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ABSTRACT

Context. Corotating interaction regions (CIRs), formed by the interaction of slow solar wind and fast streams that originate from
coronal holes (CHs), produce recurrent Forbush decreases, which are short-term depressions in the galactic cosmic ray (GCR) flux.
Aims. Our aim is to prepare a reliable set of CIR measurements to be used as a textbook for modeling efforts. For that purpose, we
observe and analyse a long-lived CIR, originating from a single CH, recurring in 27 consecutive Carrington rotations 2057-2083 in
the time period from June 2007-May 2009.

Methods. We studied the in situ measurements of this long-lived CIR as well as the corresponding depression in the cosmic ray
(CR) count observed by SOHO/EPHIN throughout different rotations. We performed a statistical analysis, as well as the superposed
epoch analysis, using relative values of the key parameters: the total magnetic field strength, B, the magnetic field fluctuations, dBrms,
plasma flow speed, v, plasma density, n, plasma temperature, 7', and the SOHO/EPHIN F-detector particle count, and CR count.
Results. We find that the mirrored CR count-time profile is correlated with that of the flow speed, ranging from moderate to strong
correlation, depending on the rotation. In addition, we find that the CR count dip amplitude is correlated to the peak in the magnetic
field and flow speed of the CIR. These results are in agreement with previous statistical studies. Finally, using the superposed epoch
analysis, we obtain a generic CIR example, which reflects the in situ properties of a typical CIR well.

Conclusions. Our results are better explained based on the combined convection-diffusion approach of the CIR-related GCR modula-
tion. Furthermore, qualitatively, our results do not differ from those based on different CHs samples. This indicates that the change of
the physical properties of the recurring CIR from one rotation to another is not qualitatively different from the change of the physical
properties of CIRs originating from different CHs. Finally, the obtained generic CIR example, analyzed on the basis of superposed
epoch analysis, can be used as a reference for testing future models.
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1. Introduction

The interaction between the fast component of the solar wind
(high speed streams, HSS) originating from coronal holes (CHs)
and the ambient slower solar wind, leads to the creation of the
so-called stream interaction regions (SIRs). As CHs are rather
long-lived structures, these interaction regions may persist for
several solar rotations corotating with the Sun and, therefore,
they are called corotating interaction regions (CIRs). The inter-
action forms a region of compressed plasma around the leading
edge of the stream interface (i.e., increased total magnetic field
and density), which is followed by a region of high tempera-
ture and flow speed (e.g., Gosling & Pizzo 1999; Jian et al. 2006;
Richardson 2018, and references therein). In their interaction
with the galactic cosmic rays (GCRs), CIRs produce so-called
recurrent Forbush decreases (FDs), which are short-term depres-
sions in the cosmic ray (CR) count recurring over several solar
rotations, identically to CIRs (see e.g., overview by Richardson
2004). This effect is similar to FDs produced by interplane-
tary coronal mass ejections (see overview by Cane 2000). How-
ever, comparative studies have shown that the GCR-effectiveness
caused by CIRs tends to be much lower than that of an ICME.
As measured by neutron monitors, CIR-related FDs rarely have
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magnitudes larger than 3%, whereas ICME-related FDs can eas-
ily have magnitudes of 10% and more (e.g., Dumbovic et al.
2012; Badruddin & Kumar 2016; Melkumyan et al. 2019).

The interaction of GCRs with interplanetary plasma and
magnetic field structures can be described by the transport
theory, with GCRs experiencing diffusion, drifts, convection,
and energy change (e.g., Parker 1965). Statistical studies have
shown that there is a strong anti-correlation between the solar
wind speed and the CR count time-series during a CIR (e.g.,
Richardson et al. 1996), favoring convection as the main trans-
port mechanism. On the other hand, the recurrent FD magni-
tude was found to be correlated to the magnitude of the total
magnetic field in the CIR (e.g., Calogovi¢ et al. 2009), indicat-
ing diffusion as an important transport mechanism. Such corre-
lation was not found by Richardson et al. (1996), for instance,
or in a later study by Dumbovi¢ et al. (2012). However, a more
recent statistical study by Melkumyan et al. (2019) revealed that
the recurrent FD magnitude was moderately correlated to both
plasma flow speed magnitude and the magnitude of the total
magnetic field in the CIR, favoring both convection and diffu-
sion as transport mechanisms. These inconsistencies between
different studies (or different samples used in different studies)
may hamper modeling efforts and lead to inconclusive results. In
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their majority, studies seem to favor the combined convection-
diffusion approach for explaining the CIR-related GCR modula-
tion. However, these studies were based on samples containing
CIRs formed by HSS originating from different CHs, throughout
different time-frames.

It is reasonable to assume that the physical properties of dif-
ferent CHs may be transferred differently into the heliosphere.
Indeed, it was found that for the well established CH area —
HSS plasma flow speed peak relation (e.g., Nolte et al. 1976;
Vrs$nak et al. 2007; Tokumaru et al. 2017; Hofmeister et al.
2018), the correlation coefficients and slopes of the linear regres-
sion line are varying between different long-lived CHs samples
(Heinemann et al. 2020). Therefore, we might expect that a sin-
gle, long-lived CIR originating from the same CH might rep-
resent a “cleaner” sample compared to CIRs corresponding to
different CHs. In the current study, we focus on a single CIR
example aiming to be used as a reference for modeling efforts
(companion paper by Vrsnak et al. 2022). For that purpose, we
observe and analyse a long-lived CIR, associated with a sin-
gle CH recurring in 27 consecutive Carrington rotations in the
time-period 2007-2009, around the minimum activity of solar
cycle 24. This time period was characterized by very low CME
activity and thus provided good conditions for studying CHs
and their related CIRs (e.g., Gomez-Herrero et al. 2009, 2011;
Dresing et al. 2009; Kiihl et al. 2013). Gil & Mursula (2018) fur-
ther studied the greatly enhanced recurrence of cosmic rays in
this time period. However, none of these studies carried out an
individual study of CIRs originating from specific CHs and their
influence on the GCRs.

2. Data and method

We investigate the recurring CIR near 1 au using 1 h plasma and
magnetic field data in the radial-tangential-normal (RTN) sys-
tem provided by the OMNI_M database of the COHOWeb Ser-
vice, supplemented by the 1h magnetic field fluctuation data
(rms; standard deviation in average magnitude) provided by the
OMNIWeb database (King & Papitashvili 2005). The CIR is
identified manually by observing the stream interface proper-
ties: drop in proton density, rise in proton temperature, change
in the azimuthal flow angle and a steepening flow speed-time
profile, associated with increased magnetic field and magnetic
field fluctuations (e.g., Gosling & Pizzo 1999; Jian et al. 2006;
Richardson 2018, and references therein). In addition, we use
the single detector count rate of detector F of the Electron Proton
Helium Instrument (EPHIN, Miiller-Mellin et al. 1995) onboard
the Solar and Heliospheric Observatory (SOHO). Namely, we
use the hourly count rate of the F-detector which is suitable to
observe CR flux of energies >50 MeV (Kiihl et al. 2015), where
a clear recurring depression is observed corresponding to the
identified CIR. The OMNI in situ measurements are time-shifted
to the Earth’s bow shock nose, therefore, we applied the same
time shift to EPHIN data using the SOHO spacecraft daily coor-
dinates. This way we make certain that any time shift of the
OMNI data compared to EPHIN data is below the chosen hourly
data resolution.

The CIR signatures recur in 27 consecutive Carrington rota-
tions 2057-2083 in the time period from June 2007-May 2009
(rotl-rot27 in Table 1). We note that for Carrington rotations
preceding rotl and following rot27, we also observed CIR-like
in situ signatures, however, they were weak or inconclusive and
thus, we did not consider them in the analysis. It is particularly
interesting to note that in the first rotation after the last one
studied, peaks of n and B, as well as a dip in the CR count,

A187, page 2 of 13

are still fully recognizable although there was no signature of
a HSS, that is, no increase of the flow velocity is present. This
implies that the compression and the resulting CIR signature are
still slowly decaying even after the HSS has already decayed.
In order to confirm that the observed recurring CIR, namely,
the corresponding HSS, originates from the same recurring CH,
we make the HSS-CH association using the timing and polarity
criteria, similarly to what was done in Heinemann et al. (2020).
The timing criterion follows the statistical results presented by
Vrs$nak et al. (2007), where the average delay of the HSS peak
to the time of a CH passing the central meridian was found to
be 3.6 + 0.7 days. The polarity criterion imposes that the polar-
ity of the CH should correspond to the polarity of the HSS.
We calculated the polarity of the HSS following Eq. (1) from
Neugebauer et al. (2002), where the magnetic polarity, P, is the
cosine of the angle between the average field direction in the RT
plane and the expected direction of an outward directed Parker
spiral.

The polarity of CHs was obtained from full Sun drawings
using UV, X-ray, or Hel 10830 A chromospheric line obser-
vations, available at the National Oceanic and Atmospheric
Administration (NOAA) Solar Data Services under “solar
imagery” for manually derived coronal holes. The correspond-
ing information are presented in Table 1. For 4 rotations
there were no appropriate reports from the NOAA database.
Therefore, we supplement the NOAA catalogue based on CH
observations from the Extreme-ultraviolet Imaging Telescope
(EIT, Delaboudiniere et al. 1995) onboard SOHO using the
JHelioviewer service (Miiller et al. 2017), and from the X-ray
Telescope (XRT, Golub et al. 2007) onboard Hinode spacecraft
(Kosugi et al. 2007) using the Solar Monitor service. With EIT
and XRT observations, we confirm the day of the CH pas-
sage over the central meridian for four rotations missing in the
NOAA database. In addition, for these four rotations we use the
Collection of Analysis Tools for Coronal Holes (CATCH) tool
(Heinemann et al. 2019) to determine the polarity of the CH. For
rotl and rot2, the results indicate weakly unipolar magnetic field
of negative polarity (with high uncertainty), whereas for the last
two rotations, the results are inconclusive. Therefore, since we
do not have reliable polarity information for these four rotations,
we rely on the timing criterion.

For the time intervals of interest, we calculate the relative
values of the following parameters: the azimuth flow angle cal-
culated in the RTN system: Phi; the magnetic field fluctua-
tions: dBrms; the total magnetic field strength: B; plasma flow
speed: v; plasma density: n; plasma temperature: 7'; and the
SOHO/EPHIN F-detector particle count: CR count. Figure 1
summarizes these parameters for Carrington rotation 2058
(rot2). The beginning of the analyzed time-interval is defined
based on the onset time of each CIR event. The onset time is
determined manually by the observer as the start of the plasma
flow speed increase which roughly marks the “reach” of the HSS
influence at the Lagrangian point 1 (L1). In theory, we expect the
HSS to accelerate the plasma ahead, thus we expect to observe
the increasing speed profile in the slow wind ahead of the HSS.
The point where we observe such behavior is designated as the
onset time. The beginning of each of the under-studied time
intervals is defined one day before the onset time of the event.
The end of the analyzed time interval is also determined man-
ually by the observer as the point where quiet conditions (pre-
event levels) are reached or, as the last point in the descending
phase of an identified CIR until the start of another disturbed
condition in the solar wind (either another SIR or an ICME).
We note that there is some subjectivity in determining the onset
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Table 1. Polarity and characteristic timings of CH-CIR throughout different rotations.

Rotation  Carrington HSS HSS CH CH Onset SI Trailing End
number rotation Year peaktime polarity time polarity time time edgetime time
rotl 2057 2007 160.8 - 157 NaN 158,8 1604 162,7 163,2
rot2 2058 2007 185.4 - 181 NaN 184,4 184,9 190,3 190,7
rot3 2059 2007 213.8 - 207 - 210,0 2103 216,8 217,3
rot4 2060 2007 239.8 - 235 - 2374 2378 NaN 2439
rot5 2061 2007 267.3 - 262 - 263,4 2639 NaN 270,5
rot6 2062 2007 293.0 - 289 - 291,0 2914 NaN 295,5
rot7 2063 2007 318.4 - 316 - 316,7 3172 322,5 3233
rot8 2064 2007 345.3 - 343 - 343,0 344,88 NaN 351,0
rot9 2065 2008 7.5 - 4 - 4,9 53 NaN 12,2
rot10 2066 2008 34.5 - 30 - 31,5 31,7 NaN 38,5
rotll 2067 2008 61.3 - 58 - 58,6 59,7 NaN 65,0
rot12 2068 2008 88.4 - 86 - 86,0 86,5 93,7 94,0
rotl3 2069 2008 114.8 - 112 - 113,9 1143 NaN 121,6
rotl4 2070 2008 142.6 - 139 - 140,0 140,6 NaN 149,0
rotl5 2071 2008 169.1 - 165 - 166,6 166,7 NaN 171,8
rotl6 2072 2008 196.3 - 193 - 193,1 193,6 NaN 202,5
rotl7 2073 2008 222.8 - 220 - 222,0 2223 229.,5 229.8
rotl8 2074 2008 251.3 - 246 - 247,0 2474 NaN 256,8
rot19 2075 2008 276.9 - 273 - 2746 2748 282,77 284,3
rot20 2076 2008 303.7 - 301 - 302,2 302,9 309,5 311,0
rot21 2077 2008 331.9 - 327 - 330,0 330,2 336,4 337,5
rot22 2078 2008 358.5 - 355 - 357,0 358,0 365,0 365,5
rot23 2079 2009 19.9 - 15 - 18,2 19,0 NaN 22,5
rot24 2080 2009 46.4 - 42 NaN 44,8 453 NaN 50,2
rot25 2081 2009 73.1 - 69 - 70,9 72,2 78,1 79,0
rot26 2082 2009 101.8 - 96 - 98,8 99,1 NaN 105,0
rot27 2083 2009 128.2 - 124 NaN 126,0 126,6 132,5 133,0

Notes. Overview of all rotations of the recurring CIR and its associated CH, its polarity, and characteristic timings. Times are given in day of year

(DOY). CH time marks the DOY of the passage over the central meridian.

and end times manually, especially given the small but notable
variability in measurements of flow speed. More specifically, the
time uncertainty for both the onset and end times of each event,
is estimated in the range of hours. However, the manual detec-
tion provides a simple and consistent way to determine the time-
period of interest, with a start time defined as: start time = onset
time — 1 day.

Along with the start, onset, and end times there are two addi-
tional timings we determine during the arrival of a CIR at L1:
the stream interface and the trailing edge times. These are deter-
mined based on strict criteria once the observed time-interval
is defined. The stream interface time is determined as the point
where Phi=0, with B, n increased, and v, T showing increas-
ing profiles. The underlying assumption lies in the fact that the
stream interface is the point where the HSS meets the slow stream
and, as a result, the two streams are deflected. We note that we
do not follow the sign convention introduced by Gosling et al.
(1978), namely, that negative flow angles correspond to flow
in the direction of planetary motion about the Sun (westward).
On the contrary, we keep the original sign of the azimuth flow
angle as calculated in the RTN system (provided by OMNI_M
database). We further determine the trailing edge time as the time
where the flow speed in the HSS returns to the value correspond-
ing to the onset time. We note that for a subset of analyzed time
intervals, the flow speed never returned to the initial, settled solar
wind levels and thus the trailing edge time could not be measured.

To observe changes in the CR counts such as recurrent
Forbush decreases, typically relative values are analyzed. We

adopt the same methodology for solar wind and interplanetary
magnetic field parameters. The pre-event levels of different in
situ parameters change from one event to another. The relative
change of the in situ parameters may thus be different for the
same peak values. Normalizing each parameter to its pre-event
level, we obtain relative values, which facilitates comparison of
different events. In order to obtain relative values, we normal-
ize the flow speed recorded during each of the under-studied
time periods to the value detected at the onset time of each such
period. For other parameters (except Phi which is left in absolute
values), relative values are obtained by normalizing to the aver-
age value in the first 6h of the analyzed time period. In some
events, trends can be observed in CR count prior to the onset
time and thus we expect that different normalization windows
(e.g., 3-h, 6-h, 12-h) might yield slightly different relative peaks.
By consistently using the same normalization time-window of
6 h, we minimize this effect. In addition to the length of the nor-
malizing period, selection of the start of the normalizing period
can also influence the relative peaks, especially if it is (partly)
related to disturbed conditions due to the prior event. There-
fore, we choose one day prior to the onset time as the “opti-
mal distance”, since the timing is close enough to the event to
avoid using normalization levels of non-quiet time conditions
due to prior events (e.g., ICMEs or HSS), but presumably far
enough not to catch the start of the event (as seen in different
parameters).

Finally, we measure the peak values of the key parame-
ters (except Phi). In Fig. 1, we see that the peaks of all key
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Fig. 1. In situ measurements for the CIR recorded in Carrington rota-
tion 2058 (rot2). Panels from top to bottom: (1) the azimuth flow
angle calculated in the RTN system, Phi, (2) the magnetic field fluc-
tuations, dBrms, and the in situ magnetic polarity calculated according
to Neugebauer et al. (2002) (red and blue overlying lines for positive
and negative polarity, respectively), (3) the total magnetic field strength,
B, and plasma flow speed, v, (4) plasma density, n, and plasma tem-
perature, 7, and (5) the SOHO/EPHIN F-detector particle count, CR
count. Vertical solid lines mark the onset and trail edge times, whereas
the vertical dashed lines mark the stream interface time. All parame-
ters, except Phi, are given in relative values. Horizontal dashed lines
mark referent levels, which were obtained by normalizing to the fol-
lowing values: Brmspom = 0.25 0T, Byorm = 3.00T, vyorm = 346 km s,
Toorm = 3.9¢m ™, Thom = 0.43 X 10°K, and CR countyom = 22940
(for details see main text). Asterisks mark the measured peak values:
Brmspeac = 2.5nT (900% increase), Bpeax = 10.4nT (249% increase),
Vpeak = 630kms™! (82% increase), npea = 17.8 cm™ (360% increase),
Tpeak = 3.64% 10°K (738% increase), and CR countg, = 22684
(—=1.1% decrease).

parameters are pronounced and well defined, except the CR
count. The dip of the latter can be characterized as a plateau with
small variations around it. Therefore, the value of the CR count
dip amplitude was determined as the average of the minimum of
the CR count and its two neighboring values. The normalization
values, as well as the relative peak values for all measured key
parameters for all rotations are given in Table A.1.

3. Results and discussion
3.1. CIR evolution and the corresponding CR response

We first analyze the evolutionary properties of the CIR plasma
flow speed and the corresponding CR count. In Fig. 2, we show
the time-evolution of the in situ plasma speed of the CIR and
the corresponding mirrored CR count throughout the 27 rota-
tions. For each rotation, the calculated Pearsons correlation coef-
ficient between the two is displayed. A striking resemblance
of the time-profiles of both parameters’ relative values can be
seen in each rotation, reflected by correlation coefficients rang-
ing from 0.57 to 0.95 (moderate to strong correlation). This is in
agreement with previous studies (e.g., Richardson et al. 1996).
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Notable deviations in the rising phase of the time profiles are
observed for rotations 1, 18, and 25 due to the arrival of ICME
structures at L1 (the in situ measurements for these rotations are
analyzed in more detail and discussed in Appendix B). Another
notable difference can be observed in the declining phase of the
time-profiles in many rotations (mostly at the end of 2007 and
throughout 2008). The CR count time-profile does not recover at
the same rate as the speed-time profile. This might be related to
another long-living CIR which in many rotations trails our ana-
lyzed CIR. However, the correlation between the flow speed and
the mirrored CR count-time profiles throughout different rota-
tions is clear regardless of the few deviations and should be cap-
tured by any model describing the CIR-GCR interaction.

3.2. Statistical relation between key parameters and CR
counts

We also performed a statistical analysis between the CR count
peak values and the peak values of the key parameters. We ana-
lyzed the scatter-plots of all the relative peak values of the key
parameters and the mirrored CR count by performing a lin-
ear regression fitting to obtain the slope and intercept. We fur-
ther calculate the Pearson correlation coefficient, R (Fig. 3). The
same analysis was repeated by using a bootstrap method, which
we used to iteratively resample the dataset using random sam-
pling with replacement on the original dataset. This was per-
formed 10 000 times to calculate the median and 95% confidence
interval for the slope, intercept and R (Table 2). A data point can
be seen in Fig. 3 differing significantly from other data points,
especially in the d Brmspeax versus CRpeqx subplot. This outlier is
marked by a red square in the same figure and it corresponds to
a CIR recorded in rotation 9, which shows not only a large CR
count amplitude compared to other rotations, but also an extreme
peak in Brms (shown and discussed in the Appendix C). Since R
is sensitive to outliers, we repeat the analysis for a sample where
the outlier (outlined red in Fig. 3) is excluded. Moreover, in the
scatter-plot showing the density and CR count relative peak val-
ues we find an additional outlier (CIR recorded in rotation 24,
marked in blue in Fig. 3). However, this outlier does not stand
out in any other scatterplots, therefore, we do not exclude it from
statistics of parameters other than plasma density. As shown and
discussed in the Appendix C, other than the unusually large den-
sity peak, the event is quite ordinary.

We can see that there is a moderate correlation between CR
count dip amplitudes and relative peak values of plasma flow
speed and temperature (R = 0.6, see Table 2), which does not
change when the outlier is removed (R = 0.6, see Table 2). There
is also a moderate correlation between CR count dip amplitudes
and the relative peak of the magnetic field (R = 0.4, see Table 2),
which does not change with the removal of the outlier (R = 0.4,
see Table 2). On the other hand, the correlation between the CR
count dip amplitude and the Brms (R = 0.6, see Table 2) is
caused by the outlier. The correlation is completely lost when
this outlier is removed (R = 0.1, see Table 2). We note that in this
relatively small and “clean” sample (single recurrent CH-CIR),
we can easily identify and analyze the outlier to obtain reliable
correlation analysis. In larger samples, containing a variety of
different CH-CIR pairs, identifying such outliers might not be as
simple. The latter might explain some inconsistencies between
different statistical studies.

The statistical analysis performed here shows that CR
count dip amplitudes are correlated with relative peak val-
ues of plasma flow speed, in agreement with previous stud-
ies by Richardson et al. (1996) and Melkumyan et al. (2019). In
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Fig. 2. Relative values of the flow speed (black) and mirrored CR count profiles (teal) for 27 rotations of the recurring CIR (rot1-rot27 from top-
left to right bottom, respectively). The y-axis units are % in all subplots for both flow speed and CR counts. The calculated Pearsons correlation
coefficient between the two curves, R, are given in the upper left corner of the corresponding subplot. Deviations between the two time-profiles in
the rising phase for rotations 1, 18, and 25 are due to ICMEs.
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Fig. 3. Scatter plots of CR count dip amplitudes versus key parame-
ter peak values and corresponding linear fits with outlier (red line) and
without outlier (black line) obtained by bootstrapping. The outlier is
marked by a red square and the second outlier noticed in density versus
CR count scatter plot is marked by a blue square.

addition, the analysis shows that CR count dip amplitudes are
correlated with relative peak values of the total magnetic field, in
agreement with previous studies by Calogovi¢ et al. (2009) and
Melkumyan et al. (2019). Our results therefore indicate that both
convection and diffusion are relevant mechanisms for producing
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Table 2. Bootstrapping results.

Parameter Slope Intercept R
v 0052553 -1 06if)
B 0.004+0405 2+1 0.4+O.2
With outlier -0.03 -1 203
Brms 0.0014+5:9008 212 0.6*93
n —0.000470.99% 47 -0.17902
T oooogie 2t 0783
Y 003363 0% 0.6%93
B 0.002+0A002 3+3 0.4+0_2
Without outlier -ggg? —T _g,i
Brms 0.000*" 3+ 0.1+0-
-0.001 -1 —0.4
n 0001l 3 01
T 0.0006+0-0010 3t 0.6+02

-0.0003 -0.2

Notes. The slope, intercept and the Pearson correlation coefficient, R,
for scatter-plots of relative peak values and mirrored CR count peak
in Fig. 3 obtained by bootstrapping with and without the outlier. )2
outliers were identified and removed.

recurrent FDs. In our study we use a “clean” sample based on a
long-lived CIR, associated with a single CH. However, we note
that qualitatively, our statistical results do not differ from those
using samples related to different CHs (Richardson et al. 1996;
Calogovié et al. 2009; Melkumyan et al. 2019). This indicates
that the change of the physical properties of the recurring CIR
from one rotation to another is qualitatively no different from
the change of the physical properties of CIRs originating from
different CHs.

3.3. Superposed epoch analysis

In order to characterize a text-book CIR for modeling purposes,
we performed the superposed epoch analysis (SEA) using rela-
tive values of the key parameters. The onset time was taken as the
zero-epoch (i.e., the point of reference for superposition). The
main benefit of the SEA is that it visualizes the general shape
and the relative timings of the change in different parameters in
a CIR. We do not consider stream interface timing as the zero
epoch, since the time period from the onset time to stream inter-
face may differ substantially from one event to another (from
0.1 day to 1.8 days, see Table 1).

ICME signatures might substantially disturb the general shape
of the CIR and timings of different sub-regions within the CIR
(compression region, stream interface, HSS), therefore, they were
excluded from the dataset (rotations 1, 18, and 25). We do not
remove rot9 and rot24 from the SEA sample. As discussed in
Appendix C, it is possible that they only appear as outliers in their
respective scatter plots due to normalization or the extreme peak
value, both of which are annulled by the averaging process in the
frame of the SEA. Finally, some concern arises regarding the CR
count data gaps observed in some of the events (see Fig. 2) and
how they might influence SEA. We find that in all except four
events (rot4, rot17, rot24, and rot27) less than 25% of data is miss-
ing in the observed time interval. Moreover, even when data gaps
exist, the main trend of the curve is still well visible, as can be seen
in Fig. 2. The data gaps are not very long, therefore, the average
curves should still represent the events rather well. We repeat SEA
on a sample where these four events are excluded (rot4, rotl7,
rot24, and rot27) and obtain almost identical results to SEA on
a sample where the four events are not excluded. Therefore, we
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Fig. 4. SEA curves (black) with standard deviations (gray). Panels, top to bottom, show: (1) magnetic field fluctuations, dBrms, (2) total magnetic
field strength, B, (3) plasma flow speed, v, (4) plasma density, n, (5) plasma temperature, 7, and (6) SOHO/EPHIN F-detector particle counts, CR
count. Vertical solid line marks the zero epoch (the onset time) and two gray, dashed horizontal lines mark 0 and peak values (in %). All parameters
are given in relative values, with the average normalization values (see Appendix C): Brmsnyom = 0.22n0T, Boorm = 3.10T, vyorm = 329kms™!,
Hoorm = 4.9cm™>, Toorm = 0.36 X 10° K, and CR count,,m, = 24412. The peak values are: Brmspeac = 1.6nT (538%), Bpeax = 10.3nT (233%),

Vpeak = 386 Kms™! (78%), e = 18.5cm™ (278%), Tpear = 2.82 X 10° K (684%), and CR county;, = 23 680 (-3.0%).

performed a SEA analysis using a sample which includes these As can be seen from Fig. 4, the SEA-obtained peak values
four events. In Fig. 4 we can see that the CIR related recurrent FD  are somewhat lower than the average peak values calculated
shows a shallow and symmetric profile, as expected based on pre- based on Table A.1 (see Appendix C). This is of course due
vious studies using SEA (e.g. Badruddin 1996; Dumbovi¢ etal. to the SEA “smoothing effect” (peaks do not occur at identi-
2012; Kumar & Badruddin 2014). cal times). In Fig. 5 the CR count, flow speed, magnetic field,
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Fig. 5. SEA curves for different parameters: CR count (black), flow speed (blue), magnetic field strength (red), and density (green). Vertical solid
line marks the zero epoch (the onset time) and gray, dashed horizontal line marks 0. The peak values of all SEA curves have been normalized to 1.

and density SEA curves are overlaid (their peaks have been nor-
malized to 1). As a result, their relative timings, duration, and
changes are better visible. We note that for single events there
might be some uncertainty in the timing of the zero epoch (onset
time) due to manual detection, as described in Sect. 2. How-
ever, as can be seen in Fig. 4, these uncertainties are not sys-
tematic and the SEA flow speed increase starts at zero epoch.
We note that the obtained SEA profiles visually reflects well the
assumed structure of CIR according to the widely used sketch
by Belcher & Davis (1971). According to this sketch. there are
four consecutive regions of solar wind in a CIR: (1) the unper-
turbed slow solar wind, (2) the compressed and accelerated slow
solar wind, (3) the compressed and decelerated fast solar wind,
and (4) the unperturbed fast solar wind. The obtained SEA pro-
files and SEA-obtained peak values can be used as reference for
modeling purposes.

We can see in Fig. 5 that the duration of the plasma flow
speed increase matches the duration of the recurrent FD well.
The increase in flow speed shows a somewhat asymmetric profile
compared to the CR count profile. This is associated to the dif-
ferences observed in the declining phase of the time-profiles of
both parameters, as shown in Fig. 2. Figure 5 additionally shows
that the magnetic field is enhanced during the main phase of the
recurrent FD. There seems to be a small increase in CR count,
which starts before the onset time (“the pre-increase”). Interest-
ingly, the plasma density also starts to increase before the onset
time. Perhaps less prominent, but visible, is the increase of B,
which also starts before the onset time. Finally, there also seems
to be a small decrease in the flow speed prior to the onset time.
We note that all of the above might be related to the observed
pre-increase of the CR count.

4. Summary and conclusions

We studied a long-lived CIR originating from a single CH, recur-
ring in 27 consecutive Carrington rotations (CR 2057-2083) in
the time period from June 2007-May 2009. We analyzed the in
situ measurements of this long-lived CIR, as well as the corre-
sponding depression in the CR count observed by SOHO/EPHIN
throughout the different rotations.

We first analyzed the correlation between the plasma flow
speed and mirrored CR count time-profiles and find them to be
correlated, in agreement with previous studies. The correlation
is different for different rotations and ranges from moderate to
strong (Pearsons correlation coefficient between 0.57 and 0.95).
In addition, we performed a statistical analysis and find that the
CR count amplitude is correlated to the peak in the magnetic
field and flow speed, as expected based on previous statistical
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studies. These results indicate that the combined convective-
diffusion approach should be used in modeling of GCR mod-
ulation by CIRs.

In our study we use a “clean” sample based on a long-lived
CIR, associated with a single CH. However, qualitatively, our
results do not differ from those using samples related to different
CHs. This indicates that the change of the physical properties of
the recurring CIR from one rotation to another is qualitatively
no different from the change of the physical properties of CIRs
originating from different CHs.

Finally, in order to characterize a generic CIR and recurrent
FD profile, we performed the superposed epoch analysis (SEA)
using relative values of the key parameters. Thus, we obtained
SEA profiles and SEA-obtained peak values that can be taken as
a generic CIR example for modeling purposes.
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Appendix A: Key parameter measurements

Overview of normalization parameters and peak values for all
rotations of the recurring CIR are given in Table A.1.

Table A.1. CIR normalization parameters and peak values throughout
different rotations.

Brms  Brms B B % v n n T T CR count
rotation norm peak norm peak norm  peak norm peak norm  peak CR count peak
number  [nT] [%] [nT] [%] [kms™'] [%] [ecm™3] [%] [10°K] [%] norm [%]

rotl 0,12 1357 2,7 244 327 38 4.5 371 0,31 396 22729 1,3
rot2 0,25 900 3,0 249 346 82 3,9 360 0,43 738 22940 1,1
rot3 0,35 643 2,5 532 367 77 4,1 463 0,45 594 22968 2,6
rot4 0,40 425 2,4 720 311 117 8,0 484 0,16 2744 23594 5,5
rot5 0,35 557 3,1 239 337 102 8,0 399 0,34 1196 23470 3,6
rot6 0,15 1567 3,3 288 321 109 5,2 165 0,25 1660 23598 3,9
rot7 0,13 1925 4,0 214 369 81 3,3 497 0,53 564 23376 2,7
rot8 0,13 2000 3,3 365 302 111 6,9 214 0,21 1942 24325 6,3
rot9 0,08 4340 2,0 677 311 129 7,9 393 0,10 4428 24522 10,3
rot10 0,12 1700 2,9 289 339 86 3,1 1049 0,46 582 24017 3,7
rotl1 0,23 1014 34 225 342 129 3,9 417 0,37 1217 23573 2,6
rot12 0,43 454 2,9 224 361 90 3,0 827 0,65 490 23379 2,4
rotl3 0,20 700 1,7 737 363 81 4,0 382 0,31 2265 23713 3,7
rot14 0,15 767 3,0 178 329 83 42 493 0,28 896 23722 43
rotl5 0,32 847 2,1 616 312 144 7,9 382 0,14 4860 23836 5,0
rotl6 0,25 1100 3,7 305 347 104 7,5 183 0,35 939 23877 4,7
rot17 0,20 2100 3,1 523 334 97 3,8 689 0,44 909 23994 3,0
rot18 0,27 687 3,5 314 298 112 6,1 308 0,38 692 24707 4.5
rot19 0,18 664 4,5 87 342 109 1,8 394 0,40 770 24669 3,2
rot20 0,17 1100 5,0 171 335 112 3,0 335 0,81 364 24850 3,8
rot21 0,15 1900 2,2 903 314 110 7,3 893 0,12 3913 25398 3,8
rot22 0,12 929 49 137 295 89 34 640 0,49 370 25108 1,5
rot23 0,13 1550 4,0 204 318 51 2,8 293 0,37 683 25754 2,6
rot24 0,18 1264 2,7 496 300 96 3,5 2014 0,43 884 26378 3,7
rot25 0,33 890 2,6 593 319 77 7,3 201 0,39 924 26606 2,7
rot26 0,32 532 2,9 190 311 80 4,0 432 0,32 629 26867 2,0
rot27 0,22 685 1,6 345 334 56 3,2 407 0,28 504 27154 2,3
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Appendix B: ICME signatures in rotations 1, 18, and
25

Figs. B.1-B.3 show 1 minute plasma and magnetic field data
in the Geocentric solar ecliptic (GSE) system provided by the
OMNIWeb database (King & Papitashvili 2005) for rotations 1,
18, and 25. Panels top to bottom show: 1) magnetic field strength
(black) and its fluctuations, dBrms; 2) magnetic field GSE com-
ponents x, y, and z colored red, blue and green, respectively;
3) plasma density (black), temperature (red) and expected tem-
perature (blue); 4) plasma flow speed (black) and beta (gray);
5) the SOHO/EPHIN F-detector particle count, CR count. The
expected temperature was calculated according to Lopez (1987)
and Richardson & Cane (1995). The start and end time of the
analysed time interval are defined as for the analysis of 1-hour
in situ data for the corresponding rotation. Solid lines mark the
onset and trailing edge time of the CIR (if present), whereas the
dashed gray line marks the stream interface time (as given in

Table 1).
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Fig. B.1. In situ measurements given in day-of-year (DOY) time series
of 2007 corresponding to rotation 1. The ICME signatures are high-
lighted yellow (for other details see main text).

It can be seen in Fig. B.1 that from DOY 159.3 until DOY
160.3 (highlighted yellow), the magnetic field components show
smoother profile than in the rest of the observed time-interval.
In the highlighted region we observe a rotation of B, and at
the start of the highlighted region temperature and plasma beta
parameter are decreased. These are indications of an ICME,
that is, more specifically of a magnetic cloud (MC Burlaga et al.
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Fig. B.2. In situ measurements given in day-of-year (DOY) time series
of 2008 corresponding to rotation 18. The ICME signatures are high-
lighted yellow (for other details see main text).

1981; Zurbuchen & Richardson 2006; Kilpua et al. 2017). How-
ever, the plasma flow speed does not show the monotonically
declining profile characteristic for MCs, which is related to their
expansion. This is most probably due to inhibited expansion, as
the ICME is “pushed” from behind by the HSS. The HSS after
the trailing edge of the ICME is identified as increase of plasma
flow speed and temperature. In the trailing part of the highlighted
region we observe increased temperature and plasma beta, as
well as a slightly increasing plasma flow speed profile, which
is most likely due to the acceleration from the faster HSS in
the back. During the whole observed time interval, two depres-
sions can be observed in the CR count, where the first depression
roughly corresponds to the highlighted region and is thus most
likely an ICME-related Forbush decrease. The second depres-
sion starts slightly before the stream interface and lasts through-
out the HSS, similarly as recurrent Forbush decreases observed
in other rotations where ICME signatures are not observed.

In Fig. B.2, we observe rotation in the B, from DOY
247.5 until DOY 248.1 (highlighted yellow), accompanied by
a decrease of plasma beta and an additional decrease in CR
count, superimposed to the decrease that has already started.
However, the plasma density and temperature are not decreased.
These are indications of the ejecta type of ICMEs (i.e., with-
out clear MC signatures Richardson & Cane 2010; Kilpua et al.
2017). The plasma flow speed shows a monotonically increas-
ing plasma flow speed profile, indicating acceleration of plasma
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Fig. B.3. In situ measurements given in day-of-year (DOY) time series
of 2009 corresponding to rotation 25. The ICME signatures are high-
lighted yellow (for other details see main text).

flow throughout the structure. The most likely scenario explain-
ing these signatures is that the HSS is pushing and accelerating
the ICME from the back. We note that we observe a double peak
in the plasma flow speed profile, corresponding to the double
peak in the plasma temperature. This is probably related to the
double-HSS structure, as the corresponding CH shows an inho-
mogeneous, “patchy” structure (determined visually using the
Solar Monitor service for the rotation 18 CH date as given in
Table 1, not shown here). We note that ICME-related depression
in the CR count seems superimposed to the larger-scale CIR-
related depression, unlike the event shown in Fig. B.1, where
two clear and separate depressions can be identified.

In Fig. B.3, we observe smooth rotation in the B, from DOY
71 until roughly DOY 72, accompanied by a decrease of plasma
beta (highlighted yellow) and occasional decreases of temper-
ature below expected temperature. As in previous two events,
these are indications of an ICME (Zurbuchen & Richardson
2006; Kilpua et al. 2017). Density is increased throughout this
time period and the plasma flow speed profile does not show
a monotonically declining (expanding) profile. On the contrary,
the flow speed profile is slightly increasing towards the ICME
trailing edge. Therefore, again in this case the ICME seems to be
pushed and accelerated from the back by the HSS. As in the case
of event shown in Fig. B.1, two depressions can be observed in
the CR count. The first depression is likely related to the ICME
and the second to the HSS.
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It is interesting to note that in all three observed cases of
ICME-CIR interaction, the ICME expansion is inhibited and
ICME seems to be pushed (and accelerated) from the HSS
behind. In all three cases, the ICME is slower than the HSS.
However, the location of the stream interface seems to be differ-
ent for event 2 shown in Fig. B.2 compared to other two events.
More specifically, in the former case (event 2), it is located in
front of the ICME whereas in the other two events it is located
after the ICME. We also note that in event 2, we see a fully accel-
erating plasma flow speed profile throughout the ICME, whereas
in the other two events, only the trailing part of the ICME plasma
seems to be accelerated. Therefore, it is possible that these three
examples show different stages of the evolution of the ICME-
CIR interaction. In events 1 and 3, the interaction could be at an
early stage, during which the HSS stopped the ICME expansion
and started to accelerate its plasma flow from behind. In event 2,
the interaction could already be at an advanced stage, where the
plasma flow inside the ICME is already accelerated up to a point
that the ICME is accelerating the plasma of the slow solar wind
in front, thus creating (i.e., “shifting”) the stream interface from
its back to the front. Additional support for this different-stage-
of-evolution interpretation is the fact that events 1 and 3 have
a more typical ICME duration (i.e., #24 h Richardson & Cane
2010) and clearer ICME signatures compared to event 2, which
has much shorter duration (14 h).

Appendix C: CIRs in rotations 9 and 24 - the
outliers
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Fig. C.1. In situ measurements for CIR in carrington rotation 2065
(rot9). For details see main text.

Figures C.1-C.2 show in situ measurements for CIRs in car-
rington rotation 2065 (rot9) and 2080 (rot24). The panels top
to bottom show: 1) the azimuth flow angle calculated in the
RTN system, Phi; 2) the magnetic field fluctuations, dBrms,


https://www.solarmonitor.org

M. Dumbovié et al.: Generic profile of a long-lived corotating interaction region and associated recurrent Forbush decrease

_ 1635F l 3756 _
I E | E °
= 1090 F :504&‘
S sa5F 4252
O iy S i ) S — — e = == 70
44 45 46 47 48 49 50
® oY
— | //“\
45 —1F 1 - ~ 2
> 2E T E
(o] - I
o _3E i H/4va\ //\/\/*\/-M ;
S —ak 1 .4 i
44 45 46 47 48 49 50
DOY 2009

Fig. C.2. In situ measurements for CIR in carrington rotation 2080
(rot24). For details see main text.

and the in situ magnetic polarity (red and blue overlying lines
for positive and negative polarity, respectively, with details in
Section 2; 3) the total magnetic field strength, B, and plasma flow
speed, v; 4) plasma density, n, and plasma temperature, T'; and 5)
the SOHO/EPHIN F-detector particle count, CR count. Vertical
solid lines mark the onset and the trail edge times, whereas the
vertical dashed line marks the stream interface time. All param-
eters, except Phi are given in relative values. Horizontal dashed
lines mark reference levels, which were obtained by normalis-
ing. Asterisks mark the measured peak values. The comparison
of normalization parameters and peak values of events in rota-
tion 9 and 24 with average values for all 27 rotations is given in
Table C.1.

The outlier marked red in Fig. 3 (rot9) is shown in Fig. C.1.
As can be seen in Table C.1, the pre-event values for Brms, B,

Table C.1. Normalization parameters and peak values: outliers versus
average values.

in average rot9 rot24 average  rot9 rot24

situ pre-event  pre-event pre-event peak peak peak
parameter values value value values value value
Brms [nT] 022+0.10  0.08 0.18 240+0.73 3.70 2.50
B [nT] 3.1+09 2.0 2.7 132+3.8 158 16.1

v [kms™!] 329 +21 311 300 639+79 712 588
n [em™] 49+20 79 35 27.7+16.0 389 74.0
T[10°K] 0.36+0.16 0.1 043 383+130 444 423
CR count [%] - - - 3618 103 37

v and T are quite low, whereas the pre-event value for n is quite
high. On the other hand, the peak values corresponding to this
event are relatively high. We note that the maximum peak val-
ues in the sample do not correspond to this event for any of the
parameters, however, the event does have a minimum normal-
ization values in the whole sample of 27 rotations for Brms and
T. We also note a very narrow and pronounced peak of Brms
almost two times higher than the rest of the curve in the period
of increased Brms. The duration of the event (from onset time to
end time, see Table 1) is 7.3 days, which is only slightly longer
than the average (6.8+1.5 days). The duration of the compression
region upstream of the stream interface (SI time-onset time, see
Table 1) is only slightly shorter than the average (0.6 + 0.4 days).
We note that, compared to other events, the flow speed reaches its
peak relatively late after the stream interface and it never returns
to the pre-event level. In addition, the magnetic field remains
high throughout the event and does not return to the pre-event
level. However, we also observed such behavior in some other
rotations as well (see Fig. 2); therefore, according to its profile,
this particular rotation does not seem to be an outlier. It is possi-
ble that rot9 only appears as an outlier in the scatter-plots due to
low normalization factor and extreme narrow peak of Brms.

The outlier marked blue in Fig. 3 (rot24) is shown in Fig. C.2.
As can be seen in Table C.1, the pre-event and peak values of all
parameters for this event are quite normal, except for density.
The peak value of density is the largest measured peak value in
all of rotations (see Table A.1). Therefore, rot24 only appears
as an outlier in the density scatter plot, but it does not seem to
posses any other extraordinary features.
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