
Frans van der Merwe, N.E. Engelbrecht

Centre for Space Research

North-West University

Revisiting the winding angle of 
the heliospheric magnetic field: 
investigating the influence of 
turbulence



Frans van der Merwe, Centre for Space Research Erlangen School for Astroparticle Physics 2024 2



Frans van der Merwe, Centre for Space Research Erlangen School for Astroparticle Physics 2024 3



Frans van der Merwe, Centre for Space Research Erlangen School for Astroparticle Physics 2024

Why study the winding angle?
• The HMF forms an integral part 

of our understanding of the Sun, 
and its geometry plays a key role 
in the transport of energetic 
charged particles - early warning 
systems for astronauts 

• Hohmann-Parker effect, Posner 
et al., 2013.

• Spacecraft remains close to HMF 
line connecting Earth/Mars with 
Sun while in Hohmann transfer 
orbit
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The Parker model of the heliospheric magnetic field
• Assumptions:

• Constant and radially directed 
solar wind speed

• Constant angular speed of a 
magnetic footpoint on the source 
surface

• The magnetic field is frozen into 
the solar wind

𝑩 𝑟 = 𝐵0
𝑟𝑠𝑠
𝑟

2

[ Ƹ𝑒𝑟 − tan𝜓 Ƹ𝑒𝜙]

tan𝜓 = −
𝐵𝜙

𝐵𝑟
=

Ω

𝑣𝑠𝑤
𝑟 − 𝑟𝑆𝑆 sin 𝜃
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The Parker model in the ecliptic plane (sin 𝜃 = 1)

[Owens and Forsyth, 2013]

HMF +/- important
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The winding angle
• The 2D winding angle:

Winding angle of the Parker HMF 
given by: 

tan𝜓𝑃 = −
𝐵𝜙

𝐵𝑟
=

Ω

𝑣𝑠𝑤
𝑟 − 𝑟𝑆𝑆 sin 𝜃 , Ω =

2𝜋𝑟⨀
𝑇

• The 3D winding angle:

The HMF is turbulent, and transverse 
fluctuations at 1 AU imply presence of 
𝐵𝜃 component which implies 3D HMF 
(Burger et al. 2008):

tan 𝜓𝑃 = −
𝐵𝜙

𝐵𝑟
2 + 𝐵𝜃

2
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Adapted from Brandt (1970)

This work Smith & Bieber, 1991
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2D winding angle results: SB91 comparison
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• GSE: tan𝜓 = −
𝐵𝑦

𝐵𝑥
,

• 1965-1987: not an exact 
match to Smith & Bieber 
(1991), but follows the 
general trend

This work
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2D winding angle results compared to Parker prediction
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• Average 2D winding angle
〈𝜓〉 = 44.36° ± 0.06°

• Average winding angle is 
overwound by 2.45° ±
0.06°

• Good agreement with 
2.8° of Smith & Bieber 
(1991)
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Lomb-Scargle periodogram of 2D winding angle results

10

• Statistically significant 
peak at frequency of 
0.09𝑦𝑟.−1 (10.7 years)

• Smith & Bieber (1991) 
shows no statistically 
significant 11 or 22 
year cycle

99% C.L.
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3D winding angle results
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• GSE: tan 𝜓 = −
𝐵𝑦

𝐵𝑥
2+ 𝐵𝑧

2

• 𝜓𝐴 = 38.65° ± 0.06°

• 3D field underwound
from Parker prediction 
by 3.26° ± 0.06°

• 𝜓𝑇 = −39.25° ±
0.07°, underwound by 
2.66° ± 0.07°
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Lomb-Scargle periodogram of 3D winding angle results
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• No statistically 
significant 11 or 
22 year 
periodicities

~11 yr.~22 yr.

99% C.L.
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The influence of turbulence on the winding angle
• The influence of turbulence possibly explains the underwound 3D result due to 
𝐵𝜃 influence on 3D winding angle.

• Define 3D HMF 𝑩 = 𝐵0 Ƹ𝑒𝐵 + 𝒃 = 𝐵0 Ƹ𝑒𝐵 + 𝑏1 Ƹ𝑒1 + 𝑏2 Ƹ𝑒2
• Construct a basis orthonormal to the Parker HMF such that

𝑩 = (𝐵0 cos𝜓 + 𝑏2 sin𝜓) Ƹ𝑒𝑟 + 𝑏1 Ƹ𝑒𝜃 + 𝑏2 cos𝜓 − 𝐵0 sin𝜓 Ƹ𝑒𝜙

• Assume low strength axisymmetric fluctuations such that 𝑏1
2 ≈ 𝑏2

2 ≈ 𝛿𝐵1
2

• The winding angle for the turbulent 3D HMF is then defined by

tan𝜓′ ≈ tan𝜓𝑃 1 +
1

2

𝛿𝐵1
2

𝐵0
2

1 + sin2𝜓𝑃

cos2 𝜓𝑃

−
1
2
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Magnetic variance (Burger, Nel and Engelbrecht, 2022) −
𝐵𝜙

𝐵𝑟
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The influence of turbulence on the winding angle
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Summary and outlook
• The current analysis provides results in reasonable agreement with Smith & 

Bieber (1991): 2D winding angle is overwound in general. This result also agrees 
with subsequent studies of the effect of the averaging interval on the winding 
angle, e.g. Isaacs et al. (2015)

• Lomb-Scargle analysis of Smith & Bieber (1991) results does not show a 
significant 11-year, nor a 22-year periodicity. This analysis of 60 years of data 
show a statistically significant 11-year periodicity for the 2D winding angle.

• However, analysing the winding angle due to the 3D field leads to a slightly 
underwound field, by ≈ 3°, with no statistically significant 11 year periodicity.

• The underwinding can, in principle, be explained through a simple model taking 
into account turbulent fluctuations transverse to the Parker HMF - reasonable 
prediction for the degree of underwinding.

• Over-/underwound HMF renders early warning system less effective.
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Thanks, any questions?
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Extra slides
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Data analysis
• Hourly averaged data set (1963-2023) NASA OMNIWeb

LRO data set. Parameters used in GSE coordinates: 
HMF x, y, z components in units of nT, and the plasma 
flow speed 𝑣𝑠𝑤 in km/s.

• Sector designation (𝐵 and 𝑣): based on the sign of the 
magnetic field components as in the figure where T
and A denote the toward and away sectors 
3D designation: same as 2D with 𝐵𝑧 having any sign.

• Substituting 𝐵𝑟 = −𝐵𝑥 , 𝐵𝜙 = −𝐵𝑦, and 𝐵𝜃 = 𝐵𝑧, 
yields the winding angle definitions in GSE coordinates:

tan𝜓 = −
𝐵𝑦

𝐵𝑥
, tan 𝜓 = −

𝐵𝑦

𝐵𝑥
2 + 𝐵𝑧

2
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Data analysis (continued)
• The winding angles are binned into 27 day bins with the restriction that 15% of a 

bin must contain useful 𝑩 field measurements, otherwise it is discarded along 
with the corresponding bin of solar wind data. 

• Toward and away winding angles (and solar wind speeds) are averaged 
separately, then the average of the two sector averages is calculated (Smith & 
Bieber, 1991):

𝜓 =
𝜓𝑇 + 𝜓𝐴

2
, 𝑣𝑠𝑤 =

𝑣𝑠𝑤𝑇
+ 𝑣𝑠𝑤𝐴

2

• Periodicities: Lomb-Scargle periodograms for 11-year or 22-year cycles; PAST
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