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Abstract Observations during the deep solar minimum between Solar Cycles 23 and 24
offer an opportunity for characterizing the nature of solar wind dynamic pressure pulses
(DPPs) under extreme solar activity. In this study, we identify 226 DPPs from July 2008
to June 2009 using an automatic detection algorithm based on high-resolution plasma data
from the Wind spacecraft to investigate the features of DPPs during the deep solar minimum.
For comparison, the similarities and differences of the statistical characteristics of the DPPs
during the deep solar minimum and during the previous solar minimum are also examined.
It is found that the number and the occurrence rate of DPPs during the deep solar minimum
are only about one-third of those during the previous minimum, which may be attributed
to lower solar wind dynamic pressure and weaker dynamic pressure fluctuations. From a
statistical perspective, however, no obvious difference is apparent between the other basic
DPP properties in the two solar minima, such as the absolute and relative amplitude of the
dynamic pressure changes and the durations of the transition regions of DPPs. Other basic
properties of the DPPs during the deep solar minimum are as follows: 1) the distribution of
the absolute value of the dynamic pressure amplitude change peaks at 1.0— 1.5 nPa, 2) the
most probable relative pressure changes are 0.2-0.8, 3) DPP durations are broad-peaked
between 150 s and 210 s with a mean of about 171 s, 4) 76.7 % of the DPPs can be considered
as pressure balance structures, 5) dynamic pressure changes across DPPs are dominated by
density changes, 6) specially, during the deep solar minimum, a considerable portion of
DPPs, 86.7 %, are associated with large-scale solar wind transients such as interplanetary
coronal mass ejections (ICMEs) and stream interaction regions (SIRs).
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1. Introduction

In the solar wind, small-scale plasma structures with sharp (i.e., with steep fronts) and large
changes (in amplitude) of solar wind dynamic pressure are frequently observed. These struc-
tures are often called solar wind dynamic pressure pulses (DPPs) when there are only small
variations in their preceding and succeeding regions. The time scale of the dynamic pressure
front of DPPs ranges from a few seconds to several minutes (Dalin et al., 2002). Moreover,
abrupt changes of solar wind dynamic pressure are generally accomplished by sharp varia-
tions of ion flux (Riazantseva et al., 2003b; Zastenker and Riazantseva, 2007).

Usually the strong DPPs with large amplitude changes of dynamic pressure may
compress the Earth’s magnetosphere intensively and have significant effects on the
magnetosphere-ionosphere coupling system (e.g. Borodkova et al., 2005; Parkhomov, Ri-
azantseva, and Zastenker, 2005; Moore et al., 2007; Motoba et al., 2007; Yu and Rid-
ley, 2011). Numerous studies have discussed the responses of this system to large DPPs
and their potential space weather effects. On the other hand, the occurrence of sharp solar
wind plasma and magnetic field changes is often associated with fundamental physical pro-
cesses, such as plasma instability (Dalin et al., 2002; Riazantseva et al., 2005b), magnetic
turbulence (Riazantseva et al., 2007), magnetic reconnection (Khabarova and Zastenker,
2011), or interactions between different kinds of solar wind streams (Riazantseva et al.,
2003a). Further study of DPPs can lead to a better understanding of the nature of solar wind
plasma.

The unusual solar minimum between Solar Cycles 23 and 24, from mid-2007 to mid-
2009, created a record number of spotless days over several recent solar cycles (Gibson
et al., 2009; Jian, Russell, and Luhmann, 2011). A number of studies have documented the
characteristics of the solar-heliospheric-geospace system during the period of this deep solar
minimum, with a focus on solar activity abnormalities (Russell, Jian, and Luhmann, 2013;
Solomon et al., 2010; Chen, Liu, and Wan, 2011), unprecedented solar wind and inter-
planetary conditions (Jian, Russell, and Luhmann, 2011; Kilpua ez al., 2012), and their
consequences in the geospace (e.g. Heelis er al., 2009; Emmert, Lean, and Picone, 2010;
Liihr and Xiong, 2010; Solomon et al. 2010, 2011; Araujo-Pradere et al., 2011; Liu et
al. 2011, 2012). In this study, we attempt to characterize the properties of DPPs dur-
ing this deep solar minimum using high-resolution plasma data from the Wind space-
craft to enrich our understanding of the solar wind plasma during extremely low so-
lar activity. Here we select July 2008 —June 2009 to represent the period of deep mini-
mum occurring between Solar Cycles 23 and 24 because the lowest number of sunspots
is reported during this 1-year interval (Jian, Russell, and Luhmann, 2011). For com-
parison, we also investigate the DPPs identified during the whole year of 1996, which
is taken to represent the period of the previous solar minimum. In the following sec-
tions, we first describe the criteria and detection method for identification of DPP events,
and then present the results of our statistical and comparative investigation. The dif-
ference and similarity of the statistical characteristics of the DPPs during the two re-
cent solar minima are discussed in Section 4. In the last section, a brief summary is
given.

2. Selection Criteria for DPPs

We inspect Wind solar wind plasma data to detect abrupt changes of the solar wind dy-
namic pressure, Py, = m,N, sz, where m,, is the proton mass, N, is the plasma density,
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and V;, is the solar wind bulk speed. The solar wind plasma and magnetic field data are
obtained from the Three-Dimensional Plasma and Energetic Particle Investigation (3DP)
and the Magnetic Field Investigation (MFI) instruments on board the Wind spacecraft
with a time resolution as high as 3 seconds (ftp://cdaweb.gsfc.nasa.gov/pub/data/wind/3dp/;
ftp://cdaweb.gsfc.nasa.gov/pub/data/wind/mfi/).

The selection of the DPP events in this study is guided by the following criteria: 1) Solar
wind dynamic pressure changes by at least 1 nPa in less than 5 min. 2) The structure with
increased or decreased solar wind dynamic pressure should be isolated in the sense that only
small variations in solar wind dynamic pressure occur in the preceding and succeeding three
minutes. Since the data resolution is very high, the three-minute intervals can be considered
representative of the status before and after the pressure front. The relatively quiet regions
are called upstream and downstream. In the upstream and downstream regions, the ratio
of the standard deviation of the dynamic pressure to the average dynamic pressure should
be less than 0.6. 3) The change in the amplitude of the dynamic pressure in the upstream
region and in the downstream region is less than 0.6 times the change in its amplitude in
the transition region. 4) There are times with gaps between the region of abrupt change in
the dynamic pressure (which is usually named the transition region) and the upstream and
downstream regions, especially for complex structures (see Figures 1b and 1d). The duration
of the gap should be less than 180 s.

The candidate DPPs are firstly selected by an automated detection algorithm developed
using the criteria mentioned above from the corresponding Wind/3DP datasets (Zuo et al.,
2015). The automatically identified events are then re-examined visually. In this step, events
with invalid 3DP data are excluded, and, if necessary, regions of DPPs and their upstream
and downstream regions are further adjusted. This two-step verification makes us confident
in the identification process.

DPPs can be classified into two categories according to the change of sign of the so-
lar wind dynamic pressure across the transition region: a positive change indicates in-
creased dynamic pressure, while a negative change signifies decreased dynamic pressure.
Figures la and b show two examples of positive DPPs, and 1c and d of negative ones.
The first four panels in each subfigure are the magnetic field magnitude (B;) and the
three components of the magnetic field (B,, By, B;) in Geocentric Solar Magnetospheric
(GSM) coordinates, respectively. In the following panels, T}, is the proton temperature,
N, is the proton number density, V,, is the solar wind speed, and Py is the solar wind
dynamic pressure in units of nPa. The solid red vertical lines in the figures indicate the
identified boundaries of the transition region. The upstream and downstream regions of
the DPP are marked by transverse lines before and after the DPP. The isolated upstream
and downstream regions are relatively quiet. The figure also indicates that sudden pressure
changes are usually accomplished by abrupt changes in magnetic field magnitude and direc-
tion.

3. Statistical Results

During the deep solar minimum from 1 July 2008 to 30 June 2009, 226 DPPs were identified
with our automatic detection code. The analysis below is based on these events. On average,
the occurrence rate of DPPs is 0.7 events per day during this period. The number of DPPs
detected each day is presented as a histogram in Figure 2. The red and green bars below the
abscissa mark the dates during which interplanetary coronal mass ejections (ICMEs) and
stream interaction regions (SIRs) were observed (these will be addressed in Section 3.3).
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Figure 1 Examples of positive-type ((a) and (b)) and negative-type ((c) and (d)) DPP events detected by
Wind. From top to bottom: magnetic field strength, the three components (x, y, z) of the magnetic field in
Geocentric Solar Magnetospheric (GSM) coordinates, proton temperature, proton density, solar wind speed,
and solar wind dynamic pressure. Solid red vertical lines indicate boundaries of the DPP events, transverse
lines before and after the DPPs mark the upstream and downstream regions.

In addition, there are some gaps in the 3DP data during this period. Here, dates with data
gaps are shown in the figure by black blocks at its top. DPPs are not distributed homoge-
neously but appear in groups. DPPs are observed during only 19.6 % of the observational
period.

For comparison, we also identify DPPs during 1996 using the same criteria and algo-
rithm. We detect a total of 732 DPPs during 366 observational days with a frequency of
2.0 DPP events per day. The average occurrence frequency of DPPs during the deep solar
minimum is about one-third of that observed during the previous minimum. The significant
difference between the two solar minima may be attributed to different background solar
wind conditions. We will discuss this point in Section 4.
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Figure 3 Distributions of absolute dynamic pressure changes. (a) Histogram for the solar minimum between
Cycles 23 and 24 and (b) for the solar minimum between Cycles 22 and 23.

3.1. Basic Properties
3.1.1. Distribution of the Dynamic Pressure Amplitude Change across the DPPs

The distribution of the absolute value of the dynamic pressure amplitude change across
the DPPs, |dP], is presented as a histogram in Figure 3, where the bin interval is set to be
0.5 nPa. The value of |dP| for the events during the deep solar minimum varies from 1.0 nPa
to 5.07 nPa with an average value of 1.52 nPa. As seen from Figure 3a, the distribution of
|dP| peaks at 1.0—1.5 nPa and the pressure changes in about 66.4 % of the cases are in
this range. Only very few events are located in the bins between 4.5 nPa and 6.0 nPa. For
the previous solar minimum (Figure 3b), the |dP| of all 732 cases varies from 1.0 nPa to
12.74 nPa with an average value of 1.64 nPa which is about 8 % larger than that for the
deep minimum. A comparison between the two solar minima suggests little difference in
the distributions. However, it is noteworthy that there are less strong DPPs during the deep
solar minimum than during the previous one. During the solar minimum between Cycles 22
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Figure 4 Distributions of the relative pressure changes. (a) Histogram for the solar minimum between Cy-
cles 23 and 24 and (b) for the solar minimum between Cycles 22 and 23.

and 23, |dP| is greater than 3 nPa and 6 nPa in 39 and seven cases (not shown in Figure 3b),
respectively. While during the minimum between Cycles 23 and 24, |dP)| is in all cases lower
than 6 nPa; only nine cases have |dP| values greater than 3 nPa.

Figure 4 shows the distribution of the ratio of the absolute value of the pressure change
(|dP|) to the average dynamic pressure strength (P,y), |dP|/ P, where Py, = (P, + P»)/2,
and P; and P, are the averages of the dynamic pressure in the upstream and downstream
of the DPP, respectively. This relative value determines the strength of the DPP compared
with the background condition it resides in. The most probable relative pressure changes
during the deep solar minimum are 0.2—-0.8 (see Figure 4a). The value of |dP|/ P, for all
226 cases varies from 0.20 to 1.21 with an average value of 0.44. In about 95.1 % of these
DPPs, |dP|/ P,y is in the range of 0.2 to 0.8; 1.3 % of the events have |dP|/ P,, values greater
than 1. The distribution of |dP|/ P,, for DPPs during the solar minimum between Cycles 22
and 23 is similar to that of the deep solar minimum, as shown in Figure 4b. The |dP|/ P,y of
all 732 cases during 1996 varies from 0.20 to 1.98 with an average of 0.43. In about 95.2 %
of the 732 events, |dP|/ P, is in the range of 0.2 to 0.8; about 2.0 % of the events have
|dP|/ P, values greater than 1.

3.1.2. Relationship between the Relative Pressure Changes and the Relative Density
Changes

Dalin et al. (2002) surveyed DPPs using nearly 3 years of high-time resolution solar wind
data from the Interball-1 (1996 and 1998) and the Interplanetary Monitoring Platform 8
(IMP 8) (1979). The authors concluded that the dynamic pressure changes for DPPs resulted
mainly from density changes. In this article, we investigate this issue using Wind high-
resolution observations of the deep solar minimum. Relative pressure changes (dP/ P,y) are
compared with relative density changes (dN/N,,), where dN is the change of density across
the DPPs, and N,, = (N; + N,)/2, where N; and N, are the density averages in the upstream
and downstream of the DPP, respectively. As can be seen in Figure 5, almost all of the
226 data points are close to the line with slope equal to 1. Furthermore, the correlation
coefficient of this linear fit is 0.99, and the average value of the ratio (dP/P,)/(dN/N,)
is 1.13. Similarly, for the events during the solar minimum between Cycles 22 and 23, the
corresponding correlation coefficient and average value are 0.98 and 1.15, respectively.
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In addition, the velocity changes across the DPPs are generally small, with the exception
of a few interplanetary (IP) shocks (only nine cases of all 226 DPPs are identified as IP
shocks). During the deep solar minimum, the average value of the velocity changes is only
about 12 km s~', which is close to the 13 kms™' of the previous solar minimum. Almost all
of the 226 events, about 98.2 %, are accompanied by very small changes (below 50 kms~!)
in solar wind velocity. Therefore, our results confirm that the dynamic pressure changes
during the deep solar minimum and the previous solar minimum are dominated by density
changes and that the role of velocity changes is rather small.

3.1.3. Transition Region Durations

The distribution of the durations of the transition regions, d7, is shown in Figure 6a for
the 226 cases during the deep solar minimum. According to the restrictions imposed by our
selection criteria, all of the events have maximum duration of 300 s. Overall, the distribution
has a broad peak between 150 s and 210 s with a mean of 171 s and a minimum duration
of 3 s, which is the time resolution of the data. A large number of events, 73.5 %, have
durations greater than 120 s; only 26.5 % have durations less than 120 s. Very sharp changes
of less than 10 s are detected in only 2.2 % of the events (five cases).

As shown in Figure 6b, the statistic results of DPP durations during the solar minimum
between Cycles 22 and 23 are similar to those recorded during the deep solar minimum. In
the previous minimum, the average duration is 173 s, and the most probable value of the
transition time is 150240 s. About 23.9 % of the observed pressure fronts have transition
times of less than 120 s; about 1 % of the events have transition times of less than 10 s.

A comparison of the durations of pressure changes (d7) and their amplitudes (|dP|)
shows no clear relationship, or in other words, the amplitudes and transition times of the
pressure changes are independent (not shown). This conclusion is in agreement with that of
Dalin et al. (2002). The relationship between the absolute values of the pressure changes and
their transition times is presented in Table 1. In this table, the number of observed events is
listed as a function of |dP| and dT. The core of the event distribution, 91 of the 226 cases,
have a transition time > 180 s and absolute pressure changes of 1 nPa to 2 nPa. In general,
the largest pressure changes are not the fastest ones.
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Figure 6 Distribution of the durations of DPPs. (a) Histogram for the solar minimum between Cycles 23
and 24 and (b) for the solar minimum between Cycles 22 and 23.

Table 1 Distribution of the

absolute value of the dynamic |dP| [nPa] dr [s]

pressure amplitude change |dP| <10 10-60 60180 > 180

(in nPa) and the duration of the

transition region d7T (in seconds) 1-2 4 23 69 91

during the deep minimum. 24 | 3 16 17
>4 0 0 0 2

3.2. Pressure Balance Analysis

It is important to determine whether the total pressure is in balance across the observed sharp
pressure changes because this balance affects the time evolution of small-scale solar wind
structures (Barkhatov et al., 2003).

A comparison of thermal and magnetic pressure changes is presented in Figure 7, where
dPy, (dPy, = Pyy — Pyi) denotes the thermal pressure change, and Py, and Py, represent
the thermal pressures before and after the event, respectively. Similarly, dPy, = Py — P
denotes magnetic pressure change, with Py, and P, representing the magnetic pressures
before and after the pressure front, respectively. In 92.0 % of 224 cases (for two cases,

Figure 7 Solar wind magnetic 224 points
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no valid data are available), the changes in the thermal and magnetic field pressure have
the opposite sign, as required for pressure balance, with an increase in thermal pressure
coinciding with a decrease in magnetic pressure and vice versa. Although these changes are
significant for maintaining pressure balance, we check the conservation of the total pressure
balance quantitatively by comparing the sum of the thermal and magnetic pressures on each
side of the DPP.

We calculate the total pressure (P, = Py, + Pn, where Py, is thermal pressure and Pp,
is magnetic pressure) as the sum of proton thermal pressure, electron thermal pressure, o
particle thermal pressure, and magnetic pressure. The calculation is performed using the
solar wind measurements of proton density (V;), electron density (N,), o particle density
(Ny), proton temperature (7;), electron temperature (7.), « particle temperature (7), and
magnetic field measurements (| B|) from Wind/3DP and Wind/SWE. For each case, if all the
data are available, the formula for the thermal pressure is taken as Py, = N; X k X T; + N, X
k x T+ N, x k x T,, if the electron data are not available, the formula is alternatively taken
as Py =2N; xk x T; 4+ N, x k x T,,. From July 2008 to June 2009, there are 29 days without
electron data.

Figure 8 shows a histogram of the relative total pressure changes, dP,/ P, during the
deep solar minimum, where Py, is the total pressure before the DPP event, Py, is the total
pressure after the event, and dP; = | P, — P;|. In more than 76.7 % of the events, the relative
total pressure change across the event is less than 10 %, which can be taken as evidence of
structures with pressure balance (PBSs, Riazantseva et al. 2005a; 2005b); for about 7.6 %
of the events, the relative total pressure changes by more than 30 %. It should be pointed
out that during the previous solar minimum, electron data are available for less than half of
the time (155 days); therefore, pressure balance comparisons between the two recent solar
minima have not been done.

For most of the events, the PBSs may be tangential discontinuities. Thus far, the cate-
gories of small-scale solar wind structures have been poorly investigated. Riazantseva, Za-
stenker, and Richardson (2005) attempted to preliminarily classify the types of large and
sharp solar wind ion flux changes observed by Interball-1 from 1996 to 1999. Of the 207
events they studied, about 5 % were rotational discontinuities, nearly 50 % were tangential
discontinuities, and the remaining 45 % of the events could not be classified unambiguously
as any known discontinuity. A more detailed analysis to classify the observed DPPs by dis-
continuity type, which should help to explain the nature and origin of these structures, will
be conducted in our future work.
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Table 2 Number of DPPs associated with large-scale solar wind transients during the recent two solar min-
ima. Some DPPs are associated with more than one type of large-scale transient.

Solar minimum Solar min. 23 -24 Solar min. 22-23
No. of SIRs 41 42

No. of ICMEs 8 4

No. of SIR-related DPPs?® 184 (81.4 %) 365 (49.9 %)

No. of ICME-related DPPsP 25 (11.1 %) 23 (3.1 %)

No. of SIR- and ICME-related DPPs 13 (5.8 %) 16 (2.2 %)

No. of DPPs not associated with LSSWTs¢ 30 (13.3 %) 360 (49.2)

4DPPs that are only associated with SIRs and are associated with both ICMEs and SIRs are 6 included.
bDPPs that are only associated with ICMEs and are associated with both ICMEs and SIRs are 8 included.

CLSSWTs: large-scale solar wind transients.

Because some events are not in pressure balance, these structures must evolve with time.
For example, Zastenker and Riazantseva (2007, 2008), Dalin et al. (2008), Rakhmanova,
Riazantseva, and Zastenker (2012) used the coordinated observations of several spacecraft
to investigate the dynamics of the sharp fronts of solar wind changes and found significant
steepening of these sharp plasma changes up to around a million of kilometers.

3.3. Association with Large-Scale Solar Wind Transients

As shown in Figure 2, DPPs appear in groups in the solar wind. Dalin ez al. (2002) suggested
that the creation of sharp and large pressure changes might require that special conditions
exist in the solar wind. Therefore, which type of solar wind the DPPs prefer to reside in is
an interesting problem that might be related to their origins.

There is a tendency that the number of DPPs for days when solar wind transients, in-
cluding ICMEs and SIRs, are observed is usually larger, as seen from Figure 2. Moreover,
the continuous “active” days when DPPs are observed sequentially as in a pulse packet
lasting 2—3 days are mainly associated with passages of ICMEs or SIRs. Here, we at-
tempt to determine quantitatively the association of DPPs with these large-scale struc-
tures. The start time and the end time of ICME and SIR passages for July 2008 —June
2009 are obtained from publicly available catalogues compiled by Jian Lan (http://www-
ssc.igpp.ucla.edu/~jlan/ACE/Level3/SIR_List_from_Lan_Jian.pdf and http://www-ssc.igpp.
ucla.edu/~jlan/ACE/Level3/ICME_List_from_Lan_Jian.pdf). In this study, a DPP event is con-
sidered to be associated with an ICME or SIR if it occurs within the time interval of their
passages.

During the deep solar minimum, eight ICMEs and 41 SIRs are detected according to the
two lists. However, if we consider the availability of 3DP data during this period, the number
reduces to seven ICMEs and 37 SIRs. The numbers of DPPs associated with the large-scale
transients of each solar minimum are listed in Table 2. During the deep minimum, 184 cases
are identified as SIR-related DPPs; that is, 81.4 % of 226 cases are located within SIRs. In
addition, 25 cases, or 11.1 %, are identified as ICME-related DPPs. Only 30 cases, or 13.3 %,
show no association. It should be noted that these large-scale structures show partial overlap
in some cases. Thus, there are DPPs related to more than one type of large-scale transient.
During this period, 13 cases, or 5.8 %, are SIR- and ICME-related DPPs. To summarize, an
overwhelming majority of DPPs, 86.7 % of all 226 cases, are associated with SIRs or ICMEs
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Table 3 Comparison of DPP parameters for the two recent solar minima.

Solar min. Period No. of DPPs No. of Frequency (|dP])
obs. days [per day] [nPa]
22-23 1996 732 366 2.0 1.64
23-24 July 2008 — June 2009 226 3223 0.7 1.52
Solar min. Period (|dP|/ Pay) ((dP/ Pay)/(dN/Nay)) dV) (dT)
tkms™"] [s]
22-23 1996 043 1.15 13 173
23-24 July 2008 —June 2009 0.44 1.13 12 171

4During the 1-year period (365 days) from July 2008 to June 2009, 3DP data are not available for 43 days.

during the deep solar minimum. That is, ICMEs and SIRs provide favorable conditions for
the origin and propagation of DPPs during the deep solar minimum.

For the previous solar minimum, there are four ICMEs and 42 CIRs. Among the 732
DPPs that occur during 1996: 3.1 % are ICME-related, 49.9 % are CIR-related, and 2.2 %
are associated with both SIRs and ICMEs. That is, 50.8 % of the DPPs of the solar minimum
between Cycles 22 and 23 are associated with large-scale solar wind transients. Although
the numbers and properties of ICMEs and CIRs differ little during the two minima (Jian,
Russell, and Luhmann, 2011), the percentage of DPPs associated with large-scale solar wind
transients of the deep solar minimum is significantly larger than that of the previous solar
minimum.

4. Discussion

In the previous section, we have compared the statistical results of DPP properties for the
deep solar minimum and the previous solar minimum. The key parameters of DPPs during
the two recent solar minima are summarized in Table 3. In this table, the first and second
columns specify the two time intervals surveyed. In the upper half of Table 3, the third to fifth
columns show the number of DPPs, observation days and the frequency of DPPs per day
during each solar minimum; the remaining columns show average values of key parameters
of the DPPs. In summary, there are many properties in common for the DPPs during the
two minima: 1) The distributions of |dP| peak at 1.0— 1.5 nPa. 2) The most probable relative
pressure changes are 0.2—0.8. 3) The durations of DPPs show a broad peak between 150 s
and 240 s with a mean of about 170 s. 4) The distributions and average values of absolute and
relative amplitude of the dynamic pressure changes and DPPs durations are similar. 5) The
dynamic pressure changes across DPPs are dominated by density changes and the role of
the velocity variation is rather small. 6) The majority of DPPs are related to large-scale solar
wind transients.

By comparison,we find that there are two impressive features for the DPPs that occurred
during the deep solar minimum: 1) A dominant portion of DPPs, 86.7 %, are associated with
large-scale solar wind transients; DPPs are more closely associated with disturbed large-
scale solar wind structures than undisturbed quiet solar wind. 2) The average occurrence
frequency of DPPs during the deep solar minimum is abnormally low.

The distributions of solar wind proton density, speed, and dynamic pressure for the two
solar minima are determined using the 93-s time resolution data from Wind/SWE and are
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Figure 9 Histograms of (a) solar wind proton density, (b) speed, and (c) dynamic pressure for the solar
minimum between Cycles 23 and 24 (red) and 22 and 23 (blue).

Table 4 Comparison of key solar wind parameters for the two solar minima.

Solar min. (Vp) [km s*l] (Np) [cm*3] (de> [nPa] Bde [nPa] CVde
22-23 422 8.4 2.29 2.45 107 %
23-24 390 6.1 1.42 1.37 96 %

shown in Figure 9. As can be seen from Figure 9a-b, the deep minimum has the slower
and less dense solar wind in comparison with the previous minimum. The slower solar wind
speed and lower proton density then jointly lead to weaker dynamic pressure as shown in
Figure 9c. In addition, the averages of solar wind proton speed, density, and dynamic pres-
sure for the two considered periods are listed in Table 4 (third to fifth columns). The average
solar wind speed of the deep solar minimum is only 390 km s~!, which is 7.6 % slower than
the 422 kms~! recorded during the previous minimum. The average proton density of the
deep solar minimum is 6.1 cm™3, which is less than 73 % of the 8.4 cm ™3 recorded during
the previous minimum. Due to the slower speed and lower density, the average dynamic
pressure of the solar minimum between Cycles 23 and 24 is only 1.42 nPa, which is 38 %
weaker than the 2.29 nPa recorded during the solar minimum between Cycles 22 and 23.
The standard deviations (8pgy) of the solar wind dynamic pressure during the deep min-
imum and the previous minimum are 1.37 and 2.45, respectively (Table 4). The coefficient
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of variation (CVpqy, also known as “relative variability”, which is equal to the standard de-
viation of a distribution divided by its mean) of the solar wind dynamic pressure during the
deep minimum is 96 %, which is smaller than the 107 % recorded during the previous solar
minimum (Table 4). Thus, it can be concluded that the solar wind dynamic pressure fluc-
tuation or variability of the deep minimum is significantly weaker than that of the previous
minimum.

The selection criteria of DPPs demand that the dynamic pressure change should exceed
1 nPa across the transition region. Due to the abnormally lower dynamic pressure and weaker
dynamic pressure variability, this requirement is more difficult to satisfy for the deep solar
minimum. This may be the reason why fewer DPPs are recorded during this special period
compared with the previous solar minimum. The solar minimum-to-minimum differences
in the number of DPPs and occurrence rate also imply that the annual distribution of DPPs
may have a solar cycle dependence and that a higher degree of solar activity may result in a
higher DPP occurrence rate.

5. Conclusions

During the deep solar minimum between Solar Cycles 23 and 24, 1 year (1 July 2008 —
30 June 2009) of solar wind data were surveyed to construct a dataset of DPP events for
our statistical study. During this period, 226 DPPs occurred with a frequency of 0.7 events
per day. These dynamic pressure changes are not distributed homogeneously in time but
are observed to occur in clumps. In addition, the pressure changes are mainly dominated by
density changes, the role of the velocity change in these pressure changes is rather small.
The average absolute dynamic pressure change is 1.52 nPa, the average value of the relative
pressure change is 0.44, and their average duration is 171 s. About 76.7 % of the events are
considered as pressure balance structures. In addition, in 7.6 % of the events, the relative
total pressure change is more than 30 %. When there is no pressure balance, the events
should evolve.

It is found that the number and the average frequency of DPPs during the deep solar min-
imum are only about one-third of those during the previous minimum. The solar minimum-
to-minimum differences of the number of DPPs and occurrence rate also imply that the
annual distribution of DPPs has a solar cycle dependence. From a statistical perspective,
other basic properties of DPPs, such as absolute and relative amplitude of the dynamic pres-
sure changes and durations, do not show obvious differences between the two solar minima.
Therefore, such parameters may not be cycle dependent.

Furthermore, an overwhelming majority of DPPs during the deep solar minimum,
86.7 %, is associated with large-scale solar wind transients. Since the deep minimum has
the weaker and less variable solar wind dynamic pressure in comparison with the previous
solar minimum, DPPs with large dynamic pressure changes in the undisturbed solar wind
are less frequently detected.
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