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Abstract The heliospheric current sheet (HCS) is an important structure not only for understanding the
physics of interplanetary space but also for space weather prediction. We investigate the differences of the
HCS arrival time between three spacecraft separated in heliolongitude, heliolatitude and radial distance from
the Sun (STEREO A, STEREO B, and ACE) to understand the key factors controlling the HCS propagation. By
assuming that the source of the solar wind does not evolve except for the effects of solar rotation, we first test
the first-order approach method (ignoring latitudinal differences), using STEREO observation during the year
2007, when the Sun was quiet and the two STEREO spacecraft were separated in heliolongitude by less than
44°, The first-order approach method matches well with observations for many events except for those
events when the HCS has a small inclination angle to the ecliptic plane. The latitudinal effect is suggested to
account for such discrepancies. The predictions are not improved much by considering the HCS inclination
angle obtained from the potential field source surface (PFSS) model. However, the predictions match well
with the observations when the HCS inclination angle at 1 AU is obtained from the time differences of HCS
arrival times between the STEREO B and ACE spacecraft. An improved model of calculating the inclination of
the heliospheric current sheet other than PFSS is needed.

1. Introduction

The heliospheric current sheet (HCS) is the boundary between oppositely directed heliospheric magnetic
field lines (Smith, 2001). It is a continuous but wavy surface surrounding the Sun, which divides interplanetary
space into two to four opposite polarity sectors in the ecliptic plane (e.g., Hundhausen, 1977; Levy, 1976;
Owens & Forsyth, 2013; Schulz, 1973; Smith et al., 1978; Svalgaard & Wilcox, 1975; Thomas & Smith, 1981).
Usually, the HCS is determined as the region where the heliospheric magnetic fields change sign and main-
tain the new polarity (Li, 2008).

The HCSs are significant for space weather predications. It is well known that geomagnetic storms are usually
caused by reconnection of southward interplanetary magnetic fields with the magnetospheric field (Gonzalez
et al., 1994; Tsurutani & Gonzalez, 1997). It is also documented that magnetic substorms are sometimes trig-
gered by a northward turning of interplanetary magnetic field (McPherron et al., 1986). The HCS sometimes
also lead to a sudden change of the magnetic field polarity. It is well known that polarity changes of the inter-
planetary magnetic field (IMF) may potentially cause a severe space weather event. HCSs interacting with
CME-driven shocks may also lead to hazardous space weather events (Hu & Jia, 2001; Maynard et al., 2011).

The interaction of the HCS with cosmic rays has been well documented (Malova et al.,, 2016). A long-term cor-
relation between the tilt of HCS and the cosmic ray intensity variations has been reported (Lockwood &
Webber, 2005). Thomas et al. (2015) showed that the galactic cosmic ray intensity is modulated by HCSs over
both decadal and short timescales. A recent study showed that lightning strikes are also modulated by HCSs
(Owens et al., 2015). It is believed that HCSs may also be related with fundamental physics such as magnetic
reconnection (Foullon et al,, 2011; Gosling et al., 2005; Zharkova & Khabarova, 2012).

The stream interface (S) is the boundary between the slow and fast solar wind (Burlaga, 1974; Gosling et al.,,
1978). Sometimes, the HCSs are found within a few hours from the SI, and they may even coincide with each
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other as recent studies showed (Huang, Liu, & Klecker et al., 2016; Huang, Liu, & Qi et al., 2016). The evolution
of stream interfaces was studied by Simunac et al. (2009) who concluded that in addition to radial and long-
itudinal separation between two spacecraft, the latitudinal separation and source evolution are also impor-
tant for determining the propagation time between two spacecraft. We use HCS arrival times as an
additional tool to study the latitudinal effects for the propagation of the solar wind in interplanetary space.

In this paper, we study HCS arrival time differences between different spacecraft to understand the solar wind
propagation. The propagation time between these spacecraft is first predicted by assuming that both space-
craft are in the ecliptic plane and the source of the solar wind is stable. With these assumptions the time lapse
is only determined by the radial and longitudinal separation. Second, the latitudinal differences of the space-
craft are taken into account. We show out that the latitudinal effect is significant when the HCS tilt angle is
small. However, the HCS inclination angle predicted by the potential field source surface (PFSS) model
(Schatten et al.,, 1969) may not reflect the inclination angle at 1 AU well. We tried to avoid magnetic flux that
may distort the global magnetic field configuration. Simunac et al. (2009) concluded that some predicted
propagation times do not match well with the observations because the solar wind source evolves. We draw
a different conclusion in this study after we determine the inclination angle in a different way.

We also investigate a possible effect of the HCS type on the propagation time differences. HCS types are
based on the relative locations of the HCS and true sector boundaries (TSBs). The TSB is defined as the bound-
ary between sunward and antisunward flowing suprathermal electrons (Liu et al., 2014; Owens et al., 2013).
Most of the suprathermal electrons are believed to flow out of the Sun'’s surface along the magnetic field
lines, and therefore, the sector boundary should generally match well with the HCS. The cases where they
mismatch are believed to be caused by rolling back magnetic field lines (Crooker et al., 2003), although
Khabarova (2013) suggested that the mismatch was due to magnetic reconnection near 1 AU. If the nonideal
HCSs can be explained by reconnection, then the predicted propagation time may not match well the obser-
vations since reconnection modifies the magnetic field configuration. We test the reconnection theory and
the rolling back model with the HCS propagation time as well.

The data and instruments are presented in section 2. HCSs observations at each spacecraft are shown in
section 3. The predicted propagation times and their comparison with observations are discussed in
section 4. Conclusions are drawn in section 5.

2. Data and Instruments

The Solar Terrestrial Relations Observatory (STEREO) was launched in October 2006 and consists of two
spacecraft. Both spacecraft orbit around the Sun with STEREO A (STA) leading ahead and STEREO B (STB)
trailing behind the Earth. The longitudinal separation between STA and STB increases approximately at a rate
of 45° per year (Kaiser et al., 2008). The Advanced Composition Explorer (ACE) is orbiting around the
Lagrangian point L1 (Stone et al., 1998).

The data we used in this study are obtained during 2007. There are two reasons to choose the time period
from March to December in 2007. First, the three spacecraft, STA, STB, and ACE, were still relatively close to
each other, with a maximum separation in heliolongitude between STA and STB of 44°, and between STB
and ACE of 23°. The assumption that the solar wind source does not evolve will more likely hold for a rather
short propagation time difference corresponding to a small spacecraft separation. Second, the year of 2007
was during an extended solar minimum when very few coronal mass ejections (CMEs) were observed; there-
fore, it is an ideal time period to study the undisturbed solar wind. (Kilpua et al., 2009).

The data we use in this study are obtained from several instruments on board STEREO, including the In-situ
Measurements of Particles and CME Transients (IMPACT) (Luhmann et al., 2008) and the Plasma and
Suprathermal lon Composition (PLASTIC) sensor (Galvin et al., 2008). The IMPACT instrument suite consists
of six instruments to measure magnetic field and energetic particles. The suprathermal electron pitch angle
distributions are obtained from the Solar Wind Electron Analyzer (SWEA) (Fedorov, 2011; Sauvaud et al., 2008)
and the magnetic field is provided by the magnetometer (MAG) (Acuia et al., 2008). The kinetic properties of
the solar wind used in this study are calculated from 1-D Maxwellian fits to the proton velocity distribution
functions provided by PLASTIC (Simunac et al., 2009). Both the electron and proton data and magnetic field
data have 1 min time resolution.
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The ACE data were obtained from two instruments. The Solar Wind Electron, Proton, and Alpha Monitor
(SWEPAM) (McComas et al., 1998) measures the in situ solar wind plasma and suprathermal electrons and
the Magnetic Field Experiment (MAG) (Smith et al., 1998) detects the magnetic field. The plasma data have
a 64 s time resolution, and the magnetic field data are obtained from 16 s averages.

In this study, we use the source surface magnetic field derived from the Wilcox Solar Observatory (WSO)
synoptic charts which are obtained from http://wso.stanford.edu/synsourcel.html. The source surface field
is computed from the WSO synoptic charts of photospheric magnetic field using a potential field source sur-
face (PFSS) model (e.g., Altschuler & Newkirk, 1969; Hoeksema et al., 1983; Schatten et al.,, 1969). The PFSS
model assumes that the magnetic field is potential between the photosphere and a spherical source surface.
The modeled field matches the observed radial (or line-of-sight) magnetic field component on the photo-
sphere and is forced to be purely radial at the source surface. It has been demonstrated that the locations
of coronal holes, and the polarity and magnitude of the IMF, are well reproduced with the PFSS model with
a source surface (Rss) set at 2.5 solar radii (e.g., Hoeksema, 1984; Lowder et al., 2014; Schrijver & De Rosa, 2003;
Wang & Sheeley, 1992).

3. Observations

We identify HCSs based on four criteria to avoid local current sheets. First, the magnetic field changes sign
and maintains the new polarity; second, the true sector boundary is in the vicinity; third, all three spacecraft
observed the HCS consistently; and the fourth is the consistency with the WSO source surface. The first criter-
ion is a general definition of the HCS. However, sometimes the HCS may have multilayered structures (Foullon
et al,, 2009), so using simply the polarity change alone may not be sufficient. The check of the consistency of
the data from three spacecraft will also help us to exclude some local current sheets and make the compar-
isons possible. Since an HCS propagating with the solar wind usually arrives at the Earth in about 5 days, we
look for the HCS which have corresponding neutral line crossing on WSO source surface field about 3-7 days
(allowing for 2 days of uncertainty) ahead. These rules will help to exclude some local current sheets or
transient structures.

Table 1 lists 35 HCSs we identified from March 2007 to December 2007. The HCS arrival time and the HCS type
(introduced later in section 4.3) observed by STB, ACE, and STA are shown by the second, third, and fourth
columns, respectively.

We also include some HCSs which do not have a corresponding crossing of the neutral line of the WSO source
surface field, including events 17, 18, 21, 22, 25, and 26 in Table 1. These HCSs were observed by all three
spacecraft and therefore were not likely to be local current sheets. On the other hand, although the track
of the spacecraft does not appear to cross the neutral line in the synoptic map, the crossing might have
occurred, considering the uncertainty of calculating the neutral line and the crossing point.

4. Methods

This part includes four sections. Two types of analysis will be done in the following sections; without consid-
ering the latitude of spacecraft in section 4.1, and with considering the latitude of spacecraft in section 4.2. In
section 4.3, we discuss the effect of the HCS type. In section 4.4, we introduce a new method to predict time
difference between two spacecraft.

4.1. First-Order Propagation Time

Under the assumptions that the Sun rotates rigidly, the solar wind sources do not evolve, and all spacecraft
have the same latitudes, the first-order propagation time is determined by the radial and longitudinal separa-
tion between spacecraft. The total sums up the longitudinal time difference At,, and radial time difference At,.
Their relationship, as shown in Figure 1, is as follows:

At = Aty + At,,. M
where
At(/} = @/wsun (2)
PENG ET AL. HCS PROPAGATION 3
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Table 1
Summary List of Heliospheric Current Sheets During March 2007 to December 2007

STEREO B ACE STEREO A
No. HCS arrival time (UT) Type HCS arrival time (UT) Type HCS arrival time (UT) Type
1 2007/3/11; 19:00 NA 2007/3/11; 17:20 a 2007/3/11; 16:26 a
2 2007/3/22; 01:25 e 2007/3/21; 20:30 a 2007/3/21; 21:16 a
3 2007/3/25; 00:30 b 2007/3/24; 22:00 b 2007/3/24; 14:10 b
4 2007/4/1; 01:30 a 2007/3/31; 22:15 a 2007/3/31; 22:15 C
5 2007/4/9; 05:20 e 2007/4/9; 0:15 a 2007/4/8; 20:50 e
6 2007/4/17; 06:30 a 2007/4/17; 2:30 a 2007/4/17; 2:20 a
7 2007/4/22; 12:14 C 2007/4/22; 4:30 a 2007/4/21; 23:40 a
8 2007/4/26; 17:50 b 2007/4/26; 17:50 a 2007/4/26; 18:40 C
9 2007/5/7; 12:25 a 2007/5/7; 9:50 C 2007/5/7; 10:00 e
10 2007/5/14; 09:50 b 2007/5/14; 9:15 b 2007/5/14; 9:00 a
11 2007/5/18; 06:25 a 2007/5/18; 7:40 a 2007/5/18; 13:40 a
12 2007/5/23; 04:25 b 2007/5/23; 9:30 b 2007/5/23; 17:05 b
13 2007/6/2; 00:55 b 2007/6/1; 19:10 b 2007/6/2; 17:55 NA
14 2007/6/8; 03:55 a 2007/6/8; 0:25 a 2007/6/8; 5:05 a
15 2007/6/13; 14:40 a 2007/6/13; 18:00 a 2007/6/14; 1:.05 a
16 2007/6/21; 03:30 a 2007/6/21; 6:40 e 2007/6/21; 18:15 a
17 2007/6/28; 16:15 a 2007/6/28; 22:10 C 2007/6/30; 3:40 a
18 2007/7/2; 20:05 b 2007/7/3; 10:00 a 2007/7/3; 16:20 a
19 2007/7/10; 20:15 a 2007/7/11; 0:10 a 2007/7/11; 10:35 a
20 2007/7/19; 01:30 e 2007/7/19; 2:40 b 2007/7/20; 12:35 a
21 2007/7/26; 08:25 a 2007/7/26; 15:20 a 2007/7/27; 4:50 a
22 2007/7/28; 18:05 a 2007/7/29; 0:15 a 2007/7/29; 8:25 a
23 2007/8/5; 12:20 b 2007/8/6; 2:55 e 2007/8/7; 4:20 e
24 2007/8/14; 17:25 a 2007/8/15; 0:45 a 2007/8/16; 4:59 a
25 2007/8/24; 05:00 a 2007/8/24; 11:50 a 2007/8/25; 11:55 a
26 2007/8/24; 14:55 a 2007/8/25; 11:25 a 2007/8/25; 23:25 a
27 2007/8/31; 16:10 b 2007/8/31; 19:45 C 2007/9/1; 14:25 C
28 2007/9/13; 10:15 e 2007/9/13; 22:00 e 2007/9/14; 16:50 b
29 2007/9/26; 18:05 a 2007/9/27; 14:00 C 2007/9/28; 17:45 a
30 2007/10/10; 06:15 e 2007/10/11; 8:40 e 2007/10/12; 20:55 b
31 2007/10/23; 16:45 C 2007/10/24; 20:10 C 2007/10/25; 18:15 e
32 2007/11/7; 18:00 a 2007/11/8; 9:20 b 2007/11/9; 10:50 C
33 2007/11/19; 15:50 a 2007/11/20; 11:55 a 2007/11/21; 3:15 a
34 2007/11/29; 15:04 C 2007/12/1; 8:30 C 2007/12/2; 17:35 b
35 2007/12/15; 23:20 a 2007/12/17; 4:53 a 2007/12/18; 12:35 a

and
At, = As/vg (3)

Here ¢ is the separation in longitude of STA and STB in the Heliocentric Inertial (HCI) coordinate system. wsyn
is the average angular velocity of 13.3° per day at 1 AU of the solar equator. As is the radial difference from the
Sun between STA and STB defined as ry — rg. The radial distance As is always negative since STA is closer to
the Sun. The longitudinal difference At,, is usually positive since STA is the leading spacecraft. When At is posi-
tive (negative), STA observed the HCS later (earlier) than STB. vp is the bulk speed of solar wind observed by
STB. This method was also documented in Opitz et al. (2009).

Figure 2 shows the predicted and observed propagation times. During March and April of 2007, the propaga-
tion time At is negative for some events. When the two spacecraft were separated by more than 5.5°, At stays
positive. The results show that the predicted time difference has the same trend as the observed time differ-
ence, but there are two periods in which the predicted time differences were far from the observed ones as
marked by the pink regions. The first period corresponds to Events 27 and 28 in September 2007, and the
second corresponds to Events 31, 32, and 33 in October and November 2007. Simunac et al. (2009) have ana-
lyzed the Sl evolution, and they found that the predicted SI crossing time differences also deviated from the
observations during the same time periods. They suggested that the deviations in the first period can be
explained by latitudinal differences between the spacecraft, but the second period may be caused by other
factors like the evolution of the source region. We will consider the latitudinal difference in the next section.
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4.2. Latitudinal Effects

The propagation time due to the latitudinal differences is denoted by Aty,
now the total difference is calculated as follows:

At = At + At, + Aty @

As shown in equation (5) and Figure 3, the latitudinal difference of the space-
craft combined with an oblique HCS will result in an additional longitudinal
separation A¢’, which is calculated as

Aga' =6 x cot¥ (5)

where W is the inclination angle of the HCS. The corresponding propagation
time due to the latitudinal difference is then

_Oxcot¥

Aty = (6)

@sun

Equation (6), consistent with the analysis in Simunac et al. (2009), shows that
the latitudinal effect is significant when HCS inclination angle is small.

Figure 1. Sketch of two spacecraft (STA and STB) at the same HCl latitude,  To obtain the inclination angle ¥ of the HCS, we obtain the inclination angle

separated in radial distance and longitude ¢. The schematic illustrates the
time difference from the longitudinal spacecraft separation t,, and the
time difference from the radial spacecraft separation t,, and w refers to the

of the HCS from the WSO source surface magnetic field as a proxy of the incli-
nation angle at 1 AU. The back mapping technique is used to obtain the inter-

solar rotation. Reproduced from Opitz et al. (2009). section between the HCS and the spacecraft trajectory. It is a simple ballistic

method that assumes the solar wind propagates with constant speed radially
outward from the solar source surface (Nolte & Roelof, 1973).

When STA observes an HCS, STB would observe an HCS of the same sector close in time, in general. Figure 4
shows the WSO source surface magnetic field of the 35th case. In this case, STB has a higher latitude than STA.
The upper blue horizontal line is the latitude of STB, it crosses with the neutral line in point B. The lower red
horizontal line is the latitude of STA, it crosses the neutral line in point A. Combining point A and B, and we
get line AB. Because point A and point B are close to each other, the inclination of line AB can be regarded as
the inclination of the HCS; that is, the inclination of line AB is equal to ¥ (in this case it is an obtuse angle). In

Time difference between STEREO A and STEREO B
100

80

=]

G

40 7 Ato
ol At

20 g

Y-axis: time difference (hour)

70 %/ \ 120 170 220 270 320 370

-20
X-axis: Day of Year (day)

Figure 2. Observed and predicted propagation time difference between of STA and STB. X axis is the day of year 2007, and
y axis is time difference. The orange line is the observed time difference At, between two spacecraft; the yellow line is
the time difference At using the first-order approach method, that is, neglecting latitudinal effects. In most cases observed
and predicted times show a good agreement, with time differences of less than 1 day. However, there are two periods in
which the predicted time differences were far from the observed ones as marked by the pink region.
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¥,

Figure 3. Schematic to demonstrate the time difference due to the slope
of the HCS in the latitude-longitude plane. The HCS is the thick black
oblique line, and ¥ is the oblique angle. The arrow pointing to the right
indicates the direction of HCS propagation; 4 is the latitudinal difference.
This figure illustrates the additional longitudinal separation due to the
latitudinal difference of two spacecraft and an oblique HCS. The line
segment labeled At,, shows the additional longitudinal separation as a
function of 8 and Y. In the top panel, the HCS has a smaller angle ¥ than
in the bottom panel. The two panels show that for the same latitudinal
difference, the smaller angle ¥ results in a larger additional longitudinal
separation.

the WSO source surface field, we can calculate the ¥ angle by unifying the
unit of horizontal and vertical axis. It is easy to obtain

Aty = T awso) — TB(wso)- 7)

If the HCS has an acute angle or STB has a lower latitude than STA, we will
come up with the same result.

We now compare observed and predicted HCS arrival times for STA and STB
(Figure 5). The orange line is the observed time difference between two
spacecraft; the yellow line is the time difference calculated with the classical
method; the green line is the expected time difference with the method
which includes the latitude effect. In most cases the two methods show good
agreement with less than 1 day difference between predicted and observed
times. For 9 events the agreement considering latitude effects is better, for 14
events the agreement is better, not considering latitude effects, and for the
remaining 12 events there is no difference. No difference means that the
difference caused by the latitude effect is zero. There are two reasons for this,
the first is that the latitude separation of the two spacecraft is less than the
pixel resolution of the WSO synoptic chart of 0.58° and the second is that
their latitude is larger than the maximum peak of the neutral line or smaller
than the minimum peak of the neutral line. The latitude relation of the three
spacecraft is shown in Figure 6.

The same method can also be used for STB and ACE. The results are shown in
Figure 7 using the same format as Figure 5. For 8 events the agreement
considering latitude effects is better; for 15 events the agreement is better,
not considering latitude effects; and for the remaining 12 events there is
no difference.

In general, including latitudinal effects does not improve the propagation time prediction. In some cases, the
prediction becomes even worse than the first-order approach.

4.3. HCS's Type Effect

There are five types of HCSs based on the relative locations of HCS and TSB as classified by Owens et al.
(2013), called types (@) (b) (c) (d), and (e). These five types, are shown in Figure 8, reproduced from

SS250_R field

o, #0.5, 1, 2.5, 5, 10 MicroTesla

1307T29T28127126125124123122121120T10T18T17T16T15T14T13T12T11T10T S T8 T 7T T5 T4 T3 T2 T1 1307

DEC 2007
Vo, 2 AYALY2 hVASNL VA VNS VNS VAR VA v v &
FGa GO
A RO G O 301

|
2064

Figure 4. It shows the 35th case of Table 1 in the WSO synoptic chart of Carrington rotation 2064. In this case, STB has a
higher latitude than STA. The upper blue horizontal line is the latitude of STB; it crosses the neutral line in point B. The
lower red horizontal line is the latitude of STA; it crosses the neutral line in point A. Line AB has ¥ angle with the red

horizontal line.
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Time difference between STEREO A and STEREO B

100 |
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Figure 5. Observed and predicted propagation time difference between STA and STB. The orange line is the observed time
difference At,, between two spacecraft; the yellow line is the calculated time At using the first-order approach method; the
green line is the expected time difference At’ including the latitude effect.

Owens et al. (2013). In general, type (a) and type (c) HCS are considered as ideal HCSs implying that there
are no rolling back magnetic field lines and HCS coincides with the TSB (Huang, Liu, & Qi et al,, 2016; Liu
et al,, 2014; Owens et al., 2013). Types (b), (d), and (e) are nonideal, because the HCS is separated from
the TSB or even no TSB is observed. To investigate whether the HCS types affect the propagation time,
we plot predicted and observed propagation times separately for ideal HCS (Figure 9a) and for nonideal
HCS (Figure 9b).

The comparison shows little difference for ideal and nonideal HCS events. For ideal events, there are also
some cases when the predicted time was far off the observed time. For nonideal events, there are also cases
when the prediction matches pretty well with the observations. It could be that the types of HCS were formed
at a position near the Sun. If so, the HCS types would not modify the propagation time near 1 AU.
Reconnection here may not be the cause for those events with separated HCS and TSB.

HCI latitude of three spacecraft

—e—HCl latitude(STA)
370 —e—HCl latitude(ACE)
—e—HCl latitude(STB)

Latitude (degree)

Day of Year (day)

Figure 6. The latitude of STA, ACE, and STB in HCI coordinates in 2007.
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Time difference between ACE and STEREO B
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Figure 7. Same format as Figure 5 but for comparison between ACE and STB.

4.4. Discussion

When calculating the latitudinal effect in section 4.2, the HCS inclination angle ¥ is inferred using the WSO
source surface field. However, the obtained angle may not reflect the actual HCS angle for the observed
events at 1 AU. We now infer the HCS angle using the observations of STB and ACE. We assume that all dif-
ferences between the observed and predicted propagation times using equation (1) are due to the latitudinal
effects defined by equation (5).

The observed time difference from STB to ACE is noted as At,(BC), and that predicted At(BC), the difference
between them is At,/(BC), so we have

At,(BC) = At,(BC) — At(BC) ®)

With the assumption that all deviations are due to latitude differences, the inclination angle ¥’ of the HCS at
1 AU can be determined as

'4

E

2 0

J:j%"lso
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]
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?360"

Q0 ©

g;usov

Em 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Figure 8. Sketches of five possible heliospheric magnetic field configurations and the resulting magnetic field and suprathermal electron signatures in near-Earth
space. Red (black) arrows show the thermal electron strahl (magnetic field polarity), while gray crosses show the position of magnetic reconnection. Type (a): a
typical sector boundary/HCS crossing. Type (b): a sector boundary accompanied by closed HMF loops, likely part of an interplanetary coronal mass ejection (ICME).
Type (c): a sector boundary/HCS crossing containing an inverted HMF interval at time 2. Type (d): an inverted HMF interval at time 2 embedded within a unipolar
region. Type (e): a sector boundary with mismatched electron and magnetic signatures. The dashed lines show portions of the inverted HMF structure which are
out of the ecliptic plane and not encountered by the observing spacecraft. From Owens et al. (2013).
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Figure 9. (a) Observed and predicted propagation time difference between STA and STB for ideal HCS. The orange line is
the observed time difference At, between two spacecraft; the yellow line is the expected time difference with the first-
order approach method At. (b) Same format as Figure 9a but for nonideal HCS.

cot ¥ = Af,(BC) x )
|Osc]|
With the ¥’ angle of HCS, we get the latitude time difference between STB and STA,
! / 0
At,(BA) = cot ¥ x M, (10)
@sun
The predicted propagation time is now
At'(BA) = At,(BA) + At,(BA) + At,(BA). (1)

The further improved predicted time differences At" are plotted together with the observations in Figure 10.
Obviously, the new predictions (blue line) match with the observations much better than the previous ones.
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Figure 10. Observed and predicted propagation time difference between STA and STB with the new method. The orange
line is the observed time At, between the two spacecraft; the yellow line is the calculated time with the first-order
approach method At; the blue line is the calculated time with the new method At".

Note that in the events marked by the pink region in Figure 2, now prediction matches with the observations
very well.

For 22 events the agreement is now better, and for 13 events the agreement is worse. For the time periods
when the first-order method, and even the method including the latitudinal effects failed, the new predicted
propagation times follow the observed trend very well, and we fixed the events with large discrepancy,
although we may not be able to fix some smaller errors.

Figure 11 shows the inclination angles from WSO and from in situ observations. The two lines have only low
correlation, for events 2, 4, 6, 14, 16, 20, 23, 24, 28, 31, and 32, the inclination angles even have an
opposite sign.

Heliospheric Current Sheet inclination angle
determined from WSO and STEREO B
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Figure 11. Comparison between the inclination angles obtained from WSO (blue line) versus inclination angles calculated
from in situ observations (orange line). X axis is the day of year. Y axis is the inclination angle.
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5. Summary and Conclusions

We investigate the arrival time difference for 35 HCSs between STA and STB during the year of 2007. To
accurately predict the HCS propagation time, we start with a first-order approach which considers only radial
and longitudinal differences. The first-order approach matches with the observations reasonably well, except
for two major periods when the predicted values are significantly smaller than the observed time differences.
The latitudinal effects are then considered, using two estimates for the HCS inclination angles ¥: (1) ¥ is
calculated using the WSO source surface field and (2) ¥ is inferred from the propagation time between
STB and ACE, both spacecraft located at ~1 AU. The predictions match very well with the observations only
when we use the inclination angles of the HCS as obtained from method (2). Therefore, we make the
following conclusions:

1. The latitudinal effects are significant in determining the HCS propagation time, especially when the HCS
inclination angle is small.

2. The HCS inclination angle determined by the WSO source surface field does not accurately reflect the
situations at 1 AU for some events; the predictions using 1 AU observations are better. The WSO chart
may not reflect the HCS inclination at 1 AU; how to determine the inclination angle requires further study.

3. The types of HCSs have little effects on their propagation times, and the mismatch of the HCSs is unlikely
to be caused by reconnection in the vicinity of 1 AU.
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