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The challenge in understanding the global dynamics of the solar wind is determined by the multi-
scale nature and feedback of this system, regulated by the coupling between processes at different 
time-scales and length-scales along several orders of magnitude (Verscharen et al., 2019). The 
solar wind scales can be separated into three regimes (the injection, inertial, and dissipation range) 
regulated by the characteristic scales of the system. For example, the power spectral density of the 
magnetic field fluctuations observed by different spacecraft at 1AU are shown in Figure 1. It shows 
how the energy cascade in the framework of MHD turbulence, transfers energy from the inertial 
range to the dissipation range at scales associated with the proton inertial length (dp) and gyration 
radius (rp). 
The fluctuations in the injection range, instead, are not well understood. This range is often 
characterized by a -1 spectral index for magnetic field observations, indicative of scale-
independent fluctuations with long memory. In this example, the frequency break at 𝑓!! = 1/2𝜋𝜏", 
is related to the e-folding de-correlation time of the 51-hr time interval, that is 𝜏"=18.3 min. There 
are many theories trying to explain the nature of the long time-scales fluctuations. In the framework 
of turbulence, the emergence of such a domain could be explained in terms of a competition 
between direct and inverse energy cascading at the sub-inertial scales (Consolini et al., 2015). 
Tenerani & Velli (2017) suggested that the spectral scaling 1/f is a result of the turbulent cascade 
triggered by the non-linear interaction of outward propagating modes with modes reflected by 
large-scale solar wind gradients in the extended solar corona. Another explanation is that in solar 
wind streams characterized by an almost constant magnetic field intensity (e.g. fast-stream with 
large-amplitude Alfvénic fluctuations), the 1/f portion of the spectrum represents the steepest 
possible realization for scales in which the level of magnetic field fluctuations saturates, that is the 
total amplitude of the fluctuations is of the order of the field strength (Matteini et al., 2018). The 
same process is unlikely in slow solar wind streams, due to the magnetic field intensity variability, 
but cases of slow wind with the 1/f scaling have been reported and associated with the magnetic 
field saturation, not related to Alfvénic fluctuations but to different local orientations of the 
magnetic field within adjacent static structures advected with the solar wind (Bruno et al., 2019). 

Figure 1. Power spectral density of 
magnetic-field fluctuations in the 
solar wind during a time interval with 
almost unity proton plasma b. The 
average plasma parameters are 
magnetic field intensity B=4.53 nT; 
proton and electron number density 
np=1.02 cm−3 and ne=1.12 cm−3; 
proton and electron temperature 
Tp=1.26 MK and Te=0.138 MK; and 
proton speed Up = 658 km/s (From 
Verscharen et al., 2019). 
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Figure 2. Pictorial representation of the length scales of periodic density structures in the solar 
wind over two solar cycles with the three years running average of sunspot number and locations 
of the terminator (From Kepko et al., 2020). 

One of the main challenges is to understand whether these structures come directly from the 
Sun or are locally generated by some mechanism (e.g. parametric decay of Alfvén waves). 
White light images that measure solar wind electron density between ≈15 and 80 solar radii 
revealed evidence for density structures coming directly from the Sun that coexist with new 
structures formed as the solar wind advects outward (DeForest et al., 2016). As a matter of fact, 
the 1/f component of low-frequency interplanetary spectra can be interpreted as the superposition 
of signals due to scale-invariant reconnection of magnetic structures near the solar surface 
(Matthaeus and Goldstein, 1986). Indication of a solar origin comes also from spectra resulting 
from the analysis of magnetogram data at low-intermediate latitudes showing a 1/f slope at low 
wavenumbers, which also correlate to the spectrum of density fluctuations in the heliosphere 
(Matthaeus et al., 2007); and from coronal observations showing a 1/f slope in the outer corona 
itself (DeForest et al., 2018). Nevertheless, remote sensing observations (Viall & Vourlidas, 2015) 
and in situ measurements (Kepko et al., 2016, Di Matteo et al., 2019) have revealed the existence 
of periodic density structures of solar origin, occurring on time scales ranging from a few minutes 
to a few hours. Some of these transients exhibit a typical periodicity of ≈90 minutes and can be 
associated with coronal plasma released due to the tearing instability and magnetic reconnection 
at the tip of the helmet streamer (Réville et al., 2020). At 1 AU, when accounting for the solar 
wind velocity, periodic density structures correspond to advected structures at preferential length-
scales ranging from a few Earth radii (RE) up to 1000 RE as shown in Figure 2. These scales cover 
the interval of correlation lengths (lc) observed in the solar wind, that is the solar wind regime 
between the injection and inertial range. For lc between ≈105 and ≈107 km and slow (fast) solar 
wind speed of ≈400 km/s (≈700 km/s), the typical time-scales (𝜏") would be between ≈4 min and 
≈7 hr (≈2.4 min and ≈4 hr) corresponding to fluctuations of frequency between ≈0.04 and ≈4.2 
mHz (≈0.07 and ≈7 mHz). The size-scales of the periodic density structures are such that they can 
play a fundamental role in regulating the dynamics of the Earth’s magnetosphere. In fact, these 
transients produce sudden changes in solar wind dynamic pressure that, in turn, can modulate the 
dimension of the Earth’s magnetosphere cavity (Kepko & Spence, 2003) determining magnetic 
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field fluctuations at similar frequencies, which can affect radiation belt electrons through wave-
particle interactions (Mann et al., 2016). 

A full understanding of the processes generating transients on time-scales and length-scales 
between the injection and the inertial range, strictly depends on the synergy between investigations 
of solar wind structures and turbulent nature. In the same way, the improved knowledge of the 
properties of these transients will advance our understanding of solar wind coupling with the 
Earth’s magnetosphere. This demonstrates how the advancement of our understanding of the 
connections between solar variability and the Earth’s environment requires synergy between 
different research fields with multi-disciplinary approaches. 
The next decades will provide an unprecedented view of the interplanetary environment thanks to 
the combination of new in situ and remote sensing observations, e.g. Parker Solar Probe, Solar 
Orbiter, BepiColombo, and PUNCH. These missions have the capability to resolve the time-scales 
and length-scales between the injection and the inertial range. Multi-point studies of the radial 
evolution of solar wind transients can be performed in periods of spacecraft alignment. The 
combination with remote sensing observations will provide the necessary information to 
characterize their source region and properties. 

By 2050, we would be able to understand the connection between the solar wind turbulent injection 
range and structures of solar origin. In particular, we would have the answers to these outstanding 
questions: 
(i) Is there an overlap between the characteristic length scales of structures released from the 

solar corona and those locally generated by MHD turbulence? 
(ii) What creates the particular length-scales of periodic density structures?  

a. Periodic release of solar wind parcels? 
b. The results of an inhomogeneous MHD turbulence cascade? 
c. Both scenarios? 

(iii) What is the role of these structures in the Earth’s magnetosphere dynamics? 

Nevertheless, we remark that to fully resolve the size-scales of these transients and 
distinguish between their spatial advection and/or time dynamics, simultaneous multi-point 
measurements that span 3D spatial directions are necessary. 
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