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Abstract Interplanetary Coronal Mass Ejections (ICMEs), their possible shocks and
sheaths, and co-rotating interaction regions (CIRs) are the primary large-scale heliospheric
structures driving geospace disturbances at the Earth. CIRs are followed by a faster stream
where Alfvénic fluctuations may drive prolonged high-latitude activity. In this paper we
highlight that these structures have all different origins, solar wind conditions and as a
consequence, different geomagnetic responses. We discuss general solar wind properties of
sheaths, ICME:s (in particular those showing the flux rope signatures), CIRs and fast streams
and how they affect their solar wind coupling efficiency and the resulting magnetospheric
activity. We show that there are two different solar wind driving modes: (1) Sheath-like with
turbulent magnetic fields, and large Alfvén Mach (M 4) numbers and dynamic pressure, and
(2) flux rope-like with smoothly varying magnetic field direction, and lower M4 numbers
and dynamic pressure. We also summarize the key properties of interplanetary shocks for
space weather and how they depend on solar cycle and the driver.
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Fig. 1 Schematic of (Left) an Interplanetary Coronal Mass Ejection (ICME) and the associated shock (red
arc in the figure) and sheath. The ICME shown here features the flux rope or magnetic cloud structure, see
text for details. Note that not all ICMEs are fast enough to have shocks and clear sheaths. (Right) Co-rotating
Interaction Region (CIR). Near Earth orbit CIRs are typically bounded by a developing fast forward—fast
reverse shock pair (DFS and DRS)

1 Introduction

The large-scale propagating structures in interplanetary space that originate from solar wind
streams and transient solar eruptions cause planetary-scale disturbances in the geomagnetic
field (for a recent review, see Badruddin and Falak 2016). These magnetospheric/magnetic
storms can last from hours to weeks and they are the periods when most severe space weather
effects occur. During magnetic storms electric currents that flow in the magnetosphere and
ionosphere, and the field-aligned currents coupling these regions are strongly intensified and
relativistic electron fluxes in the Van Allen radiation belts may experience dramatic changes.
Overall, geomagnetic storms are very complex phenomena, even if their typical morphology
is well understood (e.g., Gonzalez et al. 1994; Pulkkinen 2007). Given their important role
in space weather scenarios, they have been, and remain, extensively studied.

The most important large-scale solar wind structures that drive magnetic storms (e.g.,
Gosling et al. 1991; Crooker 2000; Huttunen et al. 2002; Zhang et al. 2007; Echer et al.
2008b; Richardson and Cane 2012) are shown schematically in Fig. 1. On left is an interplan-
etary counterpart of a coronal mass ejection (CME). CMEs are gigantic magnetized plasma
clouds that are expelled on a daily basis from the Sun (e.g., Webb and Howard 2012). When
detected in-situ CMEs are called interplanetary CME (ICMEs) based on a set of characteris-
tic solar wind magnetic field, plasma and compositional signatures, see e.g., Zurbuchen and
Richardson (2006) and Wimmer-Schweingruber et al. (2006). When CMEs are launched,
their speed often exceeds (at least initially) the speed of the ambient solar wind ahead. Far-
ther in the heliosphere, if the speed difference between the ICME and the preceding plasma
is larger than the local magnetosonic speed a fast forward shock propagates supersonically
into the upstream solar wind ahead of the ICME. Fast forward shocks are the most frequently
observed shock waves in space plasmas, and also of greatest interest to space weather stud-
ies. Their impact on Earth may change dramatically the state of the magnetosphere (e.g.,
Samsonov et al. 2007). The ICME sheaths, i.e., the region extending from the shock to the
ICME leading edge, are relatively little studied when compared to the ICME itself, but as
we will demonstrate later, they are highly important drivers of space weather disturbances
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(see e.g. recent review, Kilpua et al. 2017, and references therein). Sheaths pile-up gradually
over several days the CME travels and expands through interplanetary space (e.g., Siscoe
and Odstrcil 2008). Other key large-scale structures, Co-rotating Interaction Regions (CIRs)
shown on right in Fig. 1, are compression regions that form when high-speed streams from
the Sun follow and catch the slower streams ahead (e.g., Belcher and Davis 1971; Balogh
et al. 1999; Gosling and Pizzo 1999). The above-discussed structures often arrive in rapid
sequences or are merged together. Such interacting events can lead to particularly intense
and long-lasting geospace disturbances.

Whether a given large-scale structure can drive a storm depends on its solar wind condi-
tions. The most critical prerequisite is that the interplanetary magnetic field (IMF) is south-
ward for a sufficiently long-time to facilitate magnetic reconnection between the interplan-
etary magnetic field (IMF) and the geomagnetic field (Dungey 1961; Burton et al. 1975).
The rate of this reconnection is often approximated with “solar wind driving electric field”,
i.e., Ey & V Bg, where V is the solar wind speed (typically very close to the Sun—Earth di-
rection), and By is the southward component of the IMF (e.g., Vasyliunas 1975). In reality,
solar wind—magnetospheric coupling efficiency is more complex than being a simple linear
function of the driving electric field (e.g., Gonzalez et al. 1990; Pulkkinen 2007; Borovsky
and Birn 2014). One of the key focuses of this review is to discuss in detail the importance
of other solar wind parameters as well as the role of the Earth’s magnetosheath in con-
trolling the solar wind—magnetosphere coupling. The main focus will be on how coupling
efficiency varies depending on the large-scale solar wind structure driving the storm.

The magnetosphere exhibits two basic modes or time-scales (e.g., Akasofu 1981); a di-
rectly driven mode that is related to large-scale magnetospheric convection driven by dayside
reconnection and the loading-unloading mode that is related to energy storage and release
process in the magnetotail, i.e., to the substorm cycle. During magnetic storms both modes
are usually in action. Occasionally, periods of steady magnetospheric convection may arise
when reconnection at the dayside and in the tail are balanced (e.g., Sergeev et al. 1996;
Walach and Milan 2015), or alternatively, extreme substorms may occur even without sus-
tained large-scale convection (e.g., Huttunen and Koskinen 2004; Tsurutani et al. 2015).
Relevant questions related to large-scale solar wind structures and the sequences at which
they arrive while interacting are also the pre-conditioning of the magnetosphere by previous
activity and how long memory the system has.

Figure 2 demonstrates that the large-scale structures have clear differences in their so-
lar wind properties. The sheath and CIR are associated with large-amplitude magnetic field
fluctuations and as they are both compressed regions, they have considerably higher mag-
netic field and dynamic pressure than the preceding quiet solar wind. In turn, the ICME has
distinctly smoother magnetic field when compared to the preceding sheath (or to CIR). The
root-mean-square of the magnetic field (Fig. 2b) is clearly depressed and the magnetic field
vectors rotate smoothly (Fig. 2¢). These are signatures of a magnetic cloud, first introduced
by Burlaga et al. (1981) as solar wind structures with (1) enhanced magnetic fields, (2)
long-lasting rotation of the magnetic field direction, and (3) depressed proton temperatures.
Magnetic clouds can be approximated as force-free (J x B = 0) magnetic flux ropes (e.g.,
Goldstein 1983; Lepping et al. 1990). However, a significant number of ICMEs do not show
clear magnetic cloud signatures due to deformation during their interplanetary journey (see
Manchester et al. 2017, this issue) and/or the flux rope being sampled far from its centre
(e.g., Cane et al. 1997; Liu et al. 2005; Jian et al. 2006b; Richardson and Cane 2010; Kilpua
et al. 2011). The ICME in Fig. 2 drove a clear shock that is associated with an abrupt jump
in the magnetic field and plasma parameters. The speed profile stays almost flat during the
sheath and then declines monotonically from the leading edge of the magnetic cloud to its
trailing edge. This indicates that the magnetic cloud was still expanding while it moved past
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Shock Sheath - Magnetic Cloud (MC): Dec 14-15, 2006 CIR + HSS: Jan 11-13, 2005
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Fig. 2 Solar wind measurements and geomagnetic response during (Left) ICME on December 14—15, 2006
(see also a comprehensive study by Liu et al. 2008a) and (Right) CIR on January 11-13, 2005. The panels
show from top to bottom: (a) magnetic field magnitude, (b) root-mean-square (RMS) of the magnetic field
magnitude, (¢) magnetic field components in the GSM coordinates, (d) solar wind speed, (e) Alfvén Mach
number (the ratio of the solar wind speed to the Alfvén speed), (f) o't /O6Jr ratio (CIR ratio is multiplied
by a factor of ten), and geomagnetic indices, (g) Dst, (h) AE, and (i) Kp. The data (1-minute for solar wind
and AE, 1-hour for Dst and Kp) is from the OMNI database. The red dashed line shows the ICME shock,
and the magnetic cloud is bounded by a pair of solid black lines. In the CIR plot the vertical lines present in
chronological order the start of the CIR, stream interface, and the end of the CIR. The times are taken from
the ACE CIR catalog compiled by L. Jian

the Earth. This is a common feature of ICMEs near the orbit of the Earth (e.g., Klein and
Burlaga 1982).

Within the CIR the speed increases gradually and the stream interface (e.g., Gosling
et al. 1978) separates the denser and slower solar wind from the faster and more tenuous
solar wind. However, due to the dynamic evolution around the stream-stream interfaces, the
kinetic parameters of the solar wind (speed, density and temperature) cannot indicate equally
clearly the actual stream interface between slow and fast wind (Wimmer-Schweingruber
et al. 1997). The solar wind streams of different speeds and origin can be clearly separated
by the oxygen ion charge state ratio (O’ /O%; e.g., Geiss et al. (1995)). This transition
is clearly illustrated in Fig. 2f. The charge states “freeze-in” at the distance of a few solar
radii from the Sun when the propagation time of the solar wind is short compared to the
recombination-ionisation time-scale (e.g., Zhao et al. 2009). At the interface between the
streams, the freezing in temperature drops abruptly from 1.5 MK, corresponding to the slow
wind, to ~1 MK, corresponding to the fast wind. Note that the freezing-in temperature is
high throughout the ICME in Fig. 2, showing the high coronal temperatures of the plasma, in
excess of 2 MK within the magnetic cloud. Increased O”* /O%* ratios are known to be a good
indicator of ICME-related plasma in the solar wind (e.g., Henke et al. 2001) The continued
enhanced freezing-in temperature, depressed field fluctuations and low temperature (data not
shown) reveal also a second much weaker ICME following shortly after the magnetic cloud.
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Three bottom panels of Fig. 2 show geomagnetic activity indices Dst, AE and Kp. These
indices are derived from different sets of magnetometer stations and they reflect variations in
different magnetospheric and ionospheric current systems. The 1-hour Dst primarily moni-
tors changes in the equatorial ring current, 1-minute AE is the auroral electrojet index and
3-hour Kp gives a more global activity level. Note that for Dst the more negative the in-
dex is, the large the storm. Dst values below —50 nT are generally considered as moderate
storms and the intense storm threshold is —100 nT (e.g., Gonzalez et al. 1994). The NOAA
Space Weather scales' define Kp =5 as the small storm limit, and the extreme storms have
the maximum possible Kp value 9. For further information of geomagnetic indices see e.g.,
Mayaud (1980). As the contributing current systems react differently to different solar forc-
ing conditions and magnetospheric modes described above, there is no one-to-one corre-
spondence between the indices (e.g., Huttunen et al. 2002; Huttunen and Koskinen 2004). In
these events the sheath and the magnetic cloud both drove significant geomagnetic activity,
while CIR and HSS were associated to a weaker level activity. In addition, the small ICME
following the main magnetic cloud did not cause any significant response to geomagnetic
indices.

The arrival of the ICME shock caused a positive excursions in Dst (panel 2g). Storm Sud-
den Commencements (SSCs) are precursors in the geomagnetic field of many large geomag-
netic storms and indicate the first impact of a traveling disturbance on the magnetosphere
(Joselyn and Tsurutani 1990). SSCs are generally associated with shocks, but they can also
arise from sudden enhancements in the solar wind dynamic pressure (e.g., Wang et al. 2009;
Xie et al. 2015). The lack of a shock or a clear pressure pulse preceding a geoeffective ICME
or a CIR leads to a storm without an SSC, and indeed, about half of magnetic storms oc-
cur without clear SSCs (Park et al. 2015). SSCs are also associated with geomagnetically
induced currents (GICs), in particular those that can occur at mid- and low-latitudes (e.g.,
Zhang et al. 2015). Note that Sudden Impulse (SI) refers to a case when the shock or a
pressure pulse impacts on the magnetosphere, but no storm follows.

Above, we have briefly presented the main large-scale interplanetary structures that drive
geomagnetic activity and highlighted the complexity of the magnetospheric response to
varying solar wind driving conditions. In this review we focus in describing the space
weather relevant properties of these drivers and their characteristic geomagnetic responses.
We start by historical outlook on finding solar wind drivers for “recurrent” and ““sporadic”
geomagnetic storms in Sect. 2. In Sect. 3 we first discuss in a statistical manner solar wind
properties in different large-scale structures, followed by a review on their ability to drive
magnetic storms. Section 4 is focused on solar wind—magnetosphere coupling efficiency.
In Sect. 5 we discuss how interactions between different large-scale drivers affect their
space weather relevant parameters/properties and modify the resulting geospace response
and Sect. 6 is devoted to solar cycle variations. Finally in Sect. 7 we conclude and also
discuss the status and future challenges of long-lead time and near-real time space weather
predictions in the context of these drivers.

2 Historical Outlook

Geomagnetic storms have been related to the Sun and solar activity for a long time. This
connection was realized well before the direct physical links could be identified and the
causal phenomenological chains observed, from the Sun through interplanetary space to the

1 http://www.swpc.noaa.gov/noaa-scales-explanation.
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magnetosphere and a plethora of terrestrial effects. The Carrington flare in 1859 and the
subsequent major geomagnetic disturbance were among the first well-documented solar-
terrestrial events (e.g., Carrington 1859; Cliver and Svalgaard 2004). The further works
started to establish the connection between the sunspots numbers and perturbations in the
geomagnetic field (e.g., Ellis 1898; Maunder 1904). Many theories of the nature of phe-
nomena driving perturbations in the geomagnetic field emerged during the early twentieth
century, but could not be explored in more detail before the space age.

Already the early studies identified two primary types of geomagnetic storms; moderate
storms that have approximately 27-day recurrence and stronger and sporadic storms. In a
study of 426 geomagnetic storms for the period 1874-1927, Greaves and Newton (1929)
investigated the recurrence characteristics of five magnitude categories determined by the
changes in declination and in the horizontal and vertical components of the geomagnetic
field using Greenwich magnetic records. Figure 3 shows the recurrence characteristics for
weaker and stronger storms based on this study. Weak storms (red line) are defined here
those that have the horizontal or vertical geomagnetic field intensity less than 180 nT and
large storms (blue line) those that have horizontal or vertical intensity exceeding 180 nT.
Weaker storms have a clear recurrence signal at about 27 days, the solar synodic period,
while for the two strongest categories, no recurrence was noted. For more recent study on
this with similar results see, e.g., Borovsky and Denton (2006).

We now know that intense and sporadic magnetic storms are caused mostly by CMEs
(e.g., Webb et al. 2000; Schwenn et al. 2005), although prior to their identification in 1970s
with space-borne coronagraphs (Tousey 1973; Gosling et al. 1975), solar flares were thought
to be the responsible drivers. The landmark paper by Gosling (1993) highlighted the role of
CMEs in producing major transient disturbances in interplanetary space. Distinguishing the
true driver was not straightforward as flares and CMESs often occur almost simultaneously
and they are understood as manifestations of similar magnetic destabilization and energy
release process. The early theories were indeed based on the idea that flares release “plasma
clouds” or “streams of corpuscles” that propagate to the Earth and cause perturbations in the
terrestrial magnetic field (e.g., Lindeman 1911; Chapman and Ferraro 1929). Plasma clouds
were also suggested to explain decreases in cosmic ray intensities (e.g., Forbush 1937; Mor-
rison 1956) and it was soon realized that such clouds should form either “magnetic tongues”
of extended loops with both field lines rooted to the Sun (Cocconi et al. 1958) or “mag-
netic bubbles” that are completely detached from the Sun (Piddington 1958; Gold 1962).
In-situ observations confirmed the existence of ICMEs soon after beginning of space era,
including the likely existence of “magnetic bottles” (for the first identifications see e.g., Hir-
shberg et al. 1970; Gosling et al. 1973). Rapidly accumulating joint chronograph and in-situ
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Fig. 4 The first observation of a propagating interplanetary shock wave (inset) by the magnetometer on
Mariner II, from Sonett et al. (1964). The observation of the shock wave was followed 4.69 hours later by a
Storm Sudden Commencement at Earth. The main plot shows the horizontal component of the geomagnetic
field (based on Zelwer et al. 1967)

observations, e.g., by the Solwind coronagraph onboard the P78-1 spacecraft and the He-
lios spacecraft established a more detailed linkage between CMEs and ICMEs (e.g, Burlaga
et al. 1982; Schwenn 1983; Sheeley et al. 1985).

Finding the cause for recurrent storms was not straightforward either. An explanation was
put forward by Bartels (1932) who assumed that distinct regions on the Sun called M (or
magnetic) regions caused the 27-day recurrence. However, no distinguishing features could
be identified on the Sun, but it was noted that M-regions appeared to avoid active regions
with sunspots (Allen 1944). Although the discovery of the M-regions was often claimed,
and the search was slowly narrowing to the actual cause (Toman 1958; Saemundsson 1962),
it was only the discovery of coronal holes with Skylab X-ray observations and associations
of fast solar wind streams with them (Krieger et al. (1973) and Nolte et al. (1976), see also
Cranmer (2002)) that resolved this puzzle. Coronal holes are long-lasting features on the
Sun that can maintain their shape for several solar rotations. As a consequence, CIRs and
related geomagnetic storms repeat on a 27-days cycles.

Another historically important phenomena related to connecting geomagnetic storms and
solar wind drivers were SSC signatures in the geomagnetic field, discussed in Introduction
(for definitions and history of the concepts, see e.g., Joselyn and Tsurutani 1990; Curto
et al. 2007). The linkage between interplanetary shocks and SSCs was initially suggested by
Gold (1955). This was before the discovery of the solar wind, the existence of interplane-
tary shocks and even before the main characteristics of the magnetosphere were understood.
His suggestion was confirmed when the first interplanetary shock wave (Sonett et al. 1964)
and the associated SSC (Zelwer et al. 1967) were identified (see Fig. 4). A strong statisti-
cal association was found between SSCs and interplanetary shocks by Chao and Lepping
(1974) who studied 93 SSCs at solar maximum in 1968-1971 and found that 81 of these
could be associated with solar events, although, as this was before the concept of CME was
introduced, the association was with flaring activity. Of the 93 SSCs, interplanetary data
were available for 48; of these 41 could be shown to be shock events. Later, over the next
solar maximum between 1978 and 1981, Smith et al. (1986) found that the association be-
tween SSCs and interplanetary shocks could be unambiguously identified in about 85% of
the cases.

At first, the whole concept of the interplanetary shock was puzzling. In space plasmas,
contrary to hydrodynamics or even to laboratory MHD, the interaction is collisionless in the
sense that the mean free paths of the particles that form the plasma are many orders of mag-
nitude larger than the scale on which the interaction takes place. The necessary dissipation
process cannot simply be located at the shock surface; it is now well known that the dissi-
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pation process involves the acceleration of particles and the generation of waves that carry
information about the shock far upstream into the unshocked plasma, modifying its proper-
ties that in turn affect the eventual formation of the shock wave Balogh and Riley (1997).
The formation of collisionless shock waves in astrophysical plasmas is a very complex pro-
cess (e.g., Treumann 2009). Phenomena at these shock waves do not meet the assumptions
that would allow the application of MHD or any hydro- or gasdynamic analogy for their
comprehensive description. As a consequence, the physical processes associated with the
formation, structure, evolution and effects of collisionless shocks are not fully understood,
even though many detailed phenomenological details have been successfully described. Ba-
sic physical considerations that have led, historically, to the definition and evolution of shock
waves have been reviewed by Salas (2007).

3 Characteristic Properties and Geoeffectivity of Large-Scale Drivers

In introduction we emphasized that large-scale interplanetary structures have distinct solar
wind conditions. In this section we will first study these differences statistically and then
proceed on discussing the ability of different structures in driving geospace storms.

3.1 Solar Wind Conditions in Geoeffective Large-Scale Drivers

In Fig. 5 we plot the probability distributions of several space weather relevant solar wind
parameters and geomagnetic indices for geoeffective (Dst at least —50 nT reached) ICMEs,
sheaths, CIRs, and HSSs using the event list in Kilpua et al. (2015¢). The HSS was defined
as a 12-hour period following the CIR. We summarize the key features below (see also
studies by Liu et al. 2006; Guo et al. 2010 and Myllys et al. 2016 that compare distributions
of several solar wind parameters in sheaths and ICMEs). We note that some of the possible
extreme values are excluded from the plot and as many strong events (e.g., Halloween storms
in 2003) lack standard solar wind measurements.

The magnetic field distribution (panel 5a) peaks at the largest value for ICME:s, but dif-
ferences are not large when compared to sheaths and CIRs, whose distributions also peak
close to 10 nT. However, ICMEs and sheaths have clearly the longest strong-field tails. In
turn, the HSS magnetic field distribution is clearly focused towards weaker magnetic fields;
it peaks around 5 nT, which is close to the nominal solar wind value. Similar characteristics
are also visible in the next panel that shows distributions for the north-south IMF component.
Strongest southward fields occur predominantly in ICMEs and sheaths. The distribution of
the root-mean-square of the magnetic field in Fig. Sc shows that sheaths are clearly the most
turbulent of the investigated large-scale structures, followed by CIRs and then by HSSs,
while ICMEs have the smoothest fields. The obvious tendency for lower fluctuation levels
in ICMEs than in sheaths was shown statistically also in Kilpua et al. (2013a) where the
authors conducted a superposed epoch analysis of the magnetic field fluctuation power in
the Ultra Low Frequency (ULF) range.

As expected, the HSSs have on average the highest speeds, but their distribution has large
variations, reflecting that not all CIRs are followed by particularly fast wind. What matters
is that there is a sufficient speed gradient to form a compressive CIR. In addition, CIRs
are three-dimensional structures and in some cases the spacecraft crosses only the outskirts
of the CIR and may miss most of the fast stream. The speed distributions for ICMEs and
sheaths peak around 400 km/s, while CIRs have the widest distribution extending to higher
speeds. This is expected as the speed in CIRs generally increases gradually from the slow
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Fig. 5 Probability distributions of selected solar wind parameters and geomagnetic indices within sheaths
(black), ICMEs (red), CIRs (blue) and HSS (green). To calculate the HSS distributions we used a twelve-hour
interval after the CIR end time. The panels give: (a) magnetic field magnitude, (b) IMF north-south compo-
nent, (¢) root-mean-square of the magnetic field, (d) solar wind speed, (e) solar wind density, (f) solar dynamic
pressure, (g) solar wind Alfvén Mach number, (h) Dst index, (i) AE index. The data are 5S-minute OMNI data
(Dst 1-hour). The numbers in parenthesis show the number of events in each structure category

solar wind towards the fast wind (see also Fig. 2). It should be noted that the most extreme
speeds (>800 km/s) are, however, related almost solely to ICMEs and sheaths.

The next panel, density and dynamic pressure distributions, highlights that sheaths are
particularly compressed regions. It is also clear from the figure that HSSs have the low-
est densities and dynamic pressure of all investigated structures. The Alfvén Mach number
(M) distributions are very similar for sheaths and CIRs. ICMEs have clear tendency to-
wards lower M, and it is seen that practically all of the lowest M, conditions in the solar
wind (M4 < 4) are related to ICMEs. The HSSs lack completely low M, values, but their
high-M 4 tail matches to that of CIRs and sheaths.

3.2 Large-Scale Structures as Drivers of Magnetic Storms and High-Latitude
Activity

A comprehensive survey of the different sizes of magnetic storms, as well as their solar wind

origins was carried out by Richardson and Cane (2012) over four solar cycles (1963-2011).
Figure 6 shows the importance of ICMEs, slow interstream solar wind, and fast streams
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Fig. 6 The importance of Solar Minimum Storms
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wind from coronal holes (including CIRs) as drivers of geomagnetic storms in five Kp cate-
gories following the NOAA G scale (see Introduction). We point out that in Richardson and
Cane (2012) and in the papers we cite below the “storm driver” refers to the large-scale solar
wind structure that had the dominant contribution in producing the peak of the geomagnetic
activity (maximum Kp or minimum Dst). Note that the possible following structure(s), e.g.,
a CIR and HSS following an ICME, can still cause significant energy input to the magneto-
sphere also in the recovery phase.

Consistent with early studies discussed in Sect. 2 the pie diagrams in Fig. 6 show that
ICMEs caused practically all strongest storms (G4 and G5). Although ICMEs also drive
weaker and moderate storms (G1 and G2), a large fraction of them, are associated with fast
streams. One reason behind this is that CIRs and HSSs are more frequently identified near
the Earth, in particular during declining solar activity and at solar minimum (e.g., compare
the ICME and CIR statistics published in Jian et al. 2006a and Jian et al. 2006b). The statis-
tical analysis by Kilpua et al. (2015b) over 13 solar cycles supports the above conclusions;
the occurrence of extreme storms correlates with the evolution of the toroidal magnetic field
of the Sun that is connected to the formation of sunspots and active regions, where the ma-
jority of CMEs arise. In turn, the occurrence of weaker storms correlates with the evolution
of the poloidal component of the Sun’s magnetic field. This again emphasizes the linkage
between the CIRs/HSSs and weaker storms, as poloidal field determines the distribution of
coronal holes.

The Dst distributions in Fig. 5 also demonstrate that ICMEs and sheaths produced the
majority of the most depressed Dst values; for Dst < —150 nT there are practically no con-
tributions from HSSs and CIRs. These results are in agreement with the above-described
Richardson and Cane (2012) study and with several other statistical studies. For example,
Echer et al. (2008b) investigated the drivers of 90 intense storms (Dst < —100 nT) that oc-
curred during Solar Cycle 23. The authors found that ICMEs were involved in the clear
majority (87%) of these storms, while CIRs caused only about 13% of storms. Zhang et al.
(2007) arrived to the same 13% contribution for CIRs in their investigation of the causes of
88 intense storms during 1996-2005, i.e., the period covering most of Solar Cycle 23. Niko-
laeva et al. (2011) studied the effectiveness of different large-scale solar wind structures
in driving 382 storms with Dst < —50 nT that occurred over multiple solar cycles (1976—
2010). If we consider only those 202 storms in their study that could be clearly associated
either with CIR or with an ICME, it was found that CIRs caused almost one-third (30%)
of the storms. Direct comparison between different studies is not straightforward, but Niko-
laeva et al. (2011) result is in agreement with Richardson and Cane (2012) and shows that
the contribution from CIRs increases with decreasing storm threshold also when Dst is used
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Fig.7 A series of 14 Stream Interaction regions (SIRs) observed at 1 AU by ACE in the second half of 2008,
at a time of very low solar activity, together with the signatures of their geomagnetic effects as measured by
the Kp and Dst indices. Panel (a) shows the speed of the HeZt ions, equivalent to the solar wind speed (blue
line) and the freezing-in coronal temperature (red line) calculated from the ratio of the Fe ions Fe’t/Febt
measured by the SWICS instrument on ACE. Panel (b) is the magnitude of the magnetic field measured
by the MAG instrument on ACE. Panels (¢) and (d) show, respectively, the geomagnetic indices Kp and
Dst. The green arrows indicate the passage of interplanetary shock waves. The shaded areas indicate the
SIRs, identified (on this scale) by the anti-correlated (high) solar wind speed and (low) freezing-in coronal
temperatures. Note that in all 14 cases, there is a corresponding geomagnetic signature, indicating low level
stormy conditions

as the storm proxy. In turn, Echer et al. (2008a) found that all (11 in total) super-intense
(Dst < —250 nT) storms during Solar Cycle 23 were related to ICMEs and sheaths, i.e.,
none of them were driven by a CIR. Although ICMEs and their sheaths clearly dominate as
causes of intense geomagnetic storms, we note that CIRs and HSS have an important role in
enhancing the geoeffectivity of some ICMEs (Sect. 5) and in prolonging the recovery phase
of the storm (see below).

The geomagnetic effects of CIRs are further illustrated in Fig. 7, showing a series of 14
CIRs in the second half of 2008, observed at 1 AU by the ACE spacecraft. The CIRs were
identified by the presence of HSSs, preceded by a compression in the magnetic field. The
sudden drop in the freezing-in temperature at the leading edges of the HSSs indicates the
stream interfaces. Note that only five of the CIRs were preceded by a shock wave, the others
had not steepened enough to form a shock at 1 AU. All shown 14 CIRs were accompanied
by arecognizable geomagnetic signature, but usually the minimum of the Dst did not exceed
the moderate storm limit (Dst < —50 nT). For most of the cases the Kp index reached 3+
to 4+, i.e., the NOAA scale small storm limit (Kp = 5) was not exceeded. The likelihood of
CIRs/HSSs in driving moderate storms increases in the declining phase, as we will discuss
in Sect. 6.1.

As sheaths and ICMEs have different origin and solar wind conditions, it is also important
to investigate their separated contributions as storm drivers. Now we consider only the subset
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of storms that can be traced to an eruption of a CME at the Sun. In Echer et al. (2008b) study
47% of such intense storms were caused by ICMEs, 31% were pure sheath storms, and 22%
had contribution both from the sheath and ICME. Zhang et al. (2007) found that 69% of
storms were ICMEs-driven, and 31% were sheath-driven. Nikolaeva et al. (2011) arrived to
very similar percentages for CME induced moderate storms. In their study 68% of Dst <
—50 nT storms were associated to ICMEs, and 32% to sheaths. Note that Nikolaeva et al.
(2011) and Zhang et al. (2007) did not report the percentage of the events with significant
contribution from both the sheath and ICME.

Some studies however highlight the role of sheaths as storm drivers. One of the earliest
statistical studies that demonstrated the relevance of sheath fields was conducted by Tsuru-
tani et al. (1988). The authors showed that for 10 storms that occurred near Solar Cycle 21
maximum the sheaths had equal importance to ICMEs. A statistical analysis by Huttunen
et al. (2002) found that in 1996—1999 two-third of intense storms when defined by Kp were
either pure sheath storms or the sheath had a big influence. When Dst was used as the proxy
of the geomagnetic activity the importance of ICMEs as storm drivers increased. When the
analysis was extended to cover Solar Cycle 23 maximum by Huttunen and Koskinen (2004)
sheaths drove the largest fraction also of intense Dst storms. As we will discuss in Sect. 6.1,
the relative importance of different structures as storm drivers varies with solar activity cy-
cle.

Differences between large-scale structures as drivers of auroral activity and substorms is
less systematically studied. Auroral region activity can be studied using geomagnetic indices
(e.g., AE, AL and AU, see Mayaud 1980) that are derived from high-latitude magnetome-
ter stations. Substorms manifest themselves with various signatures from which one of the
clearest one are is the rapid injections of energetic charged particles to geosynchronous orbit
when the geomagnetic tail reconfigures (e.g., Koskinen 2011 and references therein). These
injections are followed by slow decay and when they occur at about 2—4 periodicity they are
called as sawtooth oscillations. These oscillations occur both during fluctuating and smooth
IMF and roughly with the same periodicity (Huang et al. 2004). However, Brambles et al.
(2013) found the evidence using a global multi-fluid simulation that sawtooth events dur-
ing CIRs are externally triggered, while ICME related sawtooths are internally triggered.
Farrugia et al. (1993) studied the substorm activity during ~18 hours of southward IMF as-
sociated with the MC passage. The authors identified over 20 substorms during this interval
that repeated with a rapid 50 min periodicity, even when solar wind driving diminished due
to decreasing magnetic field magnitude and solar wind speed in the end part of the MC.
This occurrence frequency agrees with the model developed by Klimas et al. (1992), but is
substantially shorter than 2-3 hours reported in several other studies (e.g., Borovsky et al.
1993; Baker et al. 1991; Huang et al. 2004; Borovsky and Yakymenko 2017). As pointed
out by Huang et al. (2004), at some periods resonant state of the magnetosphere may exist
where solar wind oscillations are comparable with the substorm cycle. Too fast oscillations
prevent enough energy to accumulated and if oscillations are too long the energy will be
released through internally triggered processes.

Statistical studies show that substorms induced by ICMEs are on average stronger and
they occur at lower geomagnetic latitudes than substorms related to CIRs and HSSs (e.g.,
Holappa et al. 2014; Myllys et al. 2015). Huttunen and Koskinen (2004) showed that sheaths
and CIRs can cause considerable high-latitude activity and strong substorms even though the
ring current is not significantly enhanced. Similarly, in Nikolaeva et al. (2011) study sheaths
were associated with the largest average AE values for a given solar wind electric field than
ICMEs and CIRs.

If one considers cumulative effects rather than more instantaneous strong high-latitude
activity, the role of HSSs is emphasized. Tsurutani et al. (2006) remarked that recovery
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phases of CIR-storms can extend up to 27 days. This is attributed to Alfvénic fluctuations in
the following HSSs (e.g., Tsurutani and Gonzalez 1987; Balogh et al. 1995; Tsurutani et al.
1995; Lucek and Balogh 1998) that ultimately originate from the Sun and propagate along
open field lines into the heliosphere (e.g., Tomczyk and Mclntosh 2009). Combined with
high solar wind speed these Alfvénic fluctuations cause intermittent but prolonged dayside
reconnection that drives efficiently high-latitude geomagnetic activity, called also as High-
Intensity, Long-Duration, Continuous AE Activity (HILDCAA) (Tsurutani and Gonzalez
1987). Tanskanen et al. (2005) further showed that during the years when HSSs were fre-
quent substorms deposited approximately twice as much magnetic energy to the auroral
ionosphere than during those years when only few HSSs occurred.

3.2.1 ICMEs and Magnetic Clouds

Not all ICME:s are equally geoeffective. Some of them drive extreme storms, while the others
pass the Earth practically unnoticed. Near the Earth orbit ICME speeds vary from typical
slow solar wind speeds up to few thousands kilometers per second and their magnetic fields
range from only a few nT to up about 100 nT. What we observe in-situ is determined by
intrinsic CME properties, the evolution and interaction of the CME with the ambient solar
wind (see Manchester et al. 2017, this issue, and the references therein), and the path the
observing spacecraft (and the Earth) makes through the ICME.

Table 1 shows the Dst response of ICMEs based on their magnetic complexity. The events
shown are taken from the Richardson and Cane ICME list? and they are divided to MCs,
non-MCs and MC-like events. MC-like events show rotation of the field, but they lack other
specific MC signatures. Table 1 clearly shows that MCs are the most geoeffective subset of
ICMEs. They are associated with clearly stronger average Dst disturbance than non-MCs
and MC-like events and a higher fraction of them caused moderate and intense storms. This
result is expected as the lack of clear MC signature in ICMESs is generally attributed to
cases where the spacecraft crosses the flux rope farther from the centre where the field is
typically weaker (see Introduction). Non-MC events likely represent interacting ICMEs, so
called complex ejecta (see Sect. 5), where individual MC characteristics are lost. Note that in
Table 1 the sheath and MC contributions have not been separated, i.e., part of the storms may
have been driven by the sheath alone or the sheath had a significant contribution. However,
whatever the geoeffective structure is, the results show that ICMEs that contain MCs are
clearly the most likely to drive significant geomagnetic activity.

The results shown in Table 1 are also consistent with statistical studies we discussed in
Sect. 3.2. In Zhang et al. (2007) study from those 41 intense storms in their study that were
driven by ICMEs, 30 (73%) were MCs. Nikolaeva et al. (2011) also showed that non-MC
ICME:s and CIRs were associated with clearly lower average electric fields and geomagnetic
responses than the other investigated structures, emphasising again that MCs are associated
with stronger geomagnetic activity than non-MC ICMEs and CIRs.

The strong potential of MCs to drive magnetic storms stems from their enhanced mag-
netic fields and smooth field rotation creating particular favorable conditions for long-lasting
and strong magnetospheric convection. Several studies have also indicated a clear relation-
ship between the speed of an MC and its magnetic field (e.g., Gonzalez et al. 1998; Owens
et al. 2005; Richardson and Cane 2010), i.e., stronger MCs tend to be faster, which enhances
their geoeffectivity. According to Gonzalez and Tsurutani (1987) intense magnetic storms
(Dst < —100 nT) require that the solar wind driving electric field Ey is equal or larger than

2http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2‘htm.
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Table 1 The geoeffectivity of magnetic clouds (MC), cloud-like events (MC-like) and non-magnetic cloud
(non-MC) ICMEs. MC-like events have at least weak rotation in the field, but they lack other MC character-
istics. The events and Dst values are taken from the Richardson and Cane online ICME catalog for the period
from 1995 to 2016. The first column (N) gives the number of events in each driver category and the second
column (< Dst >) shows the averages of the resulting storm Dst minima. The last two columns show the per-
centages of events (number of such events in parenthesis) in each driver category that caused Dst < —100 nT
and Dst < —200 nT storms

N (Dst) Dst < —100 nT Dst < —200 nT
MC 170 —86.7 34% (57) 7% (12)
MC-like 161 —51.8 11% (17) 4% (6)
non-MC 147 —41.6 11% (16) 1% (2)

5 mV/m at least for 3 hours. As MCs have on average strong magnetic fields, also slow MCs
can create large enough electric fields to drive intense magnetic storms (Tsurutani et al.
2004).

The geomagnetic response of a given MC depends also strongly on its flux rope type
(e.g., Huttunen et al. 2005), i.e., how the IMF B rotates within the cloud (e.g., Bothmer
and Schwenn 1998; Mulligan et al. 1998). In bipolar MCs the field rotates either from north
to south (SN) or south to north (SN), see Fig. 2 for an example of an SN-type MC. Such
clouds are also called low-inclination as their axes are more or less aligned with respect
to the ecliptic plane. In turn in unipolar or high-inclination MCs (N- and S-type) the field
rotates in a way that B maintains its sign.

It is clear that MCs with fully northward fields (i.e., N-type MCs) cannot drive magnetic
storms, while MCs with fully southward fields (S-type MCs) provide the most long-lasting
southward IMF and they typically drive intense storms. Figure 8 shows examples of both
S-type and N-type MCs and their geomagnetic responses. The unipolar S-type MC on 19-20
November, 2003, shown on left in Fig. 8, drove the largest Dst storm of Solar Cycle 23
(—422 nT). In turn, although the sheath of the N-type MC shown on right caused some
substorm activity (enhanced AE and Kp values), the MC itself did not cause any significant
geomagnetic activity. In particular the AE index shows that the activity in the auroral region
was minimal during the whole passage of the MC.

N-type MCs may also lead to false space weather alerts. Even if a CME would be fast and
associated with a strong flare, no storm follows if its magnetic field in the MC is northward.
One interesting example of such a case was the CME on August 1972 that was associated
to a major flare and that had one of the fastest Sun-to-Earth transit times ever reported
(Tsurutani et al. 1992), but no significant geomagnetic activity followed due to northward
fields.

Bipolar/low-inclination MCs have also distinct differences in their geospace responses
(e.g., Kilpua et al. 2012). For example, the expansion of the CME can attenuate significantly
the geoeffectivity of an NS type cloud as the magnetic field and speed are weaker in the
trailing part of the cloud where the field is directed southward. In turn, compression of the
tail part by a fast stream can enhance significantly geomagnetic response of an NS-type MC
(discussed in more detail in Sect. 5).

3.2.2 Shocks and Sheath Regions

As discussed in Sect. 3.2 ICME sheaths are important drivers of magnetic storms and their
importance increases when high-latitude activity is considered. It is also interesting to note
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that Nikolaeva et al. (2011) showed that on average, sheath regions preceding MCs (only
eight included for the whole data set) were associated clearly to the largest driving electric
fields and strongest storms and substorms from all investigated driver categories.

There are two basic mechanisms that create strong southward magnetic fields in sheaths
(e.g., Gonzalez et al. 1994; Kataoka et al. 2005; Liu et al. 2008b): (1) processes related to the
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Fig. 10 Formation of planar Sun Draped sheath material
magnetic structures in an ICME
sheath. Figure is from Jones et al.
(2002)
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shock transition, i.e., the compression of the pre-existing southward IMF and the deflection
of the IMF, and (2) draping of the IMF around the CME.

Figure 9 shows how the direction of the out-of-ecliptic magnetic fields in the sheath
depends on the upstream field direction and the CME propagation direction. Panel (a) is
from Gosling and McComas (1987) for the radial IMF. According to their “Bz forecasting
rule” geoeffective sheaths occur when the IMF points away (towards) the Sun and the CME
passes southward (northward) of the Earth. The applicability of this technique to predict
the dominant sign of Bz in ICME sheaths was tested by McComas et al. (1989) for 17 fast
ICMEs. The authors found that the rule predicted correctly the sign of the B, perturbation
for 13 events (76%). It was however noted that from the initial set of 26 fast ICMEs nine did
not exhibit clear change in the average B upstream of the shock to the ICME leading edge,
hence decreasing the amount of events for which this technique can be applied. The Gosling
and McComas (1987) scenario was extended by Siscoe et al. (2007) to take into account the
Parker spiral type configuration. The results from their global MHD simulation are shown
in Fig. 9b. The plot shows that the strongest out-of-ecliptic magnetic fields are found at the
eastern flank of the CMEs (the area outside the ellipse that corresponds the ICME). This
implies that the eastern flank of the ICME would be more geoeffective, and as suggested by
the authors, could explain the known greater geoeffectiveness of CMEs originating from the
western hemisphere (e.g., Wang et al. 2002). The magnetic field variations related to shock
processes and draping effects occur typically parallel to a single plane called as “planar
magnetic structures” (e.g., Jones and Balogh 2000; Jones et al. 2002; Palmerio et al. 2016)
(see Fig. 10). Palmerio et al. (2016) showed that the planar parts of the sheath are associated
with considerably larger out-of-ecliptic fields than non-planar parts, and are, hence, expected
to be the most geoeffective.

The shock angle (i.e., the angle between the shock normal and the upstream magnetic
field) has a big influence on how geoeffective the following structure will be. For example,
Jurac et al. (2002) studied 107 fast forward shocks observed by Wind in the near-Earth solar
wind. The authors showed that regardless of the shock driver 40% of quasi-perpendicular
fast forward shocks were associated with an intense storm within 48 hours from the shock
passage compared to only 10-15% for quasi-parallel shocks. Quasi-perpendicular and -
parallel shocks have different internal structure, because the shock angle (6, ) controls the
behavior of the particles incident to the shock. Quasi-parallel shocks feature an extended
foreshock and wave activity, and as a consequence, the shock transition is more gradual
than at quasi-perpendicular shocks (e.g., Bale et al. 2005; Burgess et al. 2005; Lucek et al.
2008; Kilpua et al. 2015a). Examples of quasi-perpendicular and parallel shocks are shown
in Fig. 11.

In addition, the shock impact angle (i.e., the angle between the shock normal and the
Sun-Earth line) affects the geomagnetic response. Frontal shock collisions compress the
whole magnetosphere symmetrically, while inclined collisions lead to an asymmetric col-
lision (e.g., Samsonov et al. 2015). According to global MHD simulations performed by
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Fig. 11 Examples of (Left) quasi-perpendicular and (Right) quasi-parallel shocks detected by Wind. The
shocks are from the Heliospheric Shock Database (ipshocks.fi)

Oliveira and Raeder (2014) inclined shocks are associated to overall weaker compression of
the magnetosphere and weaker response of the field-aligned currents coupling the magneto-
sphere and ionosphere than head-on shock impacts. The authors also reported that despite
otherwise similar parameters the head-on case in their study triggered a substorm, while the
inclined shock did not. The stronger auroral response for frontal shocks was also evident
in the extensive experimental study by Oliveira and Raeder (2015) where the authors used
the geomagnetic index derived from more than 300 SuperMAG magnetometer stations. The
authors suggest that symmetric compression of the magnetosphere associated with frontal
shocks creates favorable conditions for the release of magnetic energy stored in the magne-
totail. We note that CIRs are generally associated with larger impact angle, i.e., being more
inclined than ICME-driven shocks (e.g., Jurac et al. 2002; Kilpua et al. 2015a).

Figure 12 in turn features an exceptional shock wave observed by the STEREO-A space-
craft on 23 July 2012 (Liu et al. 2014a). Riley et al. (2016) determined that the shock was
quasi-parallel, with an extremely high speed of 3300 km/s, reaching STEREO-A (0.96 AU)
in 18.6 hours, and unusually high sonic Mach number (Mg = 28), and that the shock nor-
mal was pointing very close to the radial direction. They also concluded that what was
observed by STEREO-A was the result of the interaction of two exceptional CMEs, propa-
gating into interplanetary space that had been pre-conditioned by a previous CME, so as to
influence significantly the formation, evolution and propagation of the shock wave and the
CME ejecta. The observed event was thus caused by compound and exceptional conditions,
both in the corona and in interplanetary space. Given the extraordinary parameter regime
of the event, the STEREO-A plasma instruments could not make all the measurements that
would have been necessary for a full description of the observations. Russell et al. (2013)
noted that this shock actually rather resembled a subsonically driven compressional dis-
turbance due to intense flux of very high energy particles related to the strong CME. The
authors also argued that this could have likely weakened the shock-related space weather
consequences. As was concluded by Riley et al. (2016), it remains unclear what role high
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energy particles played in the observations. This exceptional shock wave illustrates the po-
tentially extreme events that can be caused by CMEs, with a major impact on a large region
of the inner heliosphere and, if Earth-directed, causing extreme disturbances in the near-
Earth space as well as on the ground.

3.2.3 CIRs and High-Speed Streams

Similarly to ICMEs not all CIRs that pass the Earth are geoeffective. Alves et al. (2006)
showed that approximately one-third of CIRs during 1964-2003 were followed by at least a
moderate (Dst < —50 nT) magnetic storm. The leading shock enhances the ability of a CIR
to drive a storm; according to Zhang et al. (2008) a clear majority (85%) of shock-driving
CIRs produced a storm.

The evolution of a CIR structure at the Earth orbit at three spacecraft is shown in Fig. 13:
ACE sunward of the Earth at L1, STEREO-A and B, close to 1 AU, but to the west and
the east of the Sun—Earth line by about 23°, respectively (see the orbits on the left hand
side in Fig. 13). The front of this corotating structure was observed first at STEREO-B,
then at the Earth (as observed by ACE), followed by STEREO-A. At STEREO-B there is
no evidence of a shock forming (although the solar wind velocity increases sharply) and
there is an increase in the magnetic field magnitude, indicating the compression. At ACE,
the magnetic field has already steepened considerably, ready to form the forward shock.
At STEREO-A, both forward and reverse shocks were identified. As the evolution of this
CIR structure varies in longitude, at least at 1 AU the geoeffectivity of a CIR may vary
in longitude in the interplanetary space. Panel (d) in Fig. 13 shows the oxygen freezing-in
temperature at ACE clearly identifying the stream interface between the slow and fast wind
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Fig. 13 (Left) The evolution of a CIR near 1 AU as seen by STEREO-B, ACE and STEREO-A. Te panels
show: (a)—(b) the solar wind speed and magnetic field magnitude at the two STEREO spacecraft, respec-
tively, (¢) the magnetic field and solar wind speed profiles observed at 1 AU by ACE, (d) oxygen freezing-in
temperature measured at ACE, (black line). In addition, panel (e) shows the geomagnetic response to the CIR,
in terms of the disturbance indices Dst and Kp. (Right) The positions of the three spacecraft that observed the
CIR are shown on 8 March 2008

streams, not so clearly seen in the kinetic parameters of the solar wind. The oxygen freezing-
in temperature profile shows that in this case the slow wind ahead of the interaction region
was a compound stream, corroborated by the solar wind dynamic pressure. Even though
the compression within CIR at ACE was (apparently) not enough to form either a forward
or a reverse shock, the solar wind pressure increase was sufficient to trigger a moderate
geomagnetic storm, with Dst = —85 nT and a maximum Kp = 6. A search of geomagnetic
data records for the time did not show the occurrence of a SSC, confirming that the CIR
leading edge had not formed a shock wave.

Figure 14 shows the close-up the magnetic field measurements for the CIR shocks in
Fig. 13 as detected by STEREO-A. The panels show the 32 Hz and 8 Hz magnetic field data
in the left and right panels, respectively, for the forward and reverse shocks, over equal, 60
seconds, intervals. The left panels in Fig. 14 illustrate the very prominent wave field in the
upstream region, known to be whistler waves generated at the shock. In the right panels the
data show clearly how the waves decay when moving away from the shock in the upstream
region. The downstream waves in the left hand panel are likely to be magnetosonic waves
(Russell et al. 2009). An overview of the generally low Mach number shock waves and
the waves associated with both the upstream and downstream regions, as observed by the
STEREO mission, was given by (Blanco-Cano et al. 2016).
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Fig. 14 A close-up of the shock shown in Fig. 13 at STEREO-A. The panels show (a)-(c) the magnetic
field components in the RTN system, (d) the magnetic field magnitude. In the left panels the frequency of the
measurements in 32 Hz and in the right panels 8 Hz

The most geoeffective part of a CIR is the region after the stream interface. The super-
posed epoch analysis using multiple epoch times by Kilpua et al. (2015¢) showed that this
part has strongest southward fields, speed and magnetic field fluctuation levels. For CIRs
that were followed by slower streams the activity declined soon after the interface, while for
CIRs that were followed by fast streams the activity continued at relatively high-levels until
the end of the CIR and then declined slowly during the following HSS. Considering the ef-
fects of the HSS, the Alfvénicity is a critical parameter for causing prolonged geomagnetic
activity (see discussion in Sect. 3.2). Snekvik et al. (2013) showed that HSSs with strong
Alfvénicity are the most geoeffective as such streams tend to have clearly higher speeds and
magnetic fields and slightly higher dynamic pressure than mostly non-Alfvénic streams.

It is also clear that CIRs that embed ICMEs are generally more geoeffective than “pure”
CIRs. For example, Zhang et al. (2008) found that from 345 CIRs identified during Solar
Cycle 23 157 were “pure” CIRs and they caused mainly weak and moderate storms, while
CIRs with ICMEs could drive significantly stronger responses (see Sect. 5). Many CIRs also
embed small ICME-like transients, i.e., solar wind periods that feature many ICME signa-
tures, such as smooth/coherent field rotation and enhanced fields, but that are significantly
shorter in duration (a few hours on average) than typical large-scale ICMEs (e.g., Moldwin
et al. 2000; Kilpua et al. 2009; Yu et al. 2014). Entrainment of such transients, when they
have southward fields, may enhance the geoeffectiveness of a CIR. The origin of these tran-
sients is not clear, but at least part of them are associated to streamer blobs (e.g., Sheeley and
Rouillard 2010; Rouillard et al. 2011) that are released in quasi-continuous manner, likely
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via magnetic reconnection, from the Sun (e.g., Sheeley et al. 1997). More studies are needed
to clarify how these blobs modify the global CIR structures and their geoffectiveness.

CIRs can be associated either with helmet streamers or pseudo-streamers (e.g., Crooker
et al. 2012). Helmet streamers are loop structures that separate two coronal holes of the
same polarity, while pseudo-streamers separate coronal holes of the same polarity (Wang
et al. 2007). Borovsky and Denton (2013) showed that although storms associated with hel-
met streamer CIRs and pseudo streamer CIRs have similar overall magnitudes, they feature
some obvious differences in their characteristics (see their Table 1). The most significant
differences are that helmet streamer CIRs have higher densities and dynamic pressure than
pseudo-streamer CIRs that also tend to peak earlier concomitant with the magnetic field,
and clearly longer duration HSS following them. In addition, the authors emphasized that
the helmet streamer CIRs are often preceded by “a calm before the storm”, i.e., a particularly
low geomagnetic activity period that pre-conditiones the magnetosphere by building-up the
plasmasphere and the plasma sheet. This is because the helmet streamer CIRs tend to have
considerably lower solar wind speed, density and dynamic pressure preceding them than the
pseudo-streamer CIRs. Interesting questions are also whether the above-discussed streamer
blobs occur from pseudo-streamers and whether they have similar frequencies and proper-
ties as the blobs emanating from helmet streamers.

4 Solar Wind Magnetosphere Coupling Efficiency During Large-Scale
Drivers

In this section we discuss the current knowledge on how the solar wind—magnetosphere
coupling efficiency depends on different solar wind parameters and the type of the associated
large-scale driver.

4.1 Definition of the Coupling Efficiency

The solar wind—magnetosphere coupling efficiency is defined as the ratio of the input to
output energies. One of the simplest energy input estimate, or the so-called “coupling func-
tion”, is the solar wind driving electric field Ey. As we mentioned in Introduction, the true
coupling efficiency is however more complex. Over the years several coupling functions
have been developed, such as the widely used epsilon parameter (e.g., Akasofu 1979, 1981;
Koskinen and Tanskanen 2002). For a comprehensive review of early coupling functions see
Gonzalez et al. (1990). Examples of more recent coupling functions are the ones formulated
by Newell et al. (2007) and Borovsky (2008). The energy consumed in the ring current and
in the ionosphere as Joule heating and via auroral precipitation can be estimated in terms of
geomagnetic indicates (e.g., Yermolaev et al. 2010; Myllys et al. 2016) or functions based
on them (Ahn et al. 1983; Knipp et al. 2004), using global numerical simulations (e.g.,
Palmroth et al. 2004), or if available, using actual satellite measurements (e.g., Turner et al.
2006).

The studies comparing coupling efficiency for different storm drivers (e.g., Turner et al.
2009; Yermolaev et al. 2010; Myllys et al. 2016) show that ICMEs, despite being the key
drivers of intense geomagnetic storms, have on average the weakest coupling efficiency. This
can be traced to their characteristic plasma and magnetic field conditions we highlighted in
Sect. 3.1.
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4.2 Influence of Various Solar Wind Parameters

The solar wind Alfvén Mach number (My; i.e., the ratio of the solar wind speed to the
Alfvén speed), is particularly important parameter for controlling the coupling efficiency.
Firstly, M, controls how efficiently the plasma and magnetic field are compressed at the
bow shock (Lopez et al. 2004). The larger the Alfvén Mach number is, the more compres-
sion at the bow shock occurs. The tendency for low M4 in ICMEs when compared to sheaths
and CIRs should therefore lead to weaker bow shock and weaker compression of the plasma
and magnetic field (e.g., Turc et al. 2015; Lugaz et al. 2016). The Alfvén Mach number has
also an important role in controlling the saturation of the polar cap potential. The saturation
means that although the solar wind driving electric field £y would intensify, the magneto-
sphere cannot dissipate energy more effectively. Saturation generally occurs during intense
solar wind driving (e.g., Reiff et al. 1981; Hairston et al. 2005; Raeder and Lu 2005), but
when M, is low the saturation can occur even during the moderate driving conditions (e.g.,
Lavraud and Borovsky 2008; Lopez et al. 2010; Myllys et al. 2016). These results imply that
during ICMESs saturation may occur already during relatively low solar wind driving when
compared to sheaths an CIRs.

Another important effect attributed to low Alfvén Mach number solar wind conditions
is the resulting low plasma beta in the magnetosheath (e.g., Lavraud and Borovsky 2008).
Based on this Lopez et al. (2010) presented a force magnitude balance hypothesis for the
M 4 control of the coupling efficiency (see also Koskinen 2011). Variations in the plasma
beta change the relative magnitude of the pressure force and the magnetic force in the mag-
netosheath that affects how flows are diverged. When the magnetic force dominates the
plasma deviates increasingly and the fraction of the solar wind electric field that can im-
pinge the magnetopause and the associated reconnection will decrease. This effect again
decreases the coupling efficiency of low M, ICMEs when compared to high M4 structures.
However, Lavraud and Borovsky (2008) mentioned that increased magnetic tension forces
in the magnetosheath accelerate plasma effectively around the magnetopause. The authors
also pointed out that high velocity shear at the magnetopause creates favorable conditions
for non-linear Kelvin-Helmholtz vortices (Lavraud and Borovsky 2008) that may increase
the role of viscous interactions in transferring the energy (e.g., Hasegawa et al. 2004). As
the flow speeds increase for low M, conditions this effect could in turn enhance coupling
efficiency for ICME-driven storms.

Rapid IMF fluctuations in sheaths, CIRS and HSSs can also enhance viscous interactions
at the magnetopause as demonstrated e.g., by Borovsky and Funsten (2003) and Osmane
et al. (2015) and lead to larger geoeffectivity. Turbulent conditions in the upstream solar
wind could increase turbulence in the low-latitude boundary layer where the majority of the
energy transfer occurs. This is also the region where field-aligned currents arise to the iono-
sphere and the vorticity increases the strength of these currents (e.g., Koskinen 2011). Large
variations in IMF have also been suggested to trigger externally substorms (e.g., McPherron
et al. 1986; Lyons et al. 1997), although more recent studies suggest that this association is
rather a coincidence than causality (e.g., Morley and Freeman 2007; Newell and Liou 2011).

The role of solar wind dynamic pressure has also been highlighted in several studies.
Increased solar wind dynamic pressure evidently compresses the whole magnetosphere (e.g.,
Shue et al. 1998), increasing magnetopause currents (e.g., Burton et al. 1975). Global MHD
simulations by Palmroth et al. (2004) found evidence that increasing solar wind dynamic
pressure increases the field aligned currents coupling the magnetosphere to ionosphere, and
consequently the ionospheric Joule heating. Myllys et al. (2017) showed that solar wind
dynamic pressure seems to inhibit polar cap potential from saturation during intense solar
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wind driving electric fields. It also interesting to note that both simulations and observations
suggest that coupling efficiency is higher when the solar wind speed makes the driving
electric field or dynamic pressure large (Palmroth et al. 2010; Pulkkinen et al. 2015; Myllys
et al. 2016). The above findings again give support that sheaths have stronger coupling
efficiency than ICMEs.

4.3 Bow Shock Configuration and Structures

The bow shock configuration has also an important role in controlling the coupling effi-
ciency. The way the plasma and magnetic field change at the bow depends strongly on
whether the shock is quasi-perpendicular or quasi-parallel. This is defined by the upstream
solar wind magnetic field. The transition through the bow shock and the magnetosheath has
been studied in detail for MCs by Turc et al. (2015) who showed that their magnetic struc-
ture alters significantly behind quasi-parallel regime of the bow shock. This alteration can
even reverse the sign of Bz. However, the magnetic fields in MCs are oriented in a way
that they tend to be associated with quasi-perpendicular sub-solar bow shock configurations
(e.g., Turc et al. 2016). It is yet unclear how the bow shock responds to turbulent drivers
(sheaths, CIRs and HSSs) as due to rapid IMF fluctuations the bow shock configuration is
expected to vary over relatively short time scales. As discussed in the previous section the
shock angle controls the physics of the shock, and hence, the magnetosheath has very dif-
ferent properties behind quasi-perpendicular and quasi-parallel sections of the bow shock
(e.g., Walsh et al. 2012; Dimmock et al. 2015).

We also note that the vicinity of the bow shock and magnetosheath have complex inter-
nal structure. In particular the foreshock associated with the quasi-parallel bow shock and
the magnetosheath behind are populated by various localized structures, such as cavitons,
shocklets, Short Large Amplitude Magnetic Structures (SLAMS), hot flow anomalies, spon-
taneous hot flow anomalies and jets (e.g., Hietala et al. 2009; Blanco-Cano et al. 2011; Omidi
et al. 2013; Zhang et al. 2013). It is expected that these structures affect how upstream solar
wind plasma and magnetic field change before reaching the magnetopause. However, is not
yet clear to what extent they can regulate coupling efficiency and how solar wind conditions
and the type of the large-scale solar wind driver control their formation and evolution.

4.4 Plasma Sheet Density and Ring Current Composition

Additional factor that we have not discussed so far, but that may significantly affect the
storm magnitude are the density in the Earth’s inner plasma sheet and the composition of
the ring current. The importance of both of these may vary depending on the large-scale
solar wind structure driving the storm. Firstly, the plasma sheet density is known to corre-
late with the solar wind density, and in particular the sustained northward IMF periods are
associated with a “super-dense” plasma sheet (Terasawa et al. 1997; Borovsky et al. 1997).
The later convection of this high density plasma inwards toward the Earth may build up ring
current and intensify the storm (e.g., Farrugia et al. 2006; Lavraud et al. 2006). The impor-
tance of plasma sheet density for contributing to the ring current has been also demonstrated
in several simulation studies (e.g., Liemohn et al. 2001; Kozyra et al. 2002; Jordanova et al.
2009). We note that a sheath with primarily northward fields and high densities followed by
an MC with southward fields can provide particularly favorable conditions for first creating
a super-dense plasma sheet and subsequent sustained convection building a strong ring cur-
rent. Another possible structure is helmet streamer related CIRs that are generally preceded
by high densities (Sect. 3.2.3).
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While the quiet time ring current is carried mainly by protons, the contribution from
oxygen ions increases dramatically during magnetic storms and with increasing storm mag-
nitude (Daglis et al. 1999). As shown in Kamide et al. (1998b) O" comprises only about
10% of the ring current energy density during quiet times, but during extreme storms the
contribution can increase up to about 70%. The H" ions in the ring current originate both
from the solar wind and from the ionosphere, while O* is primarily of ionospheric origin.
As ICMEs generally drive stronger storms than CIRs, it would be expected that ICME re-
lated storms would have larger O content than CIR storms. This was indeed demonstrated
statistically by Denton et al. (2006) using LANL/MPA data. In addition, we suggest that
high solar wind densities in sheaths could result in particularly oxygen-rich ring current as
it was shown by Daglis and Kozyra (2002) that dynamic pressure pulses are related to the
enhanced O™ outflow from the ionosphere.

4.5 Energy Partitioning and the Large-Scale Driver Type

Different structures lead also to different storm energy partitioning: CIR- and HSS-driven
storms dissipate more energy into the ionosphere through Joule heating and particle precip-
itation, while ICMESs dissipate more energy into the ring current (e.g., Turner et al. 2009;
Guo et al. 2011; Hajra et al. 2014). These studies did not separate contributions from ICMEs
and their sheaths. It is, however, expected that turbulent sheaths dissipate more energy to the
ionosphere, similar to CIRs and HSSs. This was also suggested by Huttunen et al. (2002)
and Huttunen and Koskinen (2004) who demonstrated that ICMEs cause relatively stronger
response to the ring current index Dst, while sheaths produce a stronger response to high-
latitude auroral indices and to Kp.

As suggested by Kamide et al. (1998a) the ring current intensifies primarily due to pro-
longed convection and associated plasma transport during the southward IMF, not due to
successive substorm injections. In addition, Tsurutani et al. (2003) reported the lack of sub-
storm expansion phases for steady southward IMF intervals that are typical conditions dur-
ing MCs. As a consequence, MCs are likely drivers of steady magnetospheric convection
events, discussed in Introduction. Simulation studies that do not take into account substorm
injections typically underestimate the modeled Dst, and this underestimation is clearly larger
(by 20-30%) for CIR-driven storms when compared to ICME-driven storms (e.g., Liemohn
et al. 2010; Jordanova et al. 2009; Cramer et al. 2013). This implies that substorm injections
may play on average larger role in building up the ring current for CIR than ICME related
storms. Another possible causes are for example the significant contribution from other cur-
rent systems than the ring current to Dst (e.g., tail current and auroral currents). Hajra et al.
(2014) also compared energy partitioning for CIRs and HSSs that drove HILDCAAs (see
Sect. 3.2). The authors found that in HSSs more energy went into Joule heating than dur-
ing CIRs-storms (67% and 49%, respectively), while both had comparable share to the ring
current.

5 Interacting Large-Scale Structures

In previous sections we have examined geo-effective properties of ICMEs, shocks/sheaths
and CIRs separately. Individually these structures usually lead to a one-step geomagnetic
storm sequence with or without a sudden commencement followed by a main phase and then
arecovery phase. A combination of these structures, however, is often seen in the solar wind
that can give rise to a multi-step, enhanced geomagnetic storm (e.g., Burlaga et al. 1987;
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Gonzalez et al. 1999; Echer and Gonzalez 2004; Zhang et al. 2007). Zhang et al. (2007)
divided their 77 ICME-related intense storms (Dst < —100 nT) to single and multiple types,
depending on whether the storm was caused by a single ICME associated with a single CME
at the Sun, or by multiple ICMEs and CMEs. While they found that the majority of intense
ICME-driven storms were single type (69%), almost one-third of them are still caused by
multiple ICMEs. We also note that Zhang et al. (2007) classification did separate ICMEs
interacting with CIRs and HSSs.

The “perfect storm” scenario proposed by Liu et al. (2014a, 2015) refers to a combina-
tion of circumstances that can result in a particular aggravation of the situation. There are
many combinations of circumstances that can occur to make an event more geo-effective, in-
cluding pileup of events, preconditioning of the upstream solar wind for CME propagation,
shock enhancement of pre-existing southward magnetic fields, and following high-speed
streams causing compression. The “perfect storm” scenario can be frequent enough for us
to worry about because complex structures with these combinations are common in the solar
wind.

Burlaga et al. (2001, 2002) defined complex ejecta as fast, transient flows resulting from
interactions between successive CMEs. Such interactions are a frequent phenomenon in in-
terplanetary space especially near solar maximum (e.g., Liu et al. 2013). The readers are
directed to Manchester et al. 2017, this issue (and references therein) for discussions of the
physics about CME-CME interactions. Complex ejecta, in general, do not have well-ordered
magnetic fields, but may have a sustained period of enhanced southward magnetic fields pro-
duced by CME-CME interactions (e.g., Farrugia and Berdichevsky 2004; Wang et al. 2003;
Liu et al. 2014a; Lugaz and Farrugia 2014). As sustained southward magnetic field is a key
factor in geomagnetic storm generation, complex ejecta can be very geo-effective given their
prolonged duration. They have been considered as a trigger of two-step geomagnetic storms
(e.g., Farrugia and Berdichevsky 2004; Farrugia et al. 2006; Liu et al. 2014b), in addition to
the sheath-ejecta mechanism (Tsurutani et al. 1988). Complex ejecta are also often associ-
ated with a high solar wind densities and consequently high Alfvén Mach numbers, due to
interactions between CMEs that are likely to enhance solar wind—magnetosphere coupling,
see previous section.

An extreme example of complex ejecta formed by CME-CME interactions is the 2012
July 23 event (Liu et al. 2014a), see Fig. 12. The peak solar wind speed downstream of
the shock measured in situ at STEREO A was about 2250 kms~!, and the magnetic field
inside the ejecta was as high as 109 nT (e.g., Russell et al. 2013; Baker et al. 2013; Liu
et al. 2014a). Both the peak solar wind speed and the maximum magnetic field strength are
among the largest ever measured near 1 AU. Liu et al. (2014a) suggest that the extremely
enhanced ejecta magnetic field was caused by the in-transit interaction between two closely
launched eruptions. They also indicate that the unusually high speed at STEREO A was due
to preconditioning of the upstream solar wind by another earlier CME, which produced a
low-density environment with radial magnetic fields for the propagation of the 2012 July
23 complex CME. Further analyses of the shock properties and propagation behavior give
results consistent with this pre-conditioning idea (Temmer and Nitta 2015; Cash et al. 2015;
Riley et al. 2016). If the event had hit the Earth, it would have generated a geomagnetic
storm comparable to or even larger than the Carrington event (Baker et al. 2013; Liu et al.
2014a).

A shock overtaking a preceding ejecta can enhance the speed and the pre-existing south-
ward magnetic field inside the ejecta, an idea for increased geo-effectiveness dating back
several decades (Burlaga 1991; Lepping et al. 1997; Vandas et al. 1997). This could be a
special case of complex ejecta (e.g., Liu et al. 2012, 2014b; Mostl et al. 2012; Harrison et al.
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2012; Webb et al. 2013), but the shock may or may not be associated with a following CME.
Shock compression of pre-existing southward magnetic fields can lead to a two-step geo-
magnetic storm (e.g., Liu et al. 2014b). A statistical analysis indicates that 39% (19 out of
49 shocks) of shocks propagating inside ICMEs are associated with an intense geomagnetic
storm (minimum Dy < —100 nT; Lugaz et al. 2015).

The geo-effectiveness of a CME can also be enhanced when the CME is compressed
from behind by a CIR or a fast solar wind stream (e.g., Fenrich and Luhmann 1998; Webb
et al. 2000; Kilpua et al. 2012; Liu et al. 2015; Kataoka et al. 2015). Similar to CME-CME
interactions, this kind of compression can help in maintaining a strong ejecta magnetic field
as well as a relatively high speed. As discussed in Sect. 3.2 whether this compression can
enhance the storm magnitude depends on the ICME “flux rope type”. Tail-part compression
for NS-type MCs enhances southward magnetic fields, density and speed, and consequently
solar wind dynamic pressure and M,. All these can intensify the coupling efficiency and
storm magnitude, see examples e.g., from Fenrich and Luhmann (1998) and Kilpua et al.
(2012). In addition, the northward fields in the leading part of the cloud (and in the sheath)
can contribute to the above-discussed preconditioning of the plasma sheet density and in-
tensify the subsequent storm. Sheaths may also pre-condition the magnetosphere favorably
for SN-type clouds. Storms driven by SN-type MCs with geoeffective sheaths often feature
two-step Dst development (e.g., Kamide et al. 1998c¢), while for NS-type MCs two separate
magnetic storms are expected as the magnetosphere has time to return to its quiet-time state
during the northward fields in the leading part of the MC. Interactions between a CME and
the following SIR or another CME can also deflect the CME in interplanetary space and
affect its ability to drive magnetospheric storm.

However, it is not obvious how much preceding intensification of the ring current would
contribute to the storm intensification. Kozyra et al. (2002) performed a kinetic ring current
drift-loss simulation of a strong magnetic storm on 4—6 June 1991 whose main phase was
created by three consecutive southward B excursions. The authors found that the previous
intensifications of the ring current were quickly swept by the enhanced magnetospheric con-
vection associated with the next Bz excursion. This is because during sustained southward
IMF the ions in the inner magnetosphere that constitute the ring current are mainly on open
drift paths and they are lost at the dayside magnetopause (e.g., Liemohn et al. 2001). Only
the weakening or northward turning of the IMF will trap these particles on closed drift paths.
However, Kozyra et al. (2002) study emphasised the importance of the plasma sheet density
variations in subsequent intensifications in altering the ring current development. This can
be an important factor in understanding and forecasting the magnetospheric response for
interacting structures.

In turn, magnetic flux erosion by magnetic reconnection at the MC boundaries may re-
duce significantly its expected geomagnetic response. Whether the reconnection can occur
depends on the magnetic shear, i.e., the relative orientation of the magnetic field between the
flux rope and the ambient solar wind. Figure 15 shows a parametric study by Lavraud et al.
(2014) of the modeled Dst response for SN-type MCs having different levels of erosion.
It is clear that the Dst response quickly weakens with the increasing erosion. The authors
also noted that the erosion may be absent even when the magnetic shear would be favorable
if the current sheet at the MC boundary is too thick. However, it seems that erosion is a
relatively common process: The detailed statistical analysis of 50 MCs by Ruffenach et al.
(2015) showed that nearly 30% of them showed reconnection signatures at their boundaries
and the average erosion was significant, 40% of the total azimuthal flux.

The combinations can be more complex involving multiple solar wind structures. For
example, the 2015 March 17 intense geomagnetic storm may have resulted from the inter-
action between two successive CMEs (Liu et al. 2015) or with the interaction of a CME
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Fig. 15 The panels show (a) Impact of model MC erosion on Dst
solar wind driving electric field 10 i
from the Lundquist flux rope
model with maximum magnetic
field of 23 nT and speed

400 km/s, (b) Dst response as

Lundquist model E

<<Z—— Erosion E

-5

modeled using the O’Brien and —10F ; S 3
McPherron (2000) model, (c) the 5
rate of change in Dst. The colors L
depict level of erosion. Black is . . =—
the non-eroded case, while the E -sof
red is the most eroded case. K]
Figure is from Lavraud et al. -100[ !
(2014) (b) |

0 10 20 30 40
Relative time in hours

with the heliospheric plasma sheet (Kataoka et al. 2015) (or having the both aspects), plus
the compression by a high-speed stream from behind. Wang et al. (2016) also point out that
the CME associated with the main magnetic cloud deflected significantly toward the Earth,
which contributed to the unexpected geoeffectiveness of this event. Another intense geo-
magnetic storm, which occurred on 2015 June 22, was caused by a combination of several
preceding shocks with a following CME (Liu et al. 2015). These preceding shocks ampli-
fied the southward magnetic field, although fluctuating, as well as the solar wind density,
which created favorable conditions for a major geomagnetic storm. A sheath-ejecta-ejecta
and a sheath-sheath-ejecta combinations are proposed for the multi-step development of ge-
omagnetic storms based on the studies of the 2015 March 17 and June 22 events (Liu et al.
2015). All these findings reinforce the idea and importance of the “perfect storm” scenario
for severe space weather.

6 Solar Cycle and Seasonal Variations

To understand long-term variations in space weather it is important to understand how the
frequencies and magnitudes of storms associated with different drivers vary with solar cy-
cle. CIR- and ICME-driven storms exhibit clearly different solar cycle trends that are con-
nected to their different origins, discussed in Sect. 2. Properties of interplanetary shocks and
sheaths, and consequently their geomagnetic effects, vary also strongly with solar cycle.

6.1 Solar Cycle Variations

The number of recurrent, generally small to medium CIR/HSS-driven magnetic storms
peaks in the declining phase of solar activity cycle (e.g., Tsurutani et al. 1995; Gonzalez
et al. 1999; Borovsky and Denton 2006; Zhang et al. 2008; Richardson and Cane 2012). As
CIRs arise when slow and fast streams interact, their solar cycle variations are connected to
the variations in the occurrence and latitudinal distribution of coronal holes and the helmet
streamer structure. As discussed earlier the coronal hole characteristics are controlled by
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Fig. 16 Yearly distribution of solar wind speeds and electric field for (7Top) extremely Alfvénic streams and
(Bottom) moderately non-Alfvénic streams. Figure is from Snekvik et al. (2013)

the poloidal (meridional) component of the Sun’s global magnetic field that maximises in
the late declining phase and at solar minimum. CIRs do not show clear solar cycle trend in
their properties, but they have a tendency towards lower speed gradients, magnetic fields,
dynamic pressure and durations at solar minimum than at other times, in particular in the
late declining phase (see Fig. 5 in Jian et al. 2006b). Hence, although CIRs are frequent also
at solar minimum they drive fewer magnetic storms as they are weaker at this time.

As discussed in Sect. 3.2 the geoeffectivity of HSSs is largely controlled by Alfvénicity.
Snekvik et al. (2013) showed that the Alfvénicity of HSSs varies substantially with solar
cycle. Figure 16 shows that near solar maximum and early declining phase most fast streams
are extremely Alfvénic, while in the late declining phase and at solar minimum fast streams
are largely non-Alfvénic. At solar minimum also the number of slow-HSSs increases (i.e.
streams that have considerable speed gradient to form CIRs, but whose peak speed is < 550
km/s). The figure also shows that Alfvénic streams produce most significant driving electric
fields. As discussed in Snekvik et al. (2013) these variations are presumably related to the
variations in the sources of the fast wind, i.e., whether they originate from mid/low-latitude
coronal holes or from equatorward extensions of polar coronal holes.

In turn, ICME-related storms follow more closely the sunspot number (SSN). This over-
all correlation is expected as the occurrence of the fast and strong CMEs from solar active
regions follows the evolution of the toroidal component of the Sun’s global magnetic field
(e.g., Gopalswamy et al. 2004; Webb and Howard 2012). CME:s originate also outside active
regions, from helmet streamers and in association with quiet Sun filament disappearances
(e.g., Subramanian and Dere 2001; Webb and Howard 2012; Liu et al. 2016) and hence,
CME:s are observed in all phases of the solar activity cycle. Solar cycle trends in the ICME
occurrence rate and properties naturally reflects those for CMEs (e.g., Webb and Howard
2012), and as a consequence, ICMEs are generally faster and stronger, and more frequent
near solar maximum than near solar minimum (e.g., Cane and Richardson 2003; Liu et al.
2005; Jian et al. 2006b). However, the variations in the near ecliptic ICME rate diverge occa-
sionally from the variations in the CME rate. For example, surprisingly many ICMEs were
observed near the ecliptic during solar minimum (Kilpua et al. 2011). This is because at
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this time the helmet streamer belt was confined close to the equator and large polar coronal
holes effectively deflected high-latitude CMEs towards lower latitudes (see Manchester et al.
2017, this issue). At solar maximum times the deflection is more random and CME sources
are distributed more evenly at all latitudes (e.g., von Steiger et al. 2005; Webb and Howard
2012). Gonzalez et al. (2011) separated also the effect from MCs and sheaths when they
studied the importance of different large-scale solar wind structures as drivers of intense
magnetic storms (Dst < —100 nT) during Solar Cycle 23. They found that in the rising
phase MCs and ICME sheaths were the most important storm drivers, near solar maximum
sheaths drove most storms, and in the declining phase MCs and CIRs caused the majority of
the intense activity.

However, the exact correlation between the ICME-related storms and the SSN is more
complex; rather than peaking exactly at the SSN maximum intense storms have a double-
peaked occurrence distribution, with the largest number of storms occurring a few years
before and after the SSN peak (e.g., Newton and Milsom 1954; Le et al. 2013). In the Le
et al. (2013) study the majority of storms in all investigated magnitude categories occurred
in the declining solar activity phase. Kilpua et al. (2015b) and Gonzalez et al. (1990) also
found that intense storms occur most frequently in the declining phase, but in these studies
the most extreme storms occurred at or relatively close to solar maximum. In addition, the
authors did not report that drastic difference between the descending and ascending phases
as in Le et al. (2013). These partly contradicting results might stem from how solar max-
imum is defined, and the fact that many solar cycles feature multi-peaked SSN maxima.
In particular, the likelihood for interactions between multiple CMEs increases clearly near
solar maximum. As discussed in Sect. 5 such interactions combined to “preconditioning”
of the heliosphere by previous CMEs is a particularly likely scenario to lead to the most
extreme space weather events (“perfect storm scenario” by Liu et al. (2014a)). The bias
towards the declining phase for intense (Dst < —100 nT) storms may also result from the
CIRs and fast streams enhancing the geomagnetic response of the preceding ICME. We
also note that double-peaked solar cycles have been explained to result from the asymmetric
evolution between the northern and southern solar hemispheres. Gopalswamy et al. (2015),
however, highlighted that there is necessarily no direct link to variations in the CME rates
and properties. The authors studied the properties of CMEs and ICME-driven storms during
the multi-peaked Solar Cycle 24 and they found that more geomagnetic storms and more en-
ergetic CMEs occurred during the first weaker SSN peak (2012) than during the subsequent
stronger peak (2014).

The dependence between the yearly mean SSN and the yearly number of Storm Sudden
Commencements (SSCs) for a large data set between 1858 and 2014 is shown in Fig. 17.
The figure reveals a clear positive correlation, which presumably arises from the fact that a
large fraction SSCs are related to fast forward shocks (see Introduction) whose variations
follow closely those in SSN. The clear correlation between the yearly number of fast forward
shocks detected in the near-Earth solar wind with the SSN is illustrated in the bottom panel
of Fig. 18 that is based on Kilpua et al. (2015a). The comparison of the top panels shows
that the ICME-associated forward shocks dominate the distribution and are the cause of the
solar cycle dependence. In turn, reverse shocks are almost exclusively associated with CIRs.
While there is a clear correlation between SSCs and SSN, as discussed in Introduction, SSCs
are seen to occur also without interplanetary shocks, evidently driven by solar wind dynamic
pressure pulses at the leading edges of ICMEs and CIRs without an accompanying shock
wave. As shown by Zuo et al. (2015) the variations in the number of solar wind dynamic
pressure pulses are also roughly in phase with solar cycle, consistent with the results in
Fig. 17.
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Fig. 17 The correlation between
the yearly sunspot number and
Storm Sudden Commencements
(SSCs) between 1858 and 2014.
The red line represents the best
linear fit to the data. (Sunspot
numbers from: http://www.sidc.
be/silso/datafilesand SSCs from
ftp://ftp.ngdc.noaa.gov/STP/
SOLAR_DATA/SUDDEN_
COMMENCEMENTS/SCYEAR

Fig. 18 Annual number of (a)
CME-associated shocks, (b) CIR
associated shocks, and (c) the
total number of shocks. Red
histograms show the fast forward
shocks and blue panels fast
reverse shocks. Note the very
different scales between panels
(a) and (c¢) on one hand and panel
(b) on the other. Figure based on
data in Kilpua et al. (2015a)
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In Sect. 3.2 we highlighted that the flux rope type of the MC is highly important for its
space weather response. The occurrence of bipolar MCs has a clear trend with the 22-year
solar magnetic cycle (e.g., Bothmer and Schwenn 1998; Huttunen et al. 2005; Li et al. 2011).
The SN-type (NS-type) MCs dominate from the late declining phase of even (odd) num-
bered solar cycles to the next rising phase. At solar maximum a mixture of SN- and NS-type
clouds are observed because the Sun’s global magnetic field changes the sign. For unipolar
clouds no similar solar cycle trend has been reported. However, Kilpua et al. (2012) noted
that during the minimum and early rising phases of Solar Cycle 24 a large fraction of unipo-
lar MCs had their fields northward when compared to previous similar solar cycle phases,
which may have contributed to low geomagnetic activity during the early rising phase of
cycle 24. On average, the SN and NS type clouds have similar magnitude in their geospace
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responses, but as discussed in Sect. 3.2 their geoefficiency is controlled in a different way
with the kinematic evolution of the CME and the ambient solar wind structure. One addi-
tional, interesting solar cycle trend related to MCs, is their fraction from all ICMESs; near
solar minimum roughly all ICME are MCs, while at solar maximum the fraction of MCs
decreases dramatically to about 10-20% (e.g., Cane and Richardson 2003; Huttunen et al.
2005; Jian et al. 2006a).

6.2 Seasonal Variations

Geomagnetic activity has also seasonal variations that are commonly connected to the
changes in the relative orientation between the Sun and the Earth, often called as Russell and
McPherron effect (Russell and McPherron 1973). CIR-driven storms have a clear seasonal
effect and the majority of CIR-storms occur during “favoured” IMF directions, i.e., close
to fall and spring equinoxes (e.g., Alves et al. 2006; Richardson et al. 2006; Zhang et al.
2008). For example, Alves et al. (2006) reported that roughly 50% of CIRs are followed by
at least a moderate storms (Dst < —50 nT) during equinoxes, compared to before mentioned
roughly 30% geoeffectiveness of CIRs when all time periods are considered. According to
Richardson et al. (2006) the majority of cases when CIRs cause intense (Dst < —100 nT)
storms occur during equinoxes. In turn, large ICME-driven storms are usually caused by
strongly out-of-ecliptic IMF that has southward component over pro-longed periods, and as
a consequence, for ICME driven storms the dipole tilt effect has only a minor contribution
(Lockwood et al. 2015). A partly contrary view to seasonal variations has been suggested
by Crooker (2000). The authors argue that about two-thirds of the semi-annual variations
are attributed to the decreasing coupling efficiency at the solstices, rather than creation of
stronger southward IMF at the equinoxes.

6.3 Variations with the Strength of the Solar Cycle

Kilpua et al. (2015b) also examined the relationship of strong magnetic storms with the
strength of the solar cycle (as measured by the sunspot number). They found that there is
a positive correlation between the strength of solar cycles and magnetic storms. The corre-
lation however decreases with increasing storm magnitude and becomes negligible for the
most extreme storms. Hence, there can be some extreme storms even during weak solar cy-
cles (e.g., Carrington storm in 1859, see Sect. 2), but in these cases also the large storms
avoid the solar cycle minimum. To investigate long-term driving trends of geomagnetic ac-
tivity by different large-scale solar wind structures, one viable option is to use the principal
component and the independent component analysis of local geomagnetic indices (Holappa
et al. 2014)

7 Discussion and Future Outlook

In this article we have reviewed geoeffective properties of large-scale interplanetary struc-
tures; Interplanetary coronal mass ejections (ICMEs), shocks/sheaths, Corotating Interaction
Regions (CIRs), and High-Speed Streams (HSS) and their combinations. We have demon-
strated that these structures are in many respects very different considering their origin,
solar wind properties, solar wind—magnetosphere coupling efficiency, geospace responses
and solar cycle trends. We discuss below some of the key points highlighted in this review,
in particular in the context of understanding and predicting space weather.
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We highlight that sheaths and ICMEs, in particular their subset magnetic clouds (MCs),
represent very distinct modes of solar wind forcing of the magnetosphere, and therefore,
it is of paramount importance to separate these structures. Sheaths are characterized by
turbulent magnetic fields and large Alfvén Mach (M 4) numbers and dynamic pressure, while
MCs exhibit distinctly smoother driving and generally low dynamic pressure and low M4
conditions.

Based on the existing literature is seems that the “sheath-like” solar wind conditions are
associated to more efficient solar wind—magnetosphere coupling. However, due to combi-
nation of strong fields and high speeds, and potential to provide sustained southward mag-
netic fields, MCs are key drivers of intense magnetic storms, in particular when the storm
level is determined by Dst. In turn, sheaths deposit most energy in the high-latitude iono-
sphere. CIRs have more sheath-like conditions, but due to weaker fields and more rapidly
fluctuating fields they drive mostly weak to moderate activity, while ICME sheaths cause
frequently intense storms. As the large-scale structures often arrive in sequences (e.g., a
shock, sheath, MC followed by a CIR and a high-speed stream), the Earth’s magnetosphere
can encounter rapidly changing forcing conditions and responses.

Two basic steps can be identified when predicting the space weather response of large-
scale interplanetary structures: (1) Long-lead time (1-3 days) prediction of their solar wind
conditions in the near-Earth solar wind upstream of the bow shock, and (2) Prediction of the
details of geomagnetic activity using the near-Earth solar wind observations that are typi-
cally available from the Lagrangian point L1 (e.g., Wind, ACE, DSCOVR), i.e., providing
lead-times of approximately of 30 min—1 hour.

Some aspects pertaining to Step (1) have improved significantly lately, e.g., numerical
heliospheric simulations using information based on the multi-spacecraft CME modeling
provide now more accurate CME impact time and details as well as estimates on the over-
all magnetic field magnitude and plasma parameters. However, the status of long lead-time
predictions is currently very limited and in particular the key parameter, the magnetic field
north-south component, cannot be measured in the corona, nor predicted in any practical
way for space weather purposes. In addition, as discussed in this paper, recent studies also
emphasize that to estimate the geospace response it is pivotal to have a detailed knowledge
of several other solar wind parameters, including fluctuation levels. Predicting these well
in advance would likely require going beyond the MHD-based simulations as kinetic pro-
cesses can play a significant role in producing variations in particular in turbulent sheath-
like drivers and also in regulating the global structure of drivers. Or at least, a very high-
resolution grids in MHD simulations are needed.

While the basic processes how the solar wind couples to the magnetosphere are now rel-
atively well understood, recent studies underline the complexity of this coupling. One big
issue is the transition through the bow shock and the subsequent propagation through the
magnetosheath. As discussed here, the bow shock configuration and the upstream solar wind
conditions play a major role in controlling how plasma and magnetic field change. While
ICME:s tend to produce quasi-perpendicular bow shock that largely preserves their magnetic
field characteristics, it is currently an open issue how the bow shock responds to fluctuat-
ing drivers (sheaths, CIRs, and HSSs). Another significant open question is how solar wind
conditions control the magnetosheath conditions and conditions in the low-latitude bound-
ary layer through which the majority of the energy transfer occurs and where field-aligned
currents arise to the ionosphere. In the future we need more physics-based understanding
of details of these coupling processes as a function of upstream solar wind driving condi-
tions and understanding how local and kinetic scale processes and structures regulate global
magnetosheath conditions and reconnection details at the magnetopause.
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Interactions between the structures introduces a further challenge, and the details of re-
sulting complex structures are largely beyond the current modeling capabilities. As dis-
cussed here, there are several processes how interaction between the structures can lead
to enhancements of geoeffective properties and solar wind—magnetosphere coupling effi-
ciency and aggravation of the resulting magnetic storm.

Many of the issues discussed above and in particular those involved in interacting struc-
tures pertain to “grand challenges in space physics” discussed e.g., by von Steiger (2013),
including complexity of space weather, magnetic reconnection, boundaries and collisionless
shocks. In particular, this paper emphasizes that although significant progress has been made
in many of the above discussed problems, individually, one of the greatest challenges is to
unify different aspects into an overall picture.
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