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Abstract

The Helios 1 (H1) and Helios 2 (H2) spacecraft measured the solar winds at a distance between ~0.3 and 1.0 au
from the Sun. With increasing heliocentric distance (r,), the plasma speed is found to increase at ~34-40 km s~
au ! and the density exhibits a sharper fall (r,~2) compared to the magnetic field magnitude (r, %) and the
temperature (r,"%%). Using all available solar wind plasma and magnetic field measurements, we identified 68 and
39 fast interplanetary shocks encountered by H1 and H2, respectively. The overwhelming majority (85%) of the
shocks are found to be driven by interplanetary coronal mass ejections (ICMEs). While the two spacecraft
encountered more than 73 solar wind high-speed streams (HSSs), only ~22% had shocks at the boundaries of
corotating interaction regions (CIRs) formed by the HSSs. All of the ICME shocks were found to be fast forward
(FF) shocks; only four of the CIR shocks were fast reverse shocks. Among all ICME FF shocks (CIR FF shocks),
60% (75%) are quasi-perpendicular with shock normal angles (fg,) > 45° relative to the upstream ambient
magnetic field, and 40% (25%) are quasi-parallel (fg, < 45°). No radial dependences were found in FF shock
normal angle and speed. The FF shock Mach number (M), magnetic field, and plasma compression ratios are
found to increase with increasing r, at the rates of 0.72, 0.89, and 0.98 au™", respectively. On average, ICME FF
shocks are found to be considerably faster (~20%) and stronger (with ~28% higher M,,) than CIR FF shocks.

Unified Astronomy Thesaurus concepts: Interplanetary shocks (829); Solar coronal mass ejections (310);
Corotating streams (314); Interplanetary discontinuities (820); Interplanetary medium (825)

1. Introduction

Fast mode (magnetosonic) shocks in the interplanetary
medium result from the interaction between transient solar
phenomena, such as coronal mass ejections (CMEs) and solar
wind high-speed streams (HSSs), and the quiet upstream solar
winds (Gold 1955; Sagdeev 1966; Hudson 1970; Tsurutani
et al. 2011). The specific properties of interplanetary shocks,
such as the magnetosonic Mach number and the shock normal
angle, are important features in space plasma physics because
they are associated with the heating and compression of the
upstream plasma and magnetic fields, thus altering the local
solar wind (Kennel et al. 1985; Papadopoulos 1985). CME
shocks accelerate solar energetic particles (SEPs) from their
formation close to the Sun (Tsurutani et al. 2003) to 1 au and
beyond (Tsurutani et al. 1982; Tsurutani & Lin 1985;
Reames 1999; Kallenrode 2003; Zank et al. 2006;
Reames 2013). The efficiency of the SEP acceleration depends
on the shock Mach number and the shock normal angles
(Pesses et al. 1979; Tsurutani et al. 1982; Tsurutani &
Lin 1985; Reames 1999; Desai & Giacalone 2016; Anastasia-
dis et al. 2019, and references therein).

The shock Mach number depends on the speed of the
interplanetary CME (ICME) relative to the upstream
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interplanetary medium, the upstream slow solar wind speed,
and the upstream magnetosonic wave speed (Tsurutani et al.
2011, 2021). All three parameters vary as a function of radial
distance from the Sun. In particular, ICMEs are known to be
accelerated close to the Sun and then possibly decelerated
further from the Sun as the shocks pile up more mass in the
sheath ahead of the ICME (mass loading of the ICME: Chen &
Krall 2003; Zhang et al. 2004; Temmer et al. 2010; Zhuang
et al. 2022). These velocity variations will affect the shock
Mach number, and thus the Mach number may vary as a
function of radial distance.

The shock normal angle depends on the upstream inter-
planetary magnetic field (IMF) direction. The Parker magnetic
field direction (Parker 1958) is radial near the Sun and is more
likely ~45° near 1.0 au. Thus, one might expect a
preponderance of quasi-parallel shocks near the Sun and more
quasi-perpendicular shocks near 1.0 au. However, the IMF has
large angular variability (Thomas & Smith 1981; Tsurutani
et al. 1990). It is sometimes in an “ortho-spiral direction,”
perpendicular to the nominal Parker direction. There are also
many discontinuities in space that can affect the local shock
normal angles (Tsurutani & Smith 1979; Lepping & Behan-
non 1986; Tsurutani & Ho 1999; Tsurutani et al. 2011). Shocks
may also have “waves” on their surface and may disappear and
reform (Dryer 1975; Gloeckler et al. 1994, 2001; Pitiia et al.
2021, and references therein).

HSSs emanating from solar coronal holes can interact with
the upstream ambient slow solar wind forming corotating
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Figure 1. Overview of solar wind measurements by Helios 1 (H1, black) and Helios 2 (H2, red). From top to bottom, the panels show (a) solar wind proton speed (V,),
(b) density (Vp), (c) temperature (T,), (d) IMF magnitude (By), (e) heliographic latitude, (f) heliocentric distance (rp), (g) number of interplanetary fast forward shocks,
and (h) Fyq7 solar flux. The resolution of Helios data shown (panels (a)—(f)) is 1 hr, that of shock identification (panel (g)) is 1 yr, and that of the F 7 solar flux (panel

(h)) is 1 day.

interaction regions (CIRs: Pizzo 1985; Balogh et al. 1999). At
distances beyond ~2.5 au from the Sun, CIRs typically are
bounded by a forward shock at its antisolar edge and by a
reverse shock at its solar edge (Smith & Wolfe 1976). Although
CIR shocks are known to accelerate SEPs at large distances
from the Sun (McDonald et al. 1975; Van Hollebeke et al.
1975; Barnes & Simpson 1976; Pesses et al. 1978, 1979;
Tsurutani et al. 1985), CIRs are known to typically not have
forward and reverse magnetosonic shocks at their boundaries at
~1.0 au from the Sun (Smith & Wolfe 1976; Tsurutani et al.
1995a, 1995b; Hajra 2021).

It is the purpose of this paper to study the IMF and plasma
data from ~0.3 to ~1.0 au using the Helios 1 (H1) and Helios 2
(H2) observations to identify fast forward (FF) and fast reverse
(FR) shocks using the Abraham-Shrauner (1972) technique and
the Rankine—Hugoniot (Rankine 1870; Hugoniot 1887, 1889)
conservation laws for shock identification.

2. Data Analysis and Results
2.1. Interplanetary Parameters

The H1 and H2 spacecraft provided in situ solar wind plasma
and IMF measurements for the periods from 1974 December
30 through 1985 September 4, and from 1976 January 17
through 1980 March 8, respectively. Note that data from both
spacecraft are not available over identical periods of time. This
will be apparent in the results section. Figure 1 shows an
overview of the measurements, namely, the solar wind proton
speed (V,), density (V,,), temperature (1},), and IMF magnitude
(By), followed by the heliographic latitude and heliocentric
radial distance (ry,) of the spacecraft. The spacecraft location is

given in the heliographic inertial (HGI) coordinate system. The
HGI coordinates are Sun-centered and inertially fixed with
respect to an x-axis directed along the intersection line of the
ecliptic and solar equatorial planes. The latter defines zero
degree longitude. The z-axis is directed perpendicular to and
northward of the solar equator, and the y-axis completes the
right-hand system. The latitude span of the two spacecraft is
~ =+ 7° (Figure 1(e)). The spacecraft r,, ranges from 0.31 to
0.98 au for H1 and from 0.29 to 0.98 au for H2 (Figure 1(f)).
These 1 hr resolution data are collected from NASA’s Space
Physics Data Facility.®

High-time-resolution IMF and plasma data were also used in
our analyses. For identification and analysis of shocks and their
interplanetary drivers, 40 s average data were used.

Based on the H1 and H2 observations, distributions of the
solar wind parameters are plotted at each 0.1 au (Figure 2). The
median values of the parameters at different r, values are
superposed as black curves. While V,, varies slowly with ry,
larger variations are prominent for Ny, T, and By. This is
explored further in Figure 3 showing the variations of the mean
values of the parameters along with their statistical trends with
varying r,. The statistical curve fitting analysis results are
summarized in Table 1.

From Figures 2(a)-(b) and 3(a) and Table 1, V,, exhibits a
slow increase as a function of r, at a rate of ~34—40 km st
au~'. However, a large scatter in data is reflected in an
insignificant correlation (correlation coefficient r=0.34 and
0.49 for HI and H2, respectively) between V,, and ry, (Table 1).
Ny, Ty, and IMF B have strong dependences on r,. With

8 https://spdf.gsfc.nasa.gov/
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Figure 2. Distributions of the solar wind parameters as observed by H1 (left panels) and H2 (right panels). From top to bottom, the panels show distributions of (a)-(b)
Vps (©)—(d) N, (e)—(f) T}, and (g)—(h) IMF B as functions of r,. Colors from blue to red indicate normalized observations in relative units designed for each graph (the
color bar is at the top). Median values of the parameters at each ry, value are shown by bold black curves in the panels.
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Figure 3. Variations of average solar wind parameters (a) V), (b) N, (¢c) Ty, and (d) By with r,. The black and red data points correspond to the H1 and H2

observations, respectively. The curve fittings are shown by solid lines. See Table 1 for details.
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Table 1
Relationships of the Mean Solar Wind Parameters with r,
Correlation Coef- Confidence
Relationship ficient (r) Level (¢)
(Vodun = (405 £ 14) + (34 £ 2D)p, +0.34 >70%
(Vohua = (401 £ 11) + (40 £ 17)r, +0.49 >~90%
(Ny)u1 = (7.63 £ 0.50)r, 208+007 —~1.00 >99%
P
(No)io = (8.16 £+ 0.58)r, 93+097 -0.99 >99%
(Tyymr = (1.01 + 0.05)r, 078006 —0.96 >99%
12 = (1.00 % 0.06)r;, ©-73007 —-0.95 >99%
(Tp)n
(Bo)m = (6.05 % 0.24)r, 158+0-04 —1.00 >99%
(Bo)rz = (6.70 & 0.41)r, 146006 —0.99 >99%

Note. Units of the solar wind parameters are km s~ ! (V, o) cm > (N, o) 10° K
(Tp), and nT (By); ry is given in au.

1ncreasmg Iy, the power law decrease in N, (r,~ 2) is sharper
than in By (r,='?) and in T, (ry %%). The (anti)correlation
coefficients (r) are >O0. 95—h1ghly significant at >99%
confidence level (Table 1). These results are in general
agreement with existing studies of the solar wind radial
variations (e.g., Mariani et al. 1978; Bougeret et al. 1984;
Hellinger et al. 2011; Marsch 2012; Hellinger et al. 2013;
Venzmer & Bothmer 2018, and references therein).

2.2. Interplanetary Shocks

Potential interplanetary shocks are identified first manually
by observations of the temporal variations of the solar wind
plasma and IMF. The abrupt increases in V,, with simultaneous
increases or decreases in N, T, and B, are identified as
possible FF or FR shocks, respectively. The plasma and
magnetic field mixed-mode technique (Abraham-Shrau-
ner 1972; Abraham-Shrauner & Yun 1976) is applied to
determine the shock normal vector, its propagation angle (0p,)
with respect to the upstream IMF vector, the speed of
propagation (V,), and the magnetosonic Mach number (M)
of the potential shocks. Only those with values M,,; > 1 were
confirmed as shocks. During ~1975-1981, H1 and H2
encountered 68 and 39 shocks, respectively (Figure 1(g)).
Among these 107 shocks, only 4 are FR shocks and the rest are
FF shocks. Appendix Table Al lists all the shocks, their
drivers, and their characteristic parameters. The interval of
study spans from the minimum to the maximum of the solar
cycle 21, as can be seen from the variation of the Fq; solar
flux (Figure 1(h)). The daily Fo, solar fluxes are obtained
from the Laboratory for Atmospheric and S}gace Physics
(LASP) Interactive Solar Irradiance Data Center.

2.3. Case Studies of Interplanetary Shocks

Figure 4 shows an interplanetary shock and its driver,
detected by the two spacecraft at two different distances from
the Sun. The IMF data are in the spacecraft-centered radial
tangential normal (RTN) coordinate system, where R is the
unit vector directedA from the Sun to the spacecraft, and
T=Q xR/|Q x R|, where € is the Sun’s spin axis. The
right-hand system is completed by N.

The FF shock was encountered by HI and H2 at ~11:33 UT
and ~19:47 UT (on day 75 of 1977), respectively. The
spacecraft were at r,, of 0.61 au and 6.6°S heliographic latitude

? https://lasp.colorado.edu//lisird /
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(H1), and at r, of 0.72 au and 7.2°S heliographic latitude (H2).
At the H1 (H2) location, the shock is characterized by sharp
increases in V from ~309 to ~366km s~ (from ~321 to
~388 km s~ ) in N, from ~41 to ~88 cm™ 3 (from ~14 to
~36 cm™), in T, from ~1.03 x 10° to ~2.20 x 10° K (from
~036 x 10° to ~0.75 x 10° K), and in IMF B, from ~14 to
~18 nT (from ~7 to ~14 nT). From the H1 (H2)
measurements, the shock is found to propagate at a speed Vg,
of ~404 km s~ (~398 km sfl) at a normal angle g, of ~21°
(~29°) relative to the ambient IMF. Thus, the shock is quasi-
parallel (fg, < 45°). From the H1 measurements, the computed
shock M, is ~1.6, and compressions in plasma N, and IMF By,
between the solar winds downstream to upstream of the shock
are ~2.2 and ~1.3, respectively. At H2, M, is ~1.8, and the
N, and B, compressions are ~2.4 and ~1.9, respectively. It is
noted that although the same shock was detected at a distance
of only 0.11 au apart, the shock normal angles and compression
ratios were different. This is primarily due to the differences in
the upstream parameters. For instance, at H1, the upstream IMF
cone angle (with respect to the Sun—spacecraft line) varied
between ~26° and ~41°, with an average cone angle of ~35°.
At H2, the upstream IMF cone angle varied between ~36° and
~86°, with an average value of ~61°.

Downstream of the shock is a region with compressed
plasma and largely fluctuating IMF, known as the interplane-
tary sheath. The sheath signatures are noted from ~11:33 UT to
~16:48 UT on day 75 in the Hl measurements, and from
~19:47 UT on day 75 to ~03:20 UT on day 76 in the H2
measurements. The sheath at H1 (H2) is characterized by high
values of N,~96cm > (~87cm ), T, ~ 1.78 x 10° K
(~1.33 x 10° K), and By~ 28 nT (~21 nT)

The region after the interplanetary sheath (shaded regions,
from ~16:48 UT on day 75 to ~07:38 UT on day 77 for HI,
and from ~03:20 UT on day 76 to ~12:47 UT on day 77 for
H2) is characterized by a slow decrease in V), a low N, a low
T}, and smooth rotations in the IMF components. These are the
typical signatures of a magnetic cloud, which is one part of an
ICME (Burlaga et al. 1981; Tsurutani et al. 1988; Burlaga et al.

1998; Tsurutani et al. 1998).

From the above information and detailed high-time-resolu-
tion shock analyses, the discontinuity was classified as an
ICME-driven FF shock.

The interplanetary event shown in Figure 5 represents an
1nteract10n between a slow stream with plasma V,, of ~430 km

" on day 82 and an HSS with peak V, of ~77O km s~' on
day 84 of 1978. This was identified by H2 at r, ~0.71 au and
heliographic latitude of ~7.2°S. The interaction region, which
can be noted between ~04:16 UT and ~13:47 UT on day 83
(shaded region), is characterized by an enhanced N, of ~97
cm > and an enhanced B, of ~35 nT. This is identified as a
CIR. The CIR trailing edge is characterized by a sharp increase
in Vj, from ~620 to ~669 km s~ ! and a simultaneous decrease
in N from ~19 to ~10 cm 3, a decrease in T, from
~4. 90 x 10° to ~3.30 x 10° K, and a decrease in By from ~21
to ~15 nT. The shock M, is estimated to be ~1.8, speed Vy, is
~124 km s™', and propagation angle fg, is ~56° (a quasi-
perpendicular shock with 6, > 45°). This is a CIR-driven FR
shock. Another discontinuity is identified inside the CIR at
~09:36 UT on day 83 (vertical black solid line). This is
characterized by a slow mcrease in V, (440-520 km s~ ", a
sharp fall in N, (91-22 cm~ %), and a simultaneous sharp
increase in T, (1 40 x 10°-7.19 x 10° K). This discontinuity
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Figure 4. An interplanetary shock driven by an ICME, detected by both H1 (left) and H2 (right) during days 75-77 of 1977. From top to bottom, the panels show (a)—
(b) Vy, (©—(d) N, (e)-(B) Ty, (g)—(h) IMF By, and (i)-(j) IMF components Bg, Br, and By. The dashed vertical lines indicate the shock encounter times at the two

spacecraft. The shaded regions show a magnetic cloud.

separating a cold, dense plasma from a hot, low-density plasma
is called a stream interface (SI). The SI is a tangential
discontinuity that separates the compressed slow solar wind
plasma and magnetic fields from the compressed fast solar
wind plasma and magnetic fields. It should be noted that at the
CIR leading edge, there is no FF shock. Previous studies done
at 1 au have noted that CIRs sometimes have FR shocks with
no FF shocks (e.g., Belcher & Davis 1971; Tsurutani et al.
1995a; Jian et al. 2006; Hajra & Sunny 2022, and references
therein).

2.4. Statistical Properties of Interplanetary Shocks

The yearly number of FF shocks was previously shown in
Figure 1(g). The FF shocks exhibited a clear correlation with
the Fyo7 solar flux (Figure 1(h)). The correlation coefficient
between the yearly shock number and the yearly mean Fg -
solar flux is r = 0.65 (significant at >80% confidence level). In
Figure 6, distributions of the FF shocks as a function of
heliographic latitude and r, are studied. The FR shocks are
excluded from these statistics as they are significantly different
in properties compared to the FF shocks. Due to the low
number (four) of FR shocks, no separate statistics for them
were derived.

The total number of shocks identified by the two spacecraft
exhibits an exponential increase with the increasing radial
distance from the Sun (Figure 6(c)). However, this observation
can be due to either varying spacecraft observation times or
varying Fjo7 solar flux, or both. Thus, the FF shock
occurrences are normalized with respect to the observation

period and the Fp, solar flux. The results of these two
normalization factors are shown in Figure 6(d). The FF shocks
normalized by the observation period at each 0.1 au r, sector
(blue histograms, Figure 6(d)) do not exhibit any obvious
relationship with r,. However, the shock normalized by both
factors (empty histograms, Figure 6(d)) exhibits a correlation
coefficient r =0.76 with r, significant at a >95% confidence
level. One speculation is that the number of shocks increases
primarily with the increasing F¢; solar flux (Figure 1(g)) and
secondarily with the increasing r, (Figure 6(d)).

All shocks identified in this work are classified as ICME-
driven or CIR-driven shocks (examples were shown in
Figures 4 and 5). The four FR shocks are associated with
CIRs. Among the 103 FF shocks identified in this work, 91
(88%) are found to be driven by ICMEs, and 12 (12%)
by CIRs.

The two spacecraft encountered more than 73 HSSs during
the period of this study. CIRs or proto-CIRs were identified in
each case. However, only 16 (~22%) of the CIRs/proto-CIRs
formed interplanetary shocks between 0.29 and 0.98 au.

The distributions of the ICME- and CIR-driven FF shocks
are shown in Figure 7. While the ICME shocks are observed
throughout the inner heliosphere, only a few CIR shocks are
found to develop after 0.35 au from the Sun.

It is surprising to note from Figure 7 that most of the CIR
shocks are formed at r, of 0.35 to 0.55 au. This is in contrast to
the present understanding (as mentioned before) that the CIR
shocks rarely form at r, <1.0au (Smith & Wolfe 1976;
Tsurutani et al. 1995a, 1995b; Hajra 2021). We have looked to
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Figure 5. A CIR (shading) identified on day 83 of 1978. An HSS is to the right
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same format as in Figure 4. The dashed vertical line indicates a fast reverse
shock. The solid vertical line indicates a stream interface.

see if there were unusual features of either the HSS or the
upstream slow-speed stream that led to shock formation.
However, no obvious distinguishing features were noted
between CIRs with and without shocks.

For each of the shocks identified, we estimated the shock
parameters, such as the shock normal angles g, with respect
to the upstream IMF, the shock propagation speeds Vy,, and the
shock magnetosonic Mach numbers M. The shock jump
conditions are also given, namely the shock compressions in
IMF By and N, (or the By and the N, jump ratios) between the
solar wind downstream and upstream values. The radial
variations of the statistical means (and standard deviations) of
the FF shock parameters are shown in Figure 8. For
comparison, the FR shock parameters are shown by blue
crosses in the same figure. While the FR shock speeds are
significantly lower than the mean speeds of the FF shocks at
any radial distance (Figure 8(b)), no significant differences
could be inferred in other shock parameters. The relationships
of the FF shock parameters with r, are studied by linear
regression analysis and with the computation of the correlation
coefficient () and corresponding confidence level (c), which
are listed in Table 2. From the figure, it can be concluded that
the FF shock strength (as depicted by the shock M, and by the
By and N, jump ratios) exhibits a clear increasing trend with
increasing radial distance from the Sun. The increase rate of
M, is ~0.7 au™"', that of By jump is ~0.89 au', and that of N,
jump is ~0.98 au~'. The relationships are statistically
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confirmed by high correlation coefficients r > 0.63, significant
at high confidence levels ¢ > 90%. There are no ry
dependences of the shock normal angle (fg,) and speed
(Visn).

Figure 9 shows the distributions of the FF shock parameters
observed throughout the inner heliosphere. Large ranges of the
parameter values are clear from the figure. The statistical
features of the parameters are summarized in Table 3.

M,,,s ranged from 1.03 to 6.42, with an average M, of ~1.91
for all FF shocks. Vy, varied from 181 to 902 km s~ ', with an
average Vi, of ~515 km s™'. 0, ranged from ~6° to ~90°,
with two peaks around 40° and 80°. The IMF B, and plasma N,,
compressions ranged from 1.21 to 5.41 and 1.23 to 4.46, with
average By and N, compressions of ~2.00 and ~2.06,
respectively.

According to the magnetohydrodynamic (MHD) theory of
Kennel et al. (1985), for noncritical quasi-perpendicular
shocks, the approximate jump ratios of IMF By and N, should
be close to the Mach number up to a value of ~4.0. Here we
note that the mean M, (~1.91) is slightly less than 2.0 and the
IMF compression (~2.00) and plasma compression (~2.06) are
about the same, which is in general agreement with the MHD
theory.

Among all ICME FF shocks (CIR FF shocks), 60% (75%)
are quasi-perpendicular, and 40% (25%) are quasi-parallel (not
shown). Among the four FR shocks identified in this work,
three are quasi-perpendicular, and one is quasi-parallel. It is
interesting to note from Table 2 that the ICME- and CIR-driven
FF shocks do not exhibit any (statistically) significant
differences in the shock parameters, except that the ICME
shocks are significantly faster (~20%) with higher M,
(~28%) than the CIR shocks, on average.

2.5. Shocks Identified by Both Spacecraft

Among the shocks studied in this work, 17 were identified
by both spacecraft separated by some distance. Figure 10
shows a comparison of the FF shock parameters as identified
by the two spacecraft. From this analysis, no correlation can be
inferred between the shock parameters at the two locations.

3. Summary and Discussion

From the H1 and H2 solar wind measurements between
~0.3 and 1.0 au heliocentric distance, a total of 107 fast
interplanetary shocks (with M,,; > 1) are identified. Among
them, only 4 are FR shocks, and 103 are FF shocks. The
following results are obtained from the detailed analysis of the
shocks:

1. The normalized number of shocks increases with
increasing solar Fjg; flux, and with increasing helio-
centric distance ry,.

2. The FF shock normal angle g, ranged from ~6° to
~90°, with an average 0g,, of ~56° for all FF shocks. 0g,
is found to be independent of r,, which is surprising.

3. Among all ICME FF shocks (CIR FF shocks), 60%
(75%) are quasi-perpendicular (0g, > 45°), and 40%
(25%) are quasi-parallel (0g, < 45°).

4. When the shock was detected at both Hl1 and H2
spacecraft there was no strong correlation of either the
shock normal angles, Mach numbers, or shock speeds.
Part of this was due to the difference in upstream
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Figure 7. Shock drivers. Percentages of the FF shocks driven by ICMEs (gray,
scale on the left) and CIRs (hatching, scale on the right) as a function of ry,.

magnetic field directions, upstream plasma densities, and
magnetic field strengths.

5. The FF shock Mach number M,,, ranged from 1.03 to
6.42. The mean value is ~1.91. M, increases with r;, at a
rate of ~0.7 au~'. The radial relationship of M, is
confirmed by the linear correlation coefficient r = 0.63,
significant at a confidence level >90%.

6. The FF shock speed V;, ranged from a minimum value of
181 km s~ ' to a maximum value of 902 km s~ '. It is
found to be independent of r,.

7. Among all FF shocks, 88% were found to be driven by
ICMEs. Only 12% of the FF shocks were driven by CIRs
(those detected within 0.35 and 0.55 au).

8. The mean FF shock M,,s (~1.91) and plasma compres-
sion ratio (~2.06) have values that are essentially the
same, which is in agreement with the MHD theory
(Kennel et al. 1985).

9. With the increasing ry,, the average solar wind plasma
speed is found to increase slowly at ~34-40 km s~
au” ', while the average density exhibits a sharper fall
(rn~%) compared to the magnetic field magnitude (r,” ')
and the temperature (r, %%).

The most surprising result of this study is that the statistical
shock normal angle is not quasi-parallel at H1 and H2 orbits
closest to the Sun (~0.3 au). The shock normal angle is a more
or less constant ~56° from ~0.3 to 0.98 au (Figure 8). This
indicates that the ICME shock properties are highly influenced
by upstream discontinuities or upstream Alfvén waves, or that
the shocks themselves have wavy structures. Of course, all
three possibilities may be occurring as well.

Figure 8 gives the FF shock parameters as a function of ry,
from ~0.3 to 1.0 au. The shock occurrence, M, and plasma
and magnetic compressions show increasing trends with
increasing r, and are highly correlated to r, (correlation
coefficient r between 0.63 and 0.83). These results can be
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Table 2
Relationships of the Mean FF Shock Parameters with ry,

Correlation

Coefficient Confidence
Relationship r Level (c)
(M) = (1.41 £0.21) + (0.72 £ 0.34)r, 0.63 >90%
(Vin) = (457 £ 55) + (70 £ 86)ry, 0.29 >0%
() = (40 £ 23) + (26 £ 40)r, 0.24 >0%
(Bo ratio) = (1.32 £ 0.18) + (0.89 + 0.35)r, 0.70 >95%
(N, ratio) = (1.28 & 0.12) + (0.98 £ 0.25)r, 0.83 >99%

Note. Vy, is given in km s7!, g, in degrees, and r, in au.

compared with the radial variations of shock parameters in the
outer heliosphere, beyond ~1.0 au from the Sun. The shock
occurrence is found to peak at ~5.0 au (e.g., Hoang et al. 1995;
Gonzdlez-Esparza et al. 1998; Richardson & Wang 2005;
Neugebauer 2013; Echer 2019), beyond which it decreases
linearly (Hajra 2021). In addition, Hajra (2021) reported that
the radial variation of the shock M, between ~1.0 and
~15.0 au is slower and less correlated to ry,.

The results could be useful for modelers (Zank et al. 2006;
Verkhoglyadova et al. 2010) who wish to investigate the SEP
acceleration for a shock propagating from the Sun to ~1.0 au
and beyond. Both the solar wind and shock properties change
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Figure 9. Histograms of the FF shock parameters (a) M, (b) Vg, (¢) Og,, (d)
IMF By jump ratio, and (e) N,, jump ratio for all FF shocks. The arrow pointing
downward in each panel indicates the median values.

as a function of radial distances and, by encoding the changes
in incremental ry, steps, a more accurate representation will be
obtained.

4. Final Comments

Although this paper discusses the general features of solar
wind plasma and magnetic fields between ~0.3 and ~1.0 au,
we have not examined the ion distribution functions as Marsch
et al. (1982a, 1982b) did in some detail. The latter authors have
noted that the ion distribution functions at all H1 and H2 radial
distances have T, /T| > 1. With an expanding solar wind with
decreasing magnetic field strengths and increasing distance
from the Sun, the conservation of the first adiabatic invariant
should lead to ion beaming (T/T, > 1). But how can the ions
attain T, /T, > 1 anisotropies? One possibility is that the
ponderomotive force associated with interplanetary Alfvén
waves (Tsurutani et al. 2002; Dasgupta et al. 2003; Lundin &
Guglielmi 2006; Smolyakov et al. 2007) could lead to heating
in T . Other plasma processes, based on nonlinear dynamics of
large-amplitude shear Alfvén waves, could also lead to
perpendicular ion heating (Khazanov et al. 1996; Sakai et al.
2005; Khazanov & Singh 2007). It would be interesting to
know how microscopic processes leading to T, /T, >1 ion
anisotropy affects the properties of interplanetary shocks.

The microphysics discussed above will affect the macro-
properties of the solar wind plasma studied in this paper. For
example, all of the above little-understood physical properties
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Table 3
Statistical Mean + Standard Deviation (Median) of the FF Shock Parameters

Hajra et al.

Shock Parameters

All FF Shocks (103)*

ICME FF Shocks (91)*

CIR FF Shocks (12)*

1.96 + 0.82 (1.72)
525 + 130 (513)
55423 (51)
2.02 £ 0.68 (1.85)
2.07 £ 0.58 (1.92)

1.53 £0.53 (1.39)
439 + 57 (450)
62 420 (57)
1.88 £0.66 (1.74)
1.96 £ 0.59 (1.88)

M 1.91 £ 0.80 (1.70)
Ve (km s 1) 515 + 127 (481)
Opn (deg) 56 + 22 (54)
By jump ratio 2.00 + 0.68 (1.85)
N, jump ratio 2.06 + 0.58 (1.92)
Note.

# Number of FF shocks.
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Figure 10. Comparison of the FF shock parameters identified by the two spacecraft. Variations of (a) My, (b) Vi, (¢) Oy, (d) By jump ratio, and (e) N, jump ratio at

H2 with those at H1 location.

may be related to solar wind plasma heating, which, in turn,
will affect the solar wind velocity. Thus, the small velocity
increase with increasing radial distance found in this study may
be due to microphysical properties. In this sense, our current
results are in support of the important findings of Marsch et al.
(1982a, 1982b). Tsurutani et al. (2023) have suggested that the
reconnection of interplanetary magnetic switchbacks associated
with nonlinear spherical interplanetary Alfvén waves could be

another source of local solar wind heating. It will be interesting
to find out whether Solar Orbiter and Parker Solar Probe
scientists find similar or different sources of solar wind heating
at distances closer to the Sun.
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Table A1
Shocks Encountered by Helios 1 and 2

Helios 1 Observation Helios 2 Observation

Type Driver
Year DOY h GBn Vsh Mms Year DOY h aBn Vsh Mms
1975 6.86 0.92 59 596 2.7 FF ICME
1975 8.02 0.92 56 703 2.9 FF ICME
1975 91.55 0.47 87 372 1.8 FF CIR
1975 325.59 0.89 79 437 1.8 FF ICME
1975 342.17 0.96 69 447 L5 FF ICME
FF ICME 1976 90.19 0.48 64 286 1.3
FF ICME 1976 92.56 0.44 58 616 3.0
1976 272.96 0.34 82 235 1.6 FF ICME
1976 336.70 0.87 81 322 1.6 FF CIR
FR CIR 1977 11.85 0.98 70 231 24
1977 25.62 0.96 53 320 1.1 FF ICME
1977 75.48 0.61 21 404 1.6 FF ICME 1977 75.82 0.72 29 398 1.8
FF ICME 1977 83.18 0.64 29 477 1.7
1977 263.79 0.63 58 523 2.7 FF ICME
1977 263.86 0.63 23 561 2.5 FF ICME
FF CIR 1977 311.79 0.40 28 408 1.5
1977 335.22 0.74 61 407 2.0 FF ICME 1977 335.06 0.70 62 397 22
1977 356.85 0.90 78 403 1.7 FF ICME
1978 1.72 0.94 86 424 1.1 FF ICME
1978 3.36 0.95 81 885 4.0 FF ICME 1978 3.62 0.94 27 391 2.8
FF ICME 1978 9.84 0.96 39 521 2.1
FF ICME 1978 37.29 0.98 27 448 2.1
FF ICME 1978 56.20 0.91 85 670 1.1
1978 60.51 0.88 87 546 33 FF ICME 1978 60.18 0.89 50 664 2.4
1978 67.36 0.83 74 390 3.0 FF ICME
FR CIR 1978 83.57 0.71 56 124 1.8
FF CIR 1978 99.30 0.52 84 524 2.0
FF ICME 1978 108.56 0.39 41 678 1.6
FF ICME 1978 119.11 0.29 89 291 1.8
1978 119.16 0.31 36 767 5.1 FF ICME 1978 119.12 0.29 45 123 1.6
1978 127.84 0.36 32 799 29 FF ICME 1978 127.93 0.34 89 619 1.7
1978 129.40 0.38 30 614 1.7 FF ICME
FF ICME 1978 132.22 0.39 38 609 1.8
FF ICME 1978 134.63 0.43 43 432 L5
1978 268.10 0.75 77 557 2.3 FF CIR
1978 286.57 0.54 70 397 1.6 FF CIR
1978 291.67 0.47 74 479 1.6 FF ICME
1978 339.74 0.63 45 441 35 FF ICME
FF CIR 1978 347.53 0.75 79 474 22
1978 356.38 0.79 84 505 1.4 FF ICME
1978 356.85 0.80 44 604 2.3 FF ICME 1978 358.34 0.84 69 476 1.1
1978 359.73 0.82 85 648 1.7 FF ICME
1978 362.96 0.84 24 891 3.8 FF ICME 1978 363.25 0.88 31 781 2.3
FF ICME 1979 2.54 0.90 21 599 1.7
FF ICME 1979 9.13 0.93 77 191 1.4
1979 13.33 0.93 33 382 2.1 FF ICME
1979 23.92 0.97 46 185 1.6 FR CIR
1979 58.11 0.96 53 531 4.0 FF ICME 1979 58.86 0.93 80 452 2.6
1979 62.08 0.94 70 965 6.9 FF ICME 1979 62.40 0.92 81 368 1.7
1979 70.15 0.91 64 451 3.1 FF ICME
FF ICME 1979 79.19 0.81 84 506 2.6
FF ICME 1979 80.72 0.80 14 538 1.1
FF ICME 1979 86.37 0.75 89 784 4.6
FF ICME 1979 92.84 0.68 42 480 2.8
1979 93.82 0.74 43 477 2.4 FF ICME 1979 94.57 0.66 66 663 2.6
1979 112.56 0.53 82 524 1.5 FF CIR
1979 347.37 0.54 31 397 2.0 FF ICME 1979 347.52 0.69 27 467 2.1
1979 357.54 0.66 65 537 2.5 FF ICME
FF ICME 1979 364.66 0.84 67 434 2.1
1980 3.52 0.77 41 689 33 FF ICME
1980 10.96 0.83 16 400 1.8 FF ICME 1980 10.87 091 85 602 2.7
1980 26.93 0.92 63 94 34 FR CIR 1980 24.88 0.96 35 387 1.2
1980 38.02 0.96 29 388 1.9 FF ICME 1980 37.86 0.98 44 712 1.8

10
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Table A1
(Continued)

Helios 1 Observation Type Driver Helios 2 Observation

Year DOY 'y an Vsh AlmS Year DOY h an Vsh Mms

1980 43.93 0.98 56 432 2.8 FF CIR 1980 44.85 0.98 53 438 1.2

1980 60.62 0.98 79 532 2.0 FF ICME

1980 65.07 0.98 40 525 2.5 FF ICME 1980 65.61 0.93 79 485 1.7

1980 82.59 0.92 87 362 L5 FF ICME

1980 89.49 0.89 81 668 4.7 FF ICME

1980 125.77 0.56 46 461 1.3 FF CIR

1980 171.81 0.53 56 493 4.0 FF ICME

1980 189.48 0.73 36 578 23 FF ICME

1980 214.42 091 82 474 22 FF ICME

1980 215.20 091 46 416 L5 FF ICME

1980 319.44 0.51 78 558 2.5 FF ICME

1980 330.38 0.38 32 666 L5 FF ICME

1980 365.78 0.58 79 466 2.0 FF ICME

1981 23.35 0.81 44 366 L5 FF ICME

1981 27.01 0.84 67 645 2.5 FF ICME

1981 27.74 0.84 67 605 1.2 FF ICME

1981 103.38 0.89 80 429 1.8 FF ICME

1981 103.42 0.89 85 668 3.8 FF ICME

1981 106.32 0.87 85 455 2.1 FF ICME

1981 106.83 0.87 45 606 2.4 FF ICME

1981 115.46 0.81 69 597 1.9 FF ICME

1981 117.13 0.80 50 547 2.7 FF ICME

1981 122.45 0.75 19 437 22 FF ICME

1981 126.72 0.71 42 701 2.4 FF ICME

1981 130.13 0.67 40 632 3.4 FF ICME

1981 145.85 0.48 61 593 3.8 FF ICME

1981 156.72 0.35 24 468 1.7 FF ICME

Note. The shock encounter times by the spacecraft are given in the unit of day of year (DOY), where DOY = day + (hour/24) + (minute/1440) + (second/86,400).
r, is given in the unit of au, gy, in degree, and V, in km s~!. The FR shocks are marked in bold font.
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Appendix

Table Al lists all of the shocks under this study, their
encounter times by the spacecraft, the types of the shocks, their
interplanetary drives, and their characteristic parameters.
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