◦, 5◦) , the angle of skew 

ncreases in very small pockets, from below 70◦ to above 70◦ (seen 
n red in Fig. 15 a). Both pockets adjoin a far larger in area where skew
emains steadily above 70◦ (yellow), most of which has formed since 
he bipolar region in question left the field of view on January 31;
hese two pockets represent part of the growth of the filament, to the
tate in which it is seen on March 20. In (b), the axis of the filament is
lear, appearing largely as it does much later on March 20 (Fig. 14 a).
owever, the twist is not as strong nor as clearly evident as on the
ay of the eclipse, indicating that, while the magnetic structure that
ill support a filament is forming in the filament channel, the field
ust become more strongly skewed yet. In the slow growth of strong

kew, with | γ | only growing above 70◦ in isolated points at any one 
ime, this filament is a good illustration of a general fact, namely that
he lengthy process that creates filaments necessarily entails much 
f that creation occurring on the far side of the Sun. 

 TIME-SCALES  F O R  P RO D U C T I O N  O F  

TRO NG  SKEW  

ttaining a considerable level of skew, as would be associated 
ith the production of filaments (such as that of Section 7 ), has

onsistently been seen to require periods of many days, often 
omparable with the period of solar rotation. Further to understand 
his time-scale for the production of strong skew, the cross-correlation 
etween the data representing flux inserted in the form of bipolar
egions and the data representing the total area where skew grows
bove 70◦23 is calculated, as a function of the temporal offset between
hem. Fig. 16 plots this cross-correlation against the offset in days,
or simulations without self-twist ( β = 0 . 0; Fig. 16 a) and with self-
wist ( β = ∓0 . 4; Fig. 16 b). In this context, a peak at a certain number
f days offset would reflect the insertion of flux tending to lead to
he growth of | γ | above 70◦ this number of days later. 

Peaks in the offset between flux being inserted and skew forming
ccur in both simulations at 0 d and at offsets of around 15 to 18 d.
n addition to these, the case with β = ∓0 . 4 also has a small peak at
 d. 
Of these several peaks, that at 0 d is the largest, and is associated

ith the immediate presence of strong skew on PILs when they
orm with the emergence of a new bipolar region. With twist in
ipolar regions, this skew is greater for β = ∓0 . 4 than for β = 0 . 0,
s discussed in Section 6 , and thus the cross-correlation with zero
ffset is considerably stronger (around 0.15 compared with around 
.1). 
For offsets greater than 0 d, a clear shift in the distribution is

rought about by the introduction of twist (in β = ∓0 . 4 compared
ith β = 0 . 0): at larger offset, the correlation is weaker; at smaller
ffset, less negative, with the additional creation of a positive peak
t 4 d. Thus, although skew takes some time to form, this process
s slightly hastened by the presence of twist in emerging bipolar
egions, with, in particular, an increased propensity to form strong 
kew after around 4 d. However, it is clear from the graph that far
ore is still produced after 15 to 18 d, when the bipolar regions have

otated on to the far side of the Sun. Such a delay has consequences
or data-driven models that only insert flux on the visible side of the
un, instead of over the entire surface. Because this delay is longer

han the transit time across the solar disc, the locations at which flux
s inserted will have rotated out of the Earth-bound field of view and
n to the far side of the Sun before strong skew has formed around
hem. 

 DI SCUSSI ON  

ata-constrained magnetofrictional simulations of the solar corona 
ave been performed, seeking to reproduce the coronal evolution 
rom 2014 September 1 to 2015 March 30. Using an observationally
MNRAS 542, 2184–2210 (2025)
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Figure 16. Sample correlation of flux inserted in the form of new bipolar 
regions and area of growing skew (both dextral and sinistral), plotted against 
variable temporal offset between them. Results are compared for simulation 
inserting bipolar regions (a) without self-twist ( β = 0 . 0) and (b) with self- 
twist matching the hemispheric pattern in helicity ( β = ∓0 . 4). 
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erived data set, bipolar regions are inserted on the photospheric
oundary, simulating the emergence of new flux during that time, in
rder to model the corona self-consistently. 
New techniques have been devised and presented for identifying

he formation of magnetic skew within the corona. Using those
echniques, the production and persistence of strong magnetic skew,
hich is characteristic of filaments, have been studied systematically.
articular attention has been paid to where and when strong skew
orms, compared with where and when new magnetic bipolar regions
merge, and to the likelihood that skew will form within the field of
iew visible from Earth. 

.1 Key results 

rom the work undertaken here, it is evident that 

(i) of the strong skew present in the field of view visible from
arth, most is brought in by solar rotation, rather than being created
ithin the field of view (Section 4 ); 
NRAS 542, 2184–2210 (2025)
(ii) areas of strong skew originate rapidly in short PILs around
ew bipolar regions, but most of the area of larger strongly skewed
eatures is added through a protracted process of progressive enlarge-
ent in which small areas are incrementally added over long periods

f time (Section 5 ); 
(iii) inserting bipolar regions with some degree of self-twist

ignificantly shortens the time needed for the creation of strong
kew, but much of that creation still requires more than fifteen days
Section 8 ); 

(iv) the formation and growth of filaments, in which the creation
f skew is instrumental, are protracted processes, occurring on time-
cales often materially longer than the time-scales associated with
ransit across the disc (Section 7 ); 

(v) consequently, in a model subject to present observational
imitations, in which new magnetic bipolar regions emerge only on
he visible side of the Sun, much of the formation of skew inevitably
akes place outside the field of view from Earth. 

All of these considerations imply a material limitation upon current
ata-constrained global models of the coronal magnetic field that are
imited to using magnetogram data available from the Sun–Earth
ine. When those simulations are informed by the emergence of flux
bserved on the Earth-facing side of the Sun, most of the coronal
volution that follows the evolution of that flux will occur on the far
ide of the Sun, after it has rotated out of view. Conversely, the state
f the coronal magnetic field on the near side of the Sun depends
pon the state of the photospheric magnetic field on the far side,
efore it rotates over the limb and into the field of view. Accordingly,
imulations relying upon data from such a restricted viewpoint can
eproduce that near-side evolution and those near-side structures with
nly very limited accuracy during their first disc transit. 

.2 Discussion and future work 

ith the adoption of new techniques for detecting the creation of
trong skew, such as is associated with filaments, it is possible
ystematically to identify and to analyse features in which strong
kew is produced. Employing these techniques here demonstrates
hat skew grows in small distinct features above bipolar regions as
hey emerge through the photosphere, particularly so above bipolar
egions that emerge twisted. However, growing skew is also brought
bout incrementally, by small areas added on to existing skewed
eatures as they evolve, translate, or elongate. Areas in this latter
ategory appear dispersed over the solar surface and thus the growth
f skew appears likewise dispersed both over the Earth-facing and
ver far-side parts of the Sun. Therefore, although skewed structures
ave their genesis in PILs rapidly formed above new bipolar regions,
herever those regions emerge, the evolution that leads skewed
ux ropes to attain great lengths, such as seen in those supporting
laments, is a much more long-term process, which can last longer

han a solar rotation. 
Since this study relies upon the identification of PILs and upon the

hanging skew above PILs, it does not depend on any particular mode
f the formation of skew. Therefore, the technique presented here
ay be universally applied to any other model, as long as the temporal

adence considered is sufficiently high to resolve the evolution of
ILs. Hence, the technique could be used for identifying strong
kew in models such as those of Amari et al. ( 2018 ), Wiegelmann &
eukirch ( 2003 ), and Jiang et al. ( 2016 ), or in reconstructions derived
irectly from three-dimensional vector magnetic fields. 
One very clear example of this is the filament seen at central
eridian on the day of the solar eclipse, discussed in Section 7 .
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hen a modest amount of flux emerges within the field of view, a
mall amount of strong skew is locally created around it. During the
ourse of two solar rotations, that skewed field grows progressively, 
s new areas of strong skew are gradually added to it. Most of the
ux rope that supports the observed filament is produced in this

ncremental way. When the solar eclipse occurs on 2015 March 
0, it is, once more, within the field of view, and has achieved
he elongated structure, which, in addition to the orientation of 
he field, is suggestive of a filament. Precisely the same is true
f most filaments: they are known to persist over very long time-
cales, spanning several solar rotations, but, during that time, they 
re not static, and for much of these lifetimes undergo continual, 
low growth, and evolution. 

Statistical analysis of the interval between emergence of new 

ux in the form of bipolar regions and the consequent appearance 
f strong skew demonstrates a likelihood for untwisted emergent 
ipolar regions to give rise to strong skew more than two weeks
fter emergence. Twisted bipolar regions tend to do so after a similar
eriod of time (Section 8 ). Such time-scales are consistent with 
he time-scales for flux ropes to form that have previously been 
eported using a similar global model of the coronal magnetic field 
by Mackay & van Ballegooijen 2006a , fig. 4). Accordingly, the 
mergence of twisted flux is a major factor in the creation of skewed
oronal magnetic fields, and thus also of filaments that are supported 
y them. 
Several factors contribute to determining the length of time that 

his process requires. Much of the coronal evolution is governed 
y the boundary conditions provided at the photosphere. Each of 
upergranular diffusion, differential rotation, and meridional flow, 
n one hand, and the emergence of new flux, on the other, is
haracterized by its own time-scale, which will influence how rapidly 
kew is formed. Above the surface, where these processes act, 
econnection between newly emerged magnetic flux and the existing 
agnetic field must take place, and this will introduce its own time-

cale. 
Whichever factors determine it, that time delay between the 

mergence of flux and the creation of skew is responsible for
ne restriction affecting this work, and any similar simulation 
nderpinned by data taken only from an Earth-bound field of view. 
s a result of this delay, despite originating in flux emerging on

he Earth-facing side of the Sun, large features of strong skew –
ignificantly including filaments – will, as a result of solar rotation, 
o longer be visible from Earth by the time that they have fully
ormed. 24 As the emergence of new flux can be detected only 
ithin the current field of view from Earth, new bipolar regions 

an only be inserted into such simulations only within that limited 
indow. For that reason, the short-term consequences of bipolar 

mergence are generally seen within the field of view, and the longer-
erm consequences occur when the bipolar regions have rotated 
ut of the field of view. Inevitably, this results from the way in
hich bipolar regions are included, with the limited current field 
f view. As a result, there is a bias in the model with regard to
hich aspects of magnetic evolution would be visible from Earth. 
ccordingly, any model that seeks to follow that evolution most 

ccurately ought to insert new bipolar flux across the entire Sun, 
ithout the present restriction of a narrow field of view. In the
ean-time, simulations that were able somehow to approximate 
ux emerging on the far side of the Sun would lessen this bias.
4 For example, flux may emerge on the east limb, yet strong skew form 

everal days later on the west limb. 

t  

s  

p  

v

hen, it would be possible to investigate the extent to which
he narrow field of view for observing bipolar regions determines 
hat simulations find to occur on the Earth-facing side of the
un and inhibits their short-term accuracy. Nevertheless, follow- 

ng one solar rotation, these simulations can accurately reproduce 
olar phenomena on the near side of the Sun, as exemplified in
ection 7 . 
Primarily, the focus of this work has been magnetic skew (as

efined by Martin & McAllister 1995 , 1996 ). Skew is useful for
dentifying flux ropes and skew in flux ropes is observationally well
onstrained (by Leroy et al. 1983 , 1984 ). However, several other
uantities can be useful in order to describe the state of the magnetic
eld. Some of these are also useful indicators of non-potentiality and
redictors of the likely occurrence of flares or CMEs. One of these is
wist. While high twist has been observed in the corona (Srivastava
t al. 2010 ) and associated with eruptions (James et al. 2018 ),
igh twist can be difficult observationally to determine. Another 
seful indicator is Schrijver’s R, which correlates strongly with the 
ikelihood of a flux rope’s eruption (Schrijver 2007 ). Pariat et al.
 2017 ) have proposed an ‘eruptivity index’ based on the fraction of
otal relative magnetic helicity contributed by the current-carrying 
omponent of the magnetic field. While this itself is not a strong
redictor of eruptions (Rice & Yeates 2022 ), a slight modification
f its definition, in respect of the axial component of the magnetic
eld in flux ropes, yields a potentially strong predictor of eruptivity
Rice & Yeates 2023 ), which can be useful for applications concerned
ith space weather. Although beyond the scope of this work, any of

hese quantities, which can be calculated from a three-dimensional 
ector magnetic field, could be used in a similar study of how the
imited current field of view for magnetographs impairs the ability of
ata-driven or -constrained simulations to reproduce the formation 
f non-potential structures on the Earth-facing side of the Sun. In
articular, in future studies, the skew computed here could be used
o identify local regions of interest within the global field for the
omputation of these other indices. 

In this paper we have discussed the results and limitations of the
lobal non-potential model of Mackay & van Ballegooijen ( 2006a ,
 ). A key aspect of this model is that magnetic skew and non-
otentiality are dynamically built up through the combined processes 
f large-scale surface motions and flux emergence. Such a time- 
ependant model is appropriate to model the formation of flux ropes
ccurring on time-scales comparable with the solar rotation time- 
cale and across all longitudes and latitudes on the Sun, including the
ar side. However, as demonstrated in this paper, such a global time-
ependent model encounters limitations imposed by the restricted 
arth-based field of view presently available to magnetographs, 
hich limits the range of longitudes within which new active regions

an be identified and included in the model. 
It is, however, important to clarify that several alternative models, 

uch as those of Wiegelmann & Neukirch ( 2003 ), Jiang et al. ( 2016 ),
nd Amari et al. ( 2018 ), do not suffer the same limitation, since
on-potentiality and magnetic skew are included in these models 
hrough the incorporation of vector magnetogram data. Through the 
se of vector magnetogram data, these models are able to capture
he non-potential state of the corona, including the presence of flux
opes, directly from observations without the need to simulate its 
ormation over time. Thus, these models do not suffer the same
bservational bias as the global non-potential model used here. While 
hese techniques are apt for studying the presence of strong magnetic
kew at a single instance in time, they are not suited to study the
roduction of magnetic skew over the entire Sun. This is because
ector magnetogram data are currently only systematically available 
MNRAS 542, 2184–2210 (2025)
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n strong-field regions, and not at high latitudes, nor on the far side
f the Sun. 
Many different approaches, including time-dependent models that

se flux emergence and follow the evolution of the field and static
odels that are informed by vector magnetograph data, can be used

o study the non-potential nature of the corona. Each has its own
trengths and weaknesses. Ultimately, future work in modelling of the
orona should seek to create hybrid models combining the strengths
nd mitigating the weaknesses of these existing approaches. 

Having here established various means of identifying and quan-
ifying the production and persistence of skew, it will be beneficial
o use those techniques in order to quantify this inhibition and to
etermine how far the narrow field of view impairs models with
espect to the production of skew and thus the likely formation of
laments. Paper II does so, by extrapolating the properties of bipolar
egions detected within the field of view backwards in time, in order
o determine their properties several days earlier, emulating the effect
f being able to detect them before they enter the Earth-bound field
f view. Then, these extrapolated bipolar regions are inserted into a
eries of simulations, in order to determine the benefits that would be
rought by the ability to detect new flux in an observational window
ider than that available at present. 
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igure A1. Points of strong skew and their position relative to a reference point, in
ome caveats affecting such analysis. In (a) and (b), the dashed brown indicates a t
outh left on November 28, and in (b) and (d) cells to the north left on December 1
he sign of latitude, in order to match the observed preference in helicity, is analyse
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ig. A1 is arranged as is Fig. 10 , but with each row containing an
xample chosen in order to illustrate two of the limitations that can
ffect this approach to the detection of regions of growing strong
agnetic skew. 
First, one large feature may be spread across several bins. On

ovember 28, one feature of sinistral skew is found 56.25◦ to the
outh left of the reference point (Fig. A1 c). Correspondingly, strong
inistral skew prevails over a long stretch of a PIL about ( 85◦, −30◦)
Fig. A1 c). At the same time, nevertheless, a longer dextral filament is
issed, stretching from ( 80◦, −40◦) to ( 100◦, −35◦) : it is so oriented 

s to span several bins, which include distances between 49.5◦ and 
7.5◦ from the reference point. All of those bins show large areas of
rowing dextral skew, but in none of them is the threshold breached
Fig. A1 a). 

On the other hand, precisely the opposite can also occasionally 
ccur, as happens on December 14, in the quadrant to the north left of
he reference point. In the bin [ 36◦, 40 . 5◦] , an exceptionally large area 
f growing dextral skew falls (Fig. A1 b), which is explained by two
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istinct, comparably sized features at ( 250 , 15 ) and at ( 255 , 25 ) ,
he former caused by a newly emerged bipolar region, the latter not
Fig. A1 d). Being so close together, these two are registered as a
ingle feature, within one bin. 25 

In these two examples, two opposing limitations on this technique
re demonstrated, one mistakenly identifying a potential site for the
ormation of a filament, the other missing such a site. While insightful

5 Indeed, with each being significant on its own, the combined area in the bin
s around twice the threshold. 
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