2404.11219v1 [astro-ph.SR] 17 Apr 2024

arxXiv

DRAFT VERSION APRIL 18, 2024
Typeset using IATEX twocolumn style in AASTeX631

Identifying coronal sources of L1 solar wind disturbances using the Fisk heliospheric magnetic field

and potential field extrapolations during three solar minima

P. J. SteyNn @' D. Jounson © %23 G. J. J. Borna @2 anD S. RéGNIER (22

1 Centre for Space Research, North-West University, Potchefstroom, South Africa, 2522

2 Department of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcastle upon Tyne, NE1 8ST, United

Kingdom
3School of Mathematics and Statistics, University of St Andrews, St Andrews, Fife, KY16 9SS, United Kingdom

(Received November 15, 2023; Revised February 24, 2024; Accepted March 11, 2024)

ABSTRACT

The solar minima between solar cycles 22-23, 23-24 and 24-25 are the best observed minima on record.
In situ solar wind and interplanetary magnetic field measurements by the WIND and ACE spacecraft
at L1 with one-hour cadence are explored using wavelet analyses for the most quiescent year during
each minimum. Times of local peaks in periodicities are identified in the solar wind velocity, magnetic
field components, and proton number densities. The measured radial velocities at these times are used
to trace magnetic field lines to the photosphere using two models. The first is the Fisk heliospheric
magnetic field that traces field lines from L1 to the photosphere. They connect exclusively to solar
poles and in 88% instances to locations of polar coronal holes. The second model uses the Parker spiral
to trace from L1 to the solar source surface and potential field extrapolations from the source surface
to the photosphere. These field lines terminate at equatorial and mid-latitude coordinates of which
some are located close to coronal holes. This study connects for the first time coronal hole signatures
in the ecliptic plane at L1 with polar coronal holes using the Fisk field. It shows how sources from
both the solar equator and poles influence the solar wind at L1 and how the two models compliment
each other to identify these sources.

Keywords: Solar coronal holes(1484) — Solar magnetic fields(1503) — Lagrangian points(897) — Solar
wind(1534) — potential field extrapolation

1. INTRODUCTION

Epochs of solar minima present unique opportunities
to study the properties of the solar wind. While direct
in situ measurements of the solar wind were first made
in the early 1960s (Neugebauer & Snyder 1962), contin-
uous, high-resolution data were not available until the
mid 1990s. As a result, the last three solar minima,
between cycles 22-23 (1996/1997), 23-24 (2008/2009),
and 24-25 (2019/2020) are the best observed minima
on record (Jian et al. 2011; Carrasco & Vaquero 2021;
Riley et al. 2022). The aim of this study is to investi-
gate the observed solar wind disturbances at the L1 La-
grangian point upstream of Earth during the previous
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three solar minima and their connection to solar coronal
holes (CHs). Previous studies, such as Luhmann et al.
(2022), report that low to mid-latitude CHs dominate
upstream plasma measurements and has an impact on
space weather.

It is known that the 27-day synodic solar equatorial
rotation period is observed in the solar wind (Mursula
& Zieger 1996). Due to the differential rotation of the
photosphere, which in turn influences the corona, peri-
odicities between 25 and 30 days are observed during
low solar activity (Luhmann et al. 2022).

This paper uses the observed periodicities in the ra-
dial, tangential, and normal components of both the so-
lar wind velocity and the interplanetary magnetic field
(IMF) as a proxy to trace field lines between the photo-
sphere and L1. Proton number densities are also investi-
gated. The photospheric origin of these components are
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of particular interest. A Fisk heliospheric magnetic field
(HMF) model is assumed between L1 and the solar wind
source surface (SWSS) after which the field lines are
mapped to the photosphere using heliographic and helio-
magnetic coordinate transformations around the tilt an-
gle a (Fisk 1996; Zurbuchen et al. 1997; Fisk et al. 1999).
For comparison, a standard Parker HMF (Parker 1958)
configuration is assumed between L1 and the SWSS af-
ter which the field lines are mapped to the photosphere
incorporating potential field source surface (PFSS) ex-
trapolations. The assumption of a background Parker
field in the ecliptic plane has been used in numerous
studies (Li et al. 2016; Strauss et al. 2017; Zhao et al.
2017). Posner et al. (2001) used the Fisk HMF to study
magnetic reconnection processes at the boundaries of
CHs by investigating solar wind composition measure-
ments from the Ulysses spacecraft at large radial dis-
tances (~ 4 AU near the streamer belt). The scope of
this paper, however, is constrained to the ecliptic plane
and L1.

Due to ease of use, many studies use PFSS from the
solar surface to the SWSS and model the Parker HMF
beyond the SWSS (Owens & Forsyth 2013; Balogh &
Erdos 2013). Alternative methods tracing magnetic field
lines from the solar surface to the SWSS exist, such as
non-linear force free fields and steady-state magnetohy-
drodynamics (Parenti et al. 2021), magnetofrictional re-
laxation (Yeates et al. 2018), force-free electrodynamics
(Contopoulos 2013) and the solar-interplanetary space-
time conservation element and solution element magne-
tohydrodynamic (SIP-CESE MHD) model of Yang et al.
(2012). Alternative methods to trace the HMF from the
solar surface into the heliosphere are relaxation of mag-
netic field lines (Gilbert et al. 2007), steady-state magne-
tohydrodynamic models (Garraffo et al. 2013) and the
Fisk model (Fisk 1996; Zurbuchen et al. 1997). Zhao
et al. (2017) point out that in spite of its approximations,
the PFSS and Parker combination is useful to identify
solar wind source regions from solar wind measurements
on the ecliptic plane. This study will compare its results
with the standard non-modified Fisk HMF between L1
and the photosphere.

The solar wind can be characterised by proton speed
and heavy ion charge states, such as O7T/O%t and
0%+ /O5* oxygen ratios (Zhao et al. 2017). The solar
wind speed varies as it moves towards L1 (Jain et al.
2024). In addition, the solar wind originating from
equatorial CHs contains fast as well as slow components
(Wang et al. 2009; Stakhiv et al. 2015) and the various
plasma populations interact with one another (Stansby
et al. 2019). In this study, as will be shown later, a
constant solar wind speed is assumed. The constraints

of assuming a constant speed are mitigated by investi-
gating measurements over a time interval at L1, rather
than using a velocity at one time instant. The obtained
results are then corroborated by taking oxygen ratios
over the same time interval.

The data retrieval and processing is explained in Sec-
tion 2, an introduction to the two models is described in
Section 3, the wavelet analyses of the three solar min-
ima are presented in Section 4, the Carrington maps
are shown in Section 5, and the concluding remarks are
made in Section 6.

2. DATA
2.1. Solar wind and interplanetary magnetic field

One-hour cadence solar wind velocity component mea-
surements and proton number density measurements
for the three observed solar minima are from the
Wind/SWE data sets (Ogilvie et al. 1995; Wilson et al.
2021). The IMF measurements are from the Wind/MFI
instrument (Lepping et al. 1995) for the 1996 solar min-
imum and from the ACE Magnetic Field Experiment
data sets (Smith et al. 1998) for the remaining solar
minima. Time periods of one year, based on the low-
est monthly smoothed sunspot number (SILSO World
Data Center 1996-2020), are used for each solar mini-
mum epoch investigated in this study. The solar wind
velocity data are converted from the GSE (geocentric so-
lar magnetospheric) system of coordinates to the RTN
(radial, tangential, normal) system of coordinates as fol-
lows,

Vr:_Vza V;E:_Vyy Vn:V,Z7 (1)

where V., Vi, and V,, are the radial, tangential and nor-
mal solar wind velocity components respectively. The
same conversions are followed for the IMF data. Known
interplanetary coronal mass ejections (ICMEs) are re-
moved from the solar wind and magnetic field data sets
according to the ICME database of Richardson & Cane
(2010). We replace the ICME data with Gaussian white
noise with a mean and standard deviation computed
from the data before and after the ICME. This success-
fully removes their signal from the wavelet analyses.

2.2. Carrington Maps

For the 1996 solar minimum, a set of Carrington
maps is available from the SOHO/EIT Synoptic Map
Database (Benevolenskaya et al. 2001; Benevolenskaya
2001), which provides maps for Carrington rotations
(CRs) 1911 to 2055. These Carrington maps are
restricted to £83° due to Earth’s changing vantage
point (Hamada et al. 2018). Carrington maps for the
2008/2009 and 2019/2020 solar minima are assembled
from full-disk solar images obtained from the European



Space Agency’s SOHO Science Archive database (ESA
2023) using the 195A wavelength. The Carrington maps
are assembled following the methods of Thompson et al.
(1997) and Thompson (2006) where slices of 13.3° lon-
gitude (corresponding to one day’s CR length scale) are
extracted centred on the central meridian. The tilt angle
a for each CR is from Hoeksema (1995)*.

2.3. Photospheric magnetic field

This study uses the PFSS packages? included in So-
larSoft (Freeland & Handy 1998; Schrijver & De Rosa
2003). The magnetograms used in the PFSS model to
determine the configuration of the photospheric mag-
netic field are from SOHO/MDI (Domingo et al. 1995;
Scherrer et al. 1995) for the solar minima of 1996/1997
and 2008/2009. Magnetograms from the HMI instru-
ment (Scherrer et al. 2012) onboard SDO (Pesnell et al.
2012) are used for the 2019/2020 solar minimum. The
magnetograms used by this PFSS model is not con-
trolled by the user.

2.4. Coronal holes

The locations and polarity of CHs are confirmed by
the daily National Oceanic and Atmospheric Adminis-
tration (NOAA) solar synoptic analysis charts (NOAA
1996-2020). In addition, the heavy ion charge state ratio
(O™ /O%*) obtained from ACE observations is used to
confirm the locations of coronal holes.

3. MAGNETIC FIELD MODELS
3.1. Fisk heliospheric magnetic field model

The tracing of Fisk magnetic field lines expanding
from polar coronal holes (PCHs) are discussed in this
section. Fisk (1996) introduced a novel HMF model
in an effort to explain the recurrent energetic particle
events observed at high latitudes by the Ulysses space-
craft (Simpson et al. 1995). Figure 1 shows the geometry
of the model proposed by Fisk (1996). The rotational
axis € is separated from the magnetic axis M by a tilt
angle a. The p-axis is defined by the magnetic field line
originating from the solar pole where no differential ro-
tation is assumed and is separated from the rotational
axis by an angle . Fisk-type field lines are assumed to
originate from rigidly-rotating PCHs (the source of the
fast solar wind) and to expand from the photosphere
to the source surface symmetrically about the magnetic
axis. The differential rotation of the field line footpoints
on the photosphere and the super-radial expansion of
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field lines to the source surface cause the Fisk model to
display large excursions in heliographic latitude. This
unique characteristic makes this HMF model a good can-
didate to trace field lines from L1 back to their coronal,
and subsequently, their photospheric origin. The expan-
sion of the field lines form footpoint trajectories on the
source surface symmetric about the p-axis. Zurbuchen
et al. (1997) report the expression of the field to be

roN2 [, rw, Q —w)rsinf
B =5 (7) {erveg( e @

where r represents the radial distance away from the
sun, By is the field strength at ro, V is the solar wind
speed, w the differential rotation rate of the photosphere
(typically assumed to be a constant fraction of the solar
equatorial rotation rate Q, i.e., Q/4), and 6 the helio-
graphic co-latitude from which the field line expands.
Note that for § = 90° (the solar equator) and w = 0
rads/sec (no differential rotation) equation (2) reduces
to the standard Parker HMF expression (Parker 1958).
Since each field line trace is unique, field lines can be
traced from the source surface to the photosphere using
this method. Steyn & Burger (2020) report this trac-
ing in three distinct processes. Firstly, a transformation
about the tilt angle a from heliographic to heliomagnetic
coordinates on the source surface is performed (equa-
tions (3) and (4)). Next, the tracing from the source
surface to the photosphere in both latitude and longi-
tude is done based on the Divergence Theorem (equa-
tions (5) and (6)), and finally a transformation about the
tilt angle from heliomagnetic to heliographic coordinates
are performed (equations (7) and (8)). This process is
described by the following expressions

03¢ = cos *(cos Ohy cos a + sin b7 sinacos @5 ), (3)
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where the subscripts hg and hm refers to heliographic
and heliomagnetic coordinates respectively, and the su-
perscripts ss and ph refers to the source surface and pho-
tosphere respectively, and where sin 6} # 0, cos 8>, #

1, and sin 9p h # 0. The boundaries of the PCHs in he-
liomagnetic coordlnates on the photosphere and source
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Figure 1. An illustration of the expansion of magnetic field
lines from the photosphere to the SWSS from rigidly rotating
PCHs according to the Fisk HMF model. The direction of
the footpoint trajectories are shown on the source surface.
The rotation axis €2, the magnetic axis M, the p axis, the
tilt angle «, and the Fisk-angle 8 are shown. Figure adapted
from Zurbuchen et al. (1997).

surface are represented by 02" and 625 = and their values

are chosen to be 24° and 70° respectively, in accordance
to the example shown in Fisk (1996).

This study assumes that the measured radial solar
wind velocity (V) remains constant between L1 and
the SWSS during the time of tracing a field line. The
length of a magnetic field line from L1 at r = 0.99 AU
to the SWSS at ryp = 2.5Rs = 0.01 AU is determined
by S = [ |dt| where |d(? = dr? + r?d6? + 12 sin® 0d”
in spherical coordinates. V,. measured at the time of the
local maximum in the period at L1 is used together with
S to calculate the difference between Sun-time and L1-
time. The small, but nonetheless non-zero, difference
between the Parker (1.14 AU) and Fisk (1.01 AU) field
line lengths due to different d¢ expressions for the two
HMEF configurations are shown in Figure 2 for a constant
solar wind velocity of 400 km/s.

3.2. Potential field source surface model

The PFSS extrapolation method was developed and
refined by Schatten et al. (1969), Altschuler & Newkirk
(1969), Hoeksema (1984), and Wang & Sheeley (1992).
In this study, the upper boundary condition of the PFSS
model is located at the SWSS, assumed to be spheri-
cal and a radial distance 2.5R from the photosphere.
The lower boundary condition is the photospheric mag-
netic field generated from full-disk magnetograms. The
magnetograms used in this study are from two differ-
ent instruments as mentioned in Section 2.3 which in-
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Figure 2. Magnetic field line lengths of the Parker (solid
blue) and Fisk (dashed red) HMF models between the SWSS
and L1. The black dots refers to the L1 position at r = 0.99
AU. The insert graph is of the square at the origin of the
main graph showing the starting point of the magnetic field
lines at the SWSS boundary located at r = 2.5Rs = 0.01
AU.

fluences the comparability of the PFSS results between
solar minima. Previous studies, such as Luhmann et al.
(2022), use magnetograms from a single instrument.
Furthermore, Hofmeister et al. (2019) report a con-
nection between long-lived (more than 40 hours) pho-
tospheric magnetic elements and the magnetic flux of
CHs. Wang et al. (1996) explain that the locations of
CHs can be reproduced and better understood by apply-
ing extrapolation models to measurements of the pho-
tospheric magnetic field. These authors show that the
solar wind speed and solar wind flux densities can be re-
lated to the magnetic field strength of CHs. Therefore,
the PFSS model is advantageous to trace field lines from
the SWSS to the photosphere since it considers the pre-
vailing configuration of the photospheric magnetic field
and, in principle, convey information about the state of
the coronal magnetic field. Figures 3(a) and 3(b) illus-
trate an example of the tracing of a continuous magnetic
field line from the SWSS to the photosphere in both he-
liographic latitude (654) and longitude (¢py) using the
PFSS model. Small latitudinal and longitudinal per-
turbations, such as shifting 92“; and gzﬁisg by 1°, have a
minimal effect on the results of L‘)ZZ and ¢’ZZ which im-
plies stable results for the investigated solar minima. A
standard Parker field is assumed between L1 and the
SWSS when tracing a field line for the PFSS model.
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Table 1. 1996/1997 solar minimum with details of maxima in

3oF ] periodicity power at L1 as shown in Figure 4.
25 E Source surface ]

ge E . Date of max  Period (Days) CR Figures

3 2'°; ] Vi 5 Apr. 1996 28.5 1907 4(a) ; ——

5 15 ] 3 Oct. 1996 31.2 1914 4(a) ; 8(a)

3 C ] n; 18 Apr. 1996 26.2 1908 4(b) ; ——
1.0; Photosphere ; 4 Dec. 1996 26.2 1916-1917  4(b) ; 8(c)
osk o N Bn 3 Oct. 1996 26.2 1914 4(c) ; ——

65 20 25 80 85 % 95 B, 21 Nov. 1996 28.5 1915-1916  4(d) ; 8(b),8(c)
Heliographic latitude (Degrees)
(a)
30F = V. and B,, and n; and B; as seen in Figure 4. The
251 Source surface ® ] first maxima observed in V. and n; on 5 April 1996 (day
> g E 64) and 18 April 1996 (day 77), respectively, are part of

5 200 ] CRs 1907 and 1908. Although these Carrington maps

c s ] are not available (see Section 2.2), the maxima in V,

§ “E ] and n; are included in Figure 4 and Table 1 to illus-
1.0+ ] trate the observed periodicity. The maximum observed
o5k Photosphere ] in B,, on 3 October 1996 (day 245 of Figure 4(c)) during

60 65 170 175 180 185 CR1914 corresponds to the second maximum observed
He'i°9'°phi°('°)”9“”de (Degrees) in V; on the same day (Figure 4(a)). The maximum
b

Figure 3. A magnetic field line trace from the source surface
at 2.5Rs down to the photosphere at 1.0Rs. The green dot
represents the entry point at the SWSS. (a) shows the trace
from 055 = 90° to 95; = 71.6°. The equator is indicated by
the vertical red dot-dashed line. (b) shows the same trace in
heliographic longitude from ¢3; = 180° to ¢iz = 165.6°.

The length of the Parker magnetic field line is shown in
Figure 2 and the difference between sun-time and L1-
time is calculated in the same way as in Section 3.1,
again assuming that the measured V,. remains constant
between L1 and the SWSS.

4. SOLAR WIND AND IMF PROPERTIES AT L1
4.1. 1996/1997 solar minimum

The following section focuses on the solar minimum
period between 1 February 1996 to 31 January 1997 (365
days). Figure 4 shows the wavelet results for the radial
solar wind velocity V,. (Figure 4(a)), the proton number
density n; (Figure 4(b)), the normal B,, (Figure 4(c)),
and tangential B, (Figure 4(d)) magnetic field compo-
nents. Table 1 summarises the results from the wavelet
analysis, including the date at which the maximum pe-
riod was observed at L1, the maximum period in days
(ranging between 26.2 and 31.2 days), and the corre-
sponding Carrington rotation (CR) during which the
maximum occurred. The pairs of wavelets with max-
ima at approximately the same date include V,. and n;,

observed in n; on 4 December 1996 (day 307 of Figure
4(b)) is coupled together with the maximum observed
on 21 November 1996 (day 294 of Figure 4(d)) in B;. In
each group of wavelets for all three solar minima stud-
ied in this paper, the dates of the maxima observed in
several of the solar wind and magnetic field components
are used to trace field lines between L1 and the SWSS.
However, some components are not traced between L1
and the SWSS since they share a maximum at approxi-
mately the same time as another component and rather
used as a confirmation of the signal observed. For ex-
ample, V,. and B,, in Table 1 have their maxima on the
same date (3 October 1996) and only V,. is traced to the
SWSS. The double dash in the last column of Table 1 in-
dicates that this field line is not traced. The convention
is followed throughout the study.

4.2. 2008/2009 solar minimum

The following section focuses on the solar minimum
period between 6 July 2008 and 6 July 2009 (365 days)
and describes the same process followed in Section 4.1.
Figure 5 shows six wavelets including V,. (Figure 5(a)),
Vi (Figure 5(b)), V;, (Figure 5(c)), n; (Figure 5(d)), B,
(Figure 5(e)), and By (Figure 5(f)). Table 2 summarises
the details of this solar minimum.

The wavelets from Figure 5 that share periodicities at
approximately the same time include V, and n; on 17
September 2008 (day 70), the trio of measurements V; on
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Figure 4. Wavelets indicating the signals and periodicities of the (a) radial solar wind velocity, the (b) proton number density,
the (d) normal and (e) tangential magnetic field components between 1 February 1996 and 31 January 1997 during the 1996,/1997
solar minimum epoch. The panel above each wavelet shows the input data. The three vertical white dashed lines show the time
of local maximum power (central line) of the dominant periodicity with the two side lines showing the times of a 5% reduction
from peak power. The same are shown in blue in the input data panel. The horizontal white dashed lines indicate the dominant
periodicity. The normalised power of each periodicity is identified by the colour scale, while the cone of influence is indicated in

yellow. The white contour shows the 99.5% confidence level.

13 October 2008 (day 99), B, on 21 October 2008 (day
107) and B; on 28 October 2008 (day 114), and finally
V., on 21 March 2008 (day 258) and B, on 18 April 2008
(day 286). Note that the first maximum of B, (day 43
on 17 August 2008 of Figure 5(e)) is included in Table 2,
but is not used in further analyses since the 5% decrease
in intensity to the left of the maximum is inside the cone
of influence (COI). There is also no confirmation of this
signal since the maximum intensity of the periodicity
identified at approximately the same time in B (Figure
5(f)) is also inside the COI V,, (Figure 5(c)) and the
third maximum of B, (Figure 5(e)) have a 28-day gap
between their respective local maxima shown in Table
2. Due to the long duration of the observed periodicity
in both V,, and B,., they might share a common physical
process giving rise to the signal at L1.

V, shows a period of 26.2 days on 17 September 2008
(day 73 of Figure 5(a)). V; shows a period of 26.2 days
approximately a month later on 13 October 2008 (day
99 of Figure 5(b)). Additionally, Figure 5(b) also shows
short term (~ 2.5 days), short periodicity (~ 1.5 days)

vertical structures with high-power signals. The top
panel confirms that these strong, short-term periodic-
ities are caused by peaks in V;. Although all known
ICMEs were removed from the data sets, it is possible
for different transient events to be observed in the data.
These events were not removed for the sake of consis-
tency and transparency. V,, shows a period of 28.5 days
on 21 March 2009 (day 258 of Figure 5(c)). n; follows
the behaviour of V,. closely with a period of 26.2 days
also occurring on 17 September 2008 (day 73). Peaks
in n; are accompanied by strong, short-term power sig-
nals. Next, Figures 5(e) and 5(f) show B, and B; results
respectively. Both figures show long duration power sig-
nals at periods of 28.5 days (B,) and 26.2 days (B).
Three local maxima are observed in B, and are indi-
cated on Figure 5(e). Table 2 shows the maxima of B,
occurring on 17 August 2008 (day 42), 21 October 2008
(day 107), and 18 April 2009 (day 286), and the maxi-
mum of B; occurring on 28 October 2008 (day 115).Note
that the periodicities are only identified in order to se-
lect the date and time the field lines are traced back
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Table 2. 2008/2009 solar minimum with details of maxima
in periodicity power at L1 as shown in Figure 5.

Table 3. 2019/2020 solar minimum with details of maxima in pe-
riodicity power at L1 as shown in Figure 6.

Date of max  Period (Days) CR Figures Date of max  Period (Days) CR Figures

V. 17 Sept. 2008 26.2 2074 5(a) ; 9(a) Ve 22 Aug. 2019 26.2 2220-2221 6(a) ; 10(b)
Vi 13 Oct. 2008 26.2 2075 5(b) ; 9(b) 6 Jan. 2020 24.0 2225-2226 6(a) ; ——
Vn 21 March 2009 285 2081 5(c) ; 9(c),9(d) Vo 29 Jul. 2019 31.17 2220 6(b) ; ——
n; 17 Sept. 2008 26.2 2074 5(d) ; —— 4 Jan. 2020 26.2 2225 6(b) ; ——
B, 17 Aug. 2008 26.2 2073 5(e) ; —— n; 25 Aug. 2019 28.5 2220-2221 6(c) ; ——
21 Oct. 2008 28.5 2075 5(e) ; —— 9 Jan. 2020 24.0 2225-2226 6(c) ; ——

18 Apr. 2009 28.5 2082 5(e) ; 9(d) Br 6 Aug. 2019 28.5 2219-2220  6(d) ; 10(a),10(b)
B, 28 Oct. 2008 26.2 2075 5(f) ; 9(b) 14 Dec. 2019 26.2 2224-2225 6(d) ; ——
By 30 Jul. 2019 28.5 2219-2220 6(e) ; ——
20 Dec. 2019 26.2 2224-2225 6(e) ; 10(c)

B, 10 Jan. 2020 24.0 2225-2226  6(f) ; 10(c) 10(d)

from L1 to the SWSS and then mapped to the photo-
sphere. It is well-known that the harmonic structure of
the solar synoptic rotation has an imprint in the solar
wind (Prabhakaran Nayar et al. 2002; Singh & Badrud-
din 2019; Tsichla et al. 2019). In this study we focus on
the fundamental frequency only and use its maximum
power to determine the time of maximum disturbance
at L1.

4.3. 2019/2020 solar minimum

The same process as in Sections 4.1 and 4.2 is now
followed for the 2019/2020 solar minimum defined be-
tween 1 June 2019 and 31 May 2020 (365 days). Figure
6 shows the wavelet results for V;. (Figure 6(a)), V,, (Fig-
ure 6(b)), n; (Figure 6(c)), B, (Figure 6(d)), B (Figure
6(e)) and B, (Figure 6(f)). Table 3 summarises the
details of this solar minimum epoch. The first pair of
wavelets with maxima at approximately the same date
during this solar minimum is V;. on 22 August 2019 (day
82) and n; on 25 Augusts 2019 (day 85). The next trio of
measurements grouped together are V,, on 29 July 2019
(day 58), B, on 6 August 2019 (day 66) and B; on 31
July 2019 (day 60). The third pair is B, on 14 Decem-
ber 2019 (day 196) and B; on 20 December 2019 (day
202). Lastly, the following four measurements show a
local maximum at approximately the same date: V. on
6 January 2020 (day 219), V,, on 4 January 2020 (day
217), n; on 9 January 2020 (day 222) and B; on 20 De-
cember 2020 (day 202).

5. MAGNETIC CONNECTION FROM L1 TO THE
PHOTOSPHERE

The maximum periodicities observed at L1 in Fig-
ures 4, 5, and 6 are now traced to their solar origins
and shown on Carrington maps. The tracing is done
along Fisk and Parker magnetic field lines connecting

L1 with the SWSS (Figure 2). Next, the Fisk field lines
are mapped to the photosphere using the transforma-
tions from Section 3.1 while the Parker field lines are
mapped to the photosphere using the PFSS model from
Section 3.2. Figure 7 shows one-week moving averages
(red) of B, for the 1996/1997 (top), 2008/2009 (mid-
dle), and 2019/2020 (bottom) solar minima. A sixth-
order polynomial approximation curve (black) is fitted
to the moving average. The vertical dashed lines (pur-
ple) indicate the dates of the periodicities from Tables 1,
2, and 3. The intersection between the polynomial ap-
proximation and the dates of peak periodicities indicate
whether B, is positive or negative for that date. This
informs whether the magnetic field line tracing is above
or below the heliospheric current sheet (HCS).

During the 1996/1997 solar minimum, the polarity of
the sun was positive at the northern solar pole and neg-
ative at the southern solar pole (A > 0 solar cycle).
Therefore, a positive B, value in the top panel of Figure
7 is indicative of a magnetic field line with its origin at
the northern solar pole while a negative B, value is in-
dicative of a field line with its origin at the southern solar
pole. The polarities of the PCHs are confirmed by the
NOAA synoptic maps mentioned in Section 2.4. During
the 2008/2009 solar minimum, the polarity of the sun
was negative at the northern solar pole and positive at
the southern solar pole (A < 0 solar cycle). Therefore,
a positive B, value in the middle panel of Figure 7 is
indicative of a magnetic field line with its origin at the
southern solar pole while a negative B,. value is indica-
tive of a field line with its origin at the northern solar
pole. The 2019/2020 solar minimum was an A > 0 solar
cycle again and therefore the polarities are the same as
explained during the 1996,/1997 solar minimum.
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Figure 5. Wavelets indicating the signals and periodicities of the (a) radial, (b) tangential and (c) normal solar wind velocities,
(d) the proton number density, the (e) radial and (f) tangential magnetic field components between 6 July 2008 and 6 July 2009
during the 2008/2009 solar minimum epoch. Refer to Figure 4 for a description of the dashed lines and contours.
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Figure 6. Wavelets indicating the signals and periodicities of the (a) radial and (b) normal solar wind velocities, (c) proton
number density, the (d) radial, (e) tangential and (f) normal magnetic field components between 1 June 2019 and 31 May 2020
during the 2019/2020 solar minimum epoch. See Figure 4 for a description of the dashed lines and contours.

5.1. 1996/1997 solar minimum 4, together with the two dates corresponding to the 5%
decrease from the maxima are traced back from L1 to
the photosphere using the Fisk model (Section 3.1), as
well as a Parker spiral and PFSS model (Section 3.2).
It is assumed that all signals observed at L1 pass the
SWSS equator. The blue circles of Figure 8 represent
the entry points of the traced field lines at the SWSS
equator (2.5Rg above the photosphere) for both the
Fisk and Parker HMF's. Figure 2 shows that the field
lines lengths of the two HMF models are different and
therefore, assuming a constant solar wind velocity (third
column of Table 4) for both models, each HMF model

The results of the mapping of magnetic field lines from
the SWSS to the photosphere for the 1996/1997 solar
minimum of both the Fisk and PFSS models are shown
in Figure 8 and summarised in Table 4. Three (V., n;,
and By in Table 4) of the six maxima from Table 1 are
traced to the photosphere in Figure 8. The other max-
ima are not traced since their maxima occurs close to the
already-traced maxima. The dates where the maximum
power of the dominant periodicity occurred in Figure
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Figure 7. One-week moving averages of B, (red) for the
three investigated solar minima. A sixth-order polynomial
approximation is fitted to B, in each panel (black). The
vertical dashed lines indicate the dates of maximum signals
according to Figures 4, 5, and 6.

will pass the SWSS at different dates (last column of
Table 4). The differences between the times and dates
are too small to differentiate on the Carrington maps

Table 4. 1996/1997 solar minimum temporal field line
tracing details between L1 and the SWSS for the Fisk
and Parker HMFs.

L1 Vi (km/s) Model SWSS

Vr 3 Oct. 1996 614 Parker 30 Sept. 1996
12:00:00 05:00:00

Fisk 30 Sept. 1996
14:00:00

n; 5 Dec. 1996 288 Parker 28 Nov. 1996
01:00:00 10:00:00

Fisk 29 Nov. 1996
05:00:00

Bt 21 Nov. 1996 410 Parker 16 Nov. 1996
16:00:00 17:00:00

Fisk 17 Nov. 1996
07:00:00

and therefore one blue circle represents the entry point
of both the Fisk and Parker field lines at the SWSS in
Figure 8. The blue crosses show the heliographic lati-
tude (GZZ) to which each magnetic field line maps down
from the SWSS equator to the photosphere using the
PFSS model.

The red vertical lines indicate the heliographic lati-
tudes (922) to which the Fisk field lines map to on the
photosphere. The length of the red vertical lines shows
the uncertainty in the heliographic latitude during the
mapping process brought on by the uncertainty of ¢"¢
in equation (3). Cycling through ¢"¢ = 0°,90°,180°,
and 270° provides different HZZ coordinates to which the
field line maps to the photosphere. This spread of val-
ues is represented by the red vertical lines connecting
the different values of 92’;. The red solid and dashed
horizontal lines indicate the time duration of the sig-
nals represented by +5% from the maximum power of
periodicity obtained from Figure 4.

Note that the location of each blue cross symbol
should not be interpreted in terms of time, since the
time duration of the mapping between the SWSS and
the photosphere is negligible. Rather, the location of
each blue cross only represents the state of the corona
when the mapping-down took place. The crosses and
circles are not necessarily located on the same day on
the Carrington map since there is a delay between when
the mapping-down takes place and when that location
is earth-facing in order to assemble the Carrington map.
The same argument is true for the difference in longi-
tude between the entry point of the Fisk field lines at
the SWSS equator and the red vertical lines (indicative
of (;5’}1}; in Equation (8)) for the results of the Fisk HMF.



The already-assembled Carrington maps shown in Fig-
ure 8 are from the SOHO/EIT Synoptic Map Database
(Section 2.2). These maps are not as accurate as those
presented for the next two solar minima since they
are constructed with wider longitudinal strips (approx-
imately 16°), and there are instances where even wider
strips are used from the previous day to cover missing
data values (Benevolenskaya et al. 2001). Therefore, the
calendar dates in red on the horizontal axis of Figure 8
are only approximate dates. The darker green regions
of each Carrington map show the locations of CHs.

The tracing for V,. (from Figure 4(a)) is shown in Fig-
ure 8(a). On 20 September 1996 (day 3 of CR1914), the
PFEFSS model maps to mid-latitudes close to the vicin-
ity of an active region (AR) (which was earth-facing
on 23 September 1996). On 30 September 1996 (day
13 of CR1914) the field lines map close to the solar
equator at a location with no CH activity. On 6 Oc-
tober 1996 (day 19 of CR1914) the field lines map to
the northern mid-latitudes which is in the vicinity of a
well-developed northern PCH (which was earth-facing
on 9 October 1996). The results of the Fisk model map-
ping are shown in red. On 21 September 1996 (day 4
of CR1914) the Fisk model maps to a southern PCH.
Furthermore, the Fisk field maps to two more southern
PCHs on 30 September 1996 (day 13) and 7 October
1996 (day 20) of the same CR. Note that large north-
ern PCHs are visible during CR1914, but the Fisk field
do not map to these due to the orientation of the HCS
shown in the top panel of Figure 7.

The blue circle in Figure 8(b) represents the equato-
rial SWSS entry point of both Fisk and Parker field lines
traced from the maximum of B, in Figure 4(d) on day
19 during CR1915 (1 November 1996). The correspond-
ing blue cross in Figure 8(b) is not close to the location
of visible CHs, while the red vertical line maps into a
southern PCH (day 20 during CR1915 on 2 November
1996) which extends into CR1916 (Figure 8(c)). The
remaining blue circles and crosses in Figure 8(c) during
CR1916 are from B; (Figure 4(d)) crossing the SWSS
equator on 16 November 1996 (day 6) and 30 November
1996 (day 20) where both field lines map near the pho-
tospheric equator. The yellow symbols in Figure 8(c)
during CRs 1916 and 1917 refer to the maximum ob-
served in n; (Figure 4(b)). The first SWSS entry of n;
is made 17 November 1996 (day 7 of CR1916), the max-
imum of n; is mapped on 28 November 1996 (day 18 of
CR1916), and the last field line from n; is mapped on
12 December 1996 (day 5 of CR1917). All the PFSS
results during CRs 1916 and 1917 map close to the solar
equator and are not located near CH activity.
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Table 5. 2008/2009 solar minimum temporal field line
tracing details between L1 and the SWSS for the Fisk and
Parker HMF's.

L1 Vi (km/s) Model SWSS

V, 17 Sept. 2008 423 Parker 12 Sept. 2008
15:00:00 20:00:00

Fisk 13 Sept. 2008
09:00:00

B 28 Oct. 2008 288 Parker 21 Oct. 2008
20:00:00 19:00:00

Fisk 22 Oct. 2008
15:00:00

B, 18 Apr. 2009 446 Parker 13 Apr. 2009
05:00:00 16:00:00

Fisk 14 Apr. 2009
02:00:00

Vi 13 Oct. 2008 498 Parker 9 Oct. 2008
05:00:00 03:00:00

Fisk 9 Oct. 2008
15:00:00

Vn 21 Mar. 2009 432 Parker 16 Mar. 2009
07:00:00 14:00:00

Fisk 17 Mar. 2009
04:00:00

The remaining Fisk field results are shown on 17
November 1996 (day 7 of CR1916) and do not map to
a PCH. On 29 November 1996 (day 19 of CR1916), the
Fisk model either maps to a southern PCH or a north-
ern PCH which extends into CR1917. The top panel
of Figure 7 shows the change of B, from negative to
positive between the last two maxima and explains the
change in mapping from the southern to the northern
PCHs. The last two mapping results from the Fisk field
are on 2 December 1996 (day 22 during CR1916) on 13
December 1996 (day 6 during CR1917), both of which
are inside well-developed northern PCHs.

5.2. 2008/2009 solar minimum

Figure 9 shows the Carrington maps for CRs 2074 -
2076 and 2080 - 2082 during the 2008/2009 solar min-
imum of which the details are summarised in Table 5.
Five (V,., B, B, V; and V,, in Table 5) of the eight max-
ima from Table 2 are traced to the photosphere in Figure
9. The other maxima are not traced since their maxima
occurs close to the already-traced maxima. Figure 9(a)
shows three blue circles located on the SWSS equator
which corresponds to the date of maximum power of
the periodicity on 17 September 2008 (day 73 of Figure
5(a)), and the two 5% decreases from the maximum on



12

7 September 2008 and 29 September 2008 (days 63 and
85 in Figure 5(a)). Figure 9(b) shows two CRs with
the locations of the field line tracing from the maxima
and £5% lines from Figures 5(b) and 5(f) representing
the blue and yellow circles and crosses respectively. The
solid red horizontal lines show the mapping range using
the Fisk model for the maximum shown in Figure 5(b),
while the dashed red horizontal lines (across the two
Carrington maps) show the mapping for the maximum
related to Figure 5(e). Figures 9(c) and 9(d) show the
same as the previous figure, but now the blue symbols
are related to Figure 5(e) (maximum located on 17 April
2009 (day 285)) and the yellow symbols are related to
Figure 5(c) (maximum located on 21 March 2009 (day
258)).

Figure 9(a) shows that the PFSS model maps down to
locations close to the solar equator, where the Fisk field
maps exclusively to the north solar pole since B, is neg-
ative at the first maximum shown on the middle panel of
Figure 7. The Fisk model traces down into the northern
PCHs between 3 September 2008 (day 5 during CR2074)
and 24 August 2008 (day 26 during CR2074). There are
two equatorial CHs visible between 2 and 6 September
2008 (days 4 to 8 during CR2074) located a few degrees
below the equator extending to mid-latitudes, and 10 to
12 September 2008 (days 12 to 14 during the same CR)
located a few degrees above the equator extending to
mid-latitudes. The PFSS model maps down close to CH
activity during these two instances, while no clear CH
activity is observed at the location of the third and final
mapping on 23 September 2008 (day 25 during CR2074).

Figure 9(b) also shows the PFSS model mapping down
close to the solar equator. A well-established equatorial
CH is observed between 24 and 28 October 2008 (days
2 and 6 during CR2076) which is a repetition of the
CH observed in the previous CR between 29 Septem-
ber and 2 October 2008 (days 4 and 7 during CR2075),
which was captured by the tracing process. The Fisk
model maps to well-developed northern PCHs during
CR2075 and 2076 due to the negative polarity of B,
(middle panel of Figure 7). The field line tracing re-
sults of the PFSS model in Figures 9(c) and 9(d) are
further away from the solar equator than during previ-
ous CRs. The northern mid-latitude CHs visible on 16
March 2009 (day 8 during CR2081) as well as the small
northern mid-latitude CH visible on 26 March 2009 (day
18 during the same CR) are well captured by the PFSS
model. Mapping locations that are not close to CH ac-
tivity include 30 March 2009 (day 22 during CR2081),
13 April 2009 (day 9 during CR2082), and 22 April 2009
(day 18 during CR2082). Furthermore, the mapping of
the Fisk model captures the southern PCHs (due to the

Table 6. 2019/2020 solar minimum temporal field line
tracing details between L1 and the SWSS for the Fisk
and Parker HMFs.

L1 Vi (km/s) Model SWSS

Ve 22 Aug. 2019 345 Parker 16 Aug. 2019
05:00:00 10:00:00

Fisk 17 Aug. 2019
02:00:00

B, 6 Aug. 2019 502 Parker 2 Aug. 2019
14:00:00 13:00:00

Fisk 3 Aug. 2019
00:00:00

B: 20 Dec. 2019 430 Parker 15 Dec. 2019
04:00:00 11:00:00

Fisk 16 Dec. 2019
00:00:00

B, 10 Jan. 2020 339 Parker 4 Jan. 2020
20:00:00 21:00:00

Fisk 5 Jan. 2020
14:00:00

positive B, polarity in the middle panel of Figure 7)
during the last three CRs of Figure 9.

5.3. 2019/2020 solar minimum

Figure 10 shows the Carrington maps for CRs 2219 -
2221 and CRs 2224 - 2226 during the 2019/2020 solar
minimum of which the details are summarised in Table
6. Four (V,, B,, By and B,, in Table 6) of the eleven
maxima from Table 3 are traced to the photosphere in
Figure 10. The other maxima are not traced since their
maxima occurs close to the already-traced maxima. Fig-
ures 10(a) and 10(b) show the locations of the mapping
related to the first maximum observed for B, (day 66
of Figure 6(d)) and V, (day 82 of Figure 6(a)). The
second maximum power of periodicity for B; (day 202
of Figure 6(e)) and B, (day 223 of 6(f)) maps down
to the photosphere during CRs 2224 - 2226 in Figures
10(c) and 10(d). Figure 10(b) (CR2220) shows two in-
stances where the PFSS model maps near the solar equa-
tor and two instances where it maps near the solar poles.
On 2 August 2019 (day 8 during CR2220) the PFSS
model maps into a well-developed CH extending from
mid-latitudes to the solar equator. Northern PCHs are
visible during CRs 2220 and 2221 (Figure 10(b)) and are
mapped by the Fisk HMF due to the positive polarity of
the maxima shown in the first half of the bottom panel
of Figure 7. Both the PFSS and Fisk models map to a
PCH on 6 August 2019 (day 12 during CR2220). The re-
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Figure 8. Carrington maps for Carrington rotations (a) 1914, (b) 1915, (c) 1916 and 1917. The horizontal axis runs chrono-
logically from right to left (from the first day to the 27th day of each Carrington rotation). The calendar dates are shown in
red for ease of reference. The vertical axis is the sine of the solar latitude from —1 to 1 with 0 at the solar equator (indicated
with a black vertical dashed line). Blue and yellow symbols refer to the mapping of the PFSS model. The circles are the entry
points at the source surface and the crosses are the landing points at the photosphere. The red symbols refer to the mapping
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group together the traces from peak power and their 5% reduction from Figure 4. The blank areas represent missing data, for

example day 20 - 27 of CR1917.
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maining northern PCH activity, extending into CR2221
(up until 31 August 2019 (day 10 during CR2221)) is
captured by the Fisk field. On 16 August 2019 (day
22 during CR2220) the PFSS maps down to a southern
PCH while on 30 August 2019 (day 9 during CR2221)
it maps down to a location with little CH activity. It
appears that the PFSS model does not map to the well-
established equatorial-to-mid-latitude CH visible on 29
August 2019 (day 8 during CR2221), although the PFSS
model did map to this CH during the previous CR on 2
August 2019. During CRs 2224 to 2226 (Figures 10(c)
and 10(d)) the PFSS model tends to map towards the
polar regions as is the case for the Fisk model. Well-
established southern PCHs starting on 5 December 2019
(day 23 during CR2224) and extending to 14 January
2020 (day 9 during CR2226) are captured by the Fisk
field results. The Fisk field maps to the southern PCHs
observed during CRs 2224 and 2226 due to the negative
polarity of B, shown in the second half of the bottom
panel of Figure 7. During this solar minimum epoch, it
seems the PFSS model is more likely to map to the solar
poles than to the solar equator, in contrast to what was
observed during the previous solar minimum epoch.

6. DISCUSSION AND CONCLUSION

This study focused on the identification of periodic
signals at the L1 position using the solar wind veloc-
ity and proton number density data from the WIND
spacecraft, and the IMF data from the ACE spacecraft
during the 1996/1997, 2008/2009, and 2019/2020 solar
minima. We focused on periodicities between 26 and
28 days which is close to the solar synodic equatorial
rotation rate. This is also the rotation rate of rigidly
rotating CHs. To establish whether the periodic signals
observed at L1 are related to the locations of CHs, the
magnetic field lines are traced in the ecliptic plane from
L1 to the SWSS assuming a Fisk field and for compari-
son also a Parker field. The tracing of field lines between
the SWSS and the photosphere is done using the Fisk
HMF model for the Fisk field lines and compared with
the results of a PFSS model which arrives at the SWSS
trough a Parker spiral. Table 7 summarises the details
of whether a field line, either Fisk or Parker (PFSS),
maps to a CH or not. The HMF models (column 1), the
date at which each field line passed the SWSS (column
2), the field line trace from the —5% reduction to the left
of the maximum (column 3), the field line trace at the
maximum (column 4), and the field line trace from the
—5% reduction to the right of the maximum (column
5) are shown in the header of Table 7. Y indicates the
field line traced to a CH and N indicates the field line

Table 7. Details of magnetic field line tracing to CHs
for the two HMF models. Y indicates a field line mapped
into a CH, while N indicates a field lines mapped outside
a CH.

Model SWSS —5% (L) Max —5% (R)
Fisk 30 Sept. 1996 Y Y Y
P & PFSS 30 Sept. 1996 Y N N
Fisk 17 Nov. 1996 Y N Y
P & PFSS 16 Nov. 1996 N N N
Fisk 29 Nov. 1996 N Y Y
P & PFSS 28 Nov. 1996 Y N N
Fisk 13 Sept. 2008 Y Y Y
P & PFSS 12 Sept. 2008 Y N N
Fisk 9 Oct. 2008 Y Y Y
P & PFSS 9 Oct. 2008 Y N N
Fisk 22 Oct. 2008 Y N Y
P & PFSS 21 Oct. 2008 N Y N
Fisk 17 Mar. 2009 Y Y N
P & PFSS 16 Mar. 2009 Y Y N
Fisk 14 Apr. 2009 Y Y Y
P & PFSS 13 Apr. 2009 N N N
Fisk 3 Aug. 2019 Y Y Y
P & PFSS 2 Aug. 2019 N Y N
Fisk 17 Aug. 2019 Y Y Y
P & PFSS 16 Aug. 2019 Y Y N
Fisk 16 Dec. 2019 Y Y Y
P & PFSS 15 Dec. 2019 N Y Y
Fisk 4 Jan. 2020 Y Y Y
P & PFSS 5 Jan. 2020 Y N Y

did not trace to a CH. The normalised O7*/O5* ratio
is also used in the identification of the solar wind origi-
nating from CHs. Zhao et al. (2017) explain that a low
heavy ion charge state ratio (07 /O5%) is expected from
CHs. The Appendix shows the analysis of these oxygen
ratios for the 2008/2009 and 2019/2020 solar minima.
Our results confirm the magnetic field lines traced in
this study originate from PCHs and PCH boundaries as
shown in the Carrington maps of Figures 9 and 10.
The solar minimum of 1996,/1997 had a total of 9 map-
pings for both the PFSS and Fisk models respectively.
Note the change in magnetic field polarity (from neg-
ative to positive) between the last two maxima shown
in the top panel of Figure 7 (day 19 of CR1916 in Fig-
ure 8(c). The PFSS model did not map to CHs in any
of the cases during this solar minimum, but did map
to locations close to (within 10° in both latitude and
longitude) CH activity in 2/9 (~ 22%) cases (day 6 of
CR1914 and day 6 of CR1916). The Fisk model mapped
down to locations of CH activity in 7/9 (~ 78%) cases.
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Figure 9. Carrington maps for Carrington rotations (a) 2074, (b) 2075 - 2076, (c) 2080, and (c) 2081 - 2082. See Figure 8 for
a description of the axes and the meaning of the colour labels.
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Figure 10. Carrington maps for Carrington rotations (a) 2219, (b) 2220 - 2221, (c) 2224 - 2225, and (d) 2226. See Figure 8
for a description of the axes and the meaning of the colour labels.

The two instances where the Fisk field did not map into
a PCH are found on day 7 of CR1916, in contrast to
the PFSS model which mapped close to a CH on this
day. During this time a combination of equatorial, mid-
latitude, and polar mappings were obtained from the
PFSS model, although during CRs 1916 and 1917 (Fig-
ure 8(c)) the PFSS model maps exclusively to the equa-
torial region. This epoch had CHs missed by the PFSS
model. These include the northern mid-latitude CH vis-

ible on 22 September 1996 (day 5 during CR1914 shown
in Figure 8), a CH crossing the equator and visible on
19 October 1996 (day 5 during CR1915 shown in Fig-
ure 8(b)), and another CH crossing the equator during
the same CR visible on 23 October 1996 (day 10 during
CR1915).

During the 2008/2009 solar minimum, the PFSS
model maps to equatorial to mid-latitude locations on
the photosphere, while the Fisk model maps exclusively



to the polar regions. During this solar minima, a to-
tal of 15 instances of each model were traced from their
respective maxima at L1 to the photosphere. Compar-
ing the photospheric mapping coordinates with the lo-
cations of CHs using both Carrington maps and solar
synoptic maps, the PFSS model maps to the locations
of CHs in 5/15 (~ 33%) cases and the Fisk traces to
13/15 (~ 87%) cases. The two instances where the Fisk
model mapped outside the PCH are found on day 26 of
CR2075 and day 20 of CR2081. Note that the former
instance is an example where the Fisk field does not map
to a PCH, but the PFSS model maps to a mid-latitude
CH. Therefore, the periodicity observed on that day was
dominated by a mid-latitude CH identified by the PFSS
model. There are examples where CHs are visible, but
neither of the models mapped to these locations. These
examples include a northern PCH visible between 30 Au-
gust to 1 September 2008 (days 1 to 3 during CR2074
shown in Figure 9(a)), a CH bordering the solar equator
from the south between 25 to 27 October 2008 (days 3
to 5 during CR2076 shown in the left panel of Figure
9(b)), a southern PCH visible between 14 and 28 Febru-
ary 2009 (days 5 to 19 during CR2080 shown in Figure
9(c)), and a CH crossing the equator between 10 and 11
March 2009 (days 2 to 3 during CR2081 shown in the
right panel of Figure 9(d)).

During the 2019/2020 solar minimum epoch, a total of
12 mapping results were obtained from both the PFSS
and Fisk models respectively. The PFSS model mapped
to CH locations in 5/12 cases (~ 42%) and the Fisk
model mapped down to 12/12 (100%) cases. Note that
the results from the PFSS model deviates from the previ-
ous solar minimum in the observation that it maps much
closer to the polar regions. This could be attributed to
using more accurate magnetograms in the PFSS model
during the 2019/2020 solar minimum as mentioned in
Section 2.3. A long lasting northern PCH between 1
and 17 September 2019 (days 11 to 27 during CR2221
shown in the left panel of Figure 10(b)) was not mapped
by either model.

Considering the results from the three solar minima,
it seems that a PFSS model is successful in connecting
magnetic field lines to periodicities observed at L1 to
CH locations in less than half of the investigated cases.

The Fisk model successfully connected magnetic field
lines to the periodicities observed at L1 to CH locations
in more than 78% of the cases during all three solar
minima investigated. It is important to note the main
difference between the models. Magnetograms are used
as input for the PFSS model which ensures its results are
based on the magnetic configuration of the photosphere.
From the results, it seems that when a magnetic field is
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traced from the SWSS equator, the PFSS model maps
close to the solar equator and mid-latitudes in most in-
stances. In contrast, the dominant input parameter of
the Fisk model is the tilt angle . Field lines starting at
the equator on the SWSS map exclusively to the solar
poles.

The most important qualitative point in this study
is the relationship shown between the theory of Fisk-
type fields and spacecraft observations at L1. In most
cases investigated, the Fisk model traces field lines to
inside PCHs. This emphasises the influence of PCHs
on plasma measurements in the ecliptic. Furthermore,
there are examples where very little to no PCH activity
is observed, and the Fisk field does not trace to these
polar regions due to the orientation of the HCS (Figure
7). These examples include: CR1917 between 14 and
19 December 1996, the northern pole during CR2080
between 14 and 27 February 2009, CR2081 between 29
and 30 March 2009, CR2081 between 24 and 28 April
2009, the southern pole during CR2221 between 1 and
13 September 2019 and lastly, CR2224 between 21 and
24 November 2019.

There are examples where the Fisk model traces field
lines to PCHs on a specific date, but in contrast, the
PFSS tracing on that same date does not map to ex-
isting CHs. One example include 13 September 2008
during CR2074 (Figure 9(a)) where the northern PCH
is mapped by the Fisk model, but the PFSS model maps
to ~ 30° east (left) of a well-established CH. Another
example include 13 and 22 April 2009 during CR2082
(left panel of Figure 9(d)) where the Fisk model maps
to the southern PCH, and the PFSS model maps to
the northern mid-latitudes with no CH activity. Simi-
lar examples are found during both the 1996/1997 and
2019/2020 solar minima. There are also two instances
where the Fisk model did not map to a PCH, but the
PFSS model mapped to a CH on that date. This as-
serts our notion that the Fisk and PFSS models are
complimentary and should be viewed together when in-
vestigating solar wind disturbances at L1.

Since the Fisk model cannot, by design, map to the
equatorial and mid-latitude regions, it will not map to
CHs in these regions. The Fisk model maps exclusively
to PCHs, while the PFSS model is more successful in
mapping to CHs in the equatorial region. This study
emphasises the importance of combining results from the
PFSS and the Fisk models to provide a more complete
description of the connectivity between solar wind and
magnetic field disturbances observed at L1 with their
CH origin. Lastly, this study illustrates the large influ-
ence of PCHs on solar wind and magnetic field compo-
nents within 1 AU of the sun.
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Figure 11. Normalised O™ /O ratios for the 2008-2009 solar minimum. The bottom axis of each panel indicates the number
of days since 6 July 2008. The red dashed vertical line (in the middle of the blue shaded area) shows the date of the maximum
signal according to the wavelet analysis of Section 4.2 while the left and right edges of the blue area indicate the 5% decrease
from the maximum signal (see Figure 5). The corresponding Carrington Rotation of each panel, according to Section 5.2 and
Figure 9, is (a) CR2074, (b) CR2075, (c) CR2075 - 2076, (d) CR2080 - 2081 and (e) CR2081 - 2082

Zhao et al. (2017) investigated the proton speed and heavy ion charge state ratios (O7+/O%%) of different coronal
source solar wind types between 1998 to 2011, including 2000 to 2002 (solar maximum) and 2007 to 2009 (solar
minimum.) Their results show that proton speed alone is not sufficient to identify PCHs since solar wind speeds from
PCHs range between 300 kms~! and 800 kms~!. Furthermore, Zhao et al. (2017) show by correlating EIT Carrington
maps with the oxygen ratio using PFSS that the O7T/O%" ratio of the solar wind types is ordered such that the
helmet-streamer and active region winds have the highest ratio (normalised over the dataset) while CH-boundary and
CH winds have the lowest ratios.

The two-hour averaged O+ /0%t ratios (normalised in terms of the maximum value observed during one year)
measured by ACE/SWICS (Gloeckler et al. 1998) during the 2008-2009 and 2019-2020 solar minima are presented in
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Figures 11 and 12. The maximum O7* /0% ratio during the 2008-2009 and 2019-2020 solar minima is 0.27 and 0.41,
respectively. Since the two maxima are not the same, the results from the two solar minima are not directly compared
with each other. Each panel in Figures 11 and 12 is linked to its corresponding Carrington Rotation from Sections 5.2
and 5.3.

A low O™ /O%* ratio is observed at the start of the blue shaded region in Figure 11(a) which corresponds to Days 5
to 10 in Figure 9(a) where a PCH is observed. Next, the PCH boundary is reached and the O™+ /0% ratio increases
(Day 69 in Figure 11(a)) after which it decreases (Day 72), increases again (Day 74), and continues on a relative
high level up until the 5% decrease from the maximum value is reached. The low O7*/O%T ratios approximately
correspond to visible PCHs in Figure 9(a). Although Figure 11(b) shows a drop in O”*/O%7 ratio on Day 98, only a
comparatively small PCH (dark green pixels) is observed during CR2075 in Figure 9(b). There is a larger PCH earlier
during this CR on Day 10 of CR2075 which remains within the window of the 5% decrease from the maximum signal
observed. Figure 11(c) shows an increasing and decreasing trend which corresponds to the scattered PCHs and PCH
boundaries shown in Figure 9(b) during CR2076. A similar increase and decrease of O”*/O°%* ratios are observed in
Figures 11(d) and 11(e) corresponding to the PCH boundaries and PCHs from Figures 9(c) and 9(d). The assumption
of a constant solar wind speed between L1 and the photosphere (see Section 3) is idealistic (also see comments made
by Zhao et al. (2017)) and therefore the exact dates at which the maximum signal is observed in the wavelet analyses
will not necessarily correspond to the exact dates where the O7*/O65* ratio is a minimum. However, the results show
that the minima in the O7*/O5* ratios occur in the vicinity of the date of the maximum observed signal.

CR2219 and 2220 show long lasting, continuous PCHs in Figures 10(a) and 10(b) which corresponds to the relative
low O™+ /O%* ratios in Figure 12(a). This trend continues into CR2221 which corresponds to the Figure 12(b). The
PCH in the southern hemisphere during CR2224 and 2225 vary in size and intensity (Figure 10(c)) which corresponds
to the increasing and decreasing O”* /OS5 ratios shown in Figure 12(c). Note there is a data gap in the latter part of
Figure 12(c) and at the start of Figure 12(d). A large, continuous PCH during the latter part of CR2225 and at the
start of CR2226 corresponds well with the low O7*/O5* ratios observed in Figure 12(d).

Combining the results from the wavelet analyses (Sections 4.2 and 4.3), the Carrington maps (Sections 5.2 and 5.3)
and the results from the O™ /O%* ratios, provide a comprehensive description about whether the investigated solar
wind originates from a PCH or not.
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Figure 12. Normalised O™ /O°" ratios for the 2019-2020 solar minimum. The bottom axis of each panel indicates the number
of days since 1 June 2019. The red dashed vertical line (in the middle of the blue shaded area) shows the date of the maximum
signal according to the wavelet analysis of Section 4.3 while the left and right edges of the blue area indicate the 5% decrease
from the maximum signal (see Figure 6). The corresponding Carrington Rotation of each panel, according to Section 5.3 and
Figure 10, is (a) CR2219 - 2220, (b) CR2220 - 2221, (c) CR2224 - 2225, and (d) CR2225 - 2226.
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