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ABSTRACT. The relation between density and velocity of the solar wind is
determined for the individual phases of solar activity cycles 20 and 21, using
daily averaged values of the solar wind parameters (November 1963 - May 1980,
Bartels rotations Nos 1783-2006). It was found that the particle concentration
decreases in all analysed phases of the two solar cycles with increasing solar
wind velocity. In most phases of cycles 20 and 21 (with the exception of the
ascending branch of cycle 20), the density decreases as n~v V_1'5. As regards
the quiescent solar wind with no marked velocity gradients, it was found that
n-u'V_<1'6-1'7>. During the ascending phase, it aprears that n~~ 1t s
realistic. In both cycles, 20 and 21, it was found that the particle density
of the solar wind is higher on the average (about 1.5 times) in the solar ac-
tivity minimum than in its maximum.

LOJI'CEBFEMEHHHE BAPVAIIVM COOTHCILEHMA INICTHOCTB-CKCPOCTH COJNHEUHOI'O BETPA.
B paGcore Ha OCHOBe CpeJHMX CYTOUHHX EeJUUMH NApPaAMETPOB COJHEUHOTC BeTpe BHBe-
LeHE COOTHECIEHNS MEXAY IMICTHOCTBO M CKOPOCTLD COJNHEUHOIO BeTpS IS CTLEJNBHHX
fas 20~-oro m 21-0ro UMKJICB COJHEUHO!t SKTUBRHOCTH (Hoa6pp 1963 - wmait 1980, o6o-
pory Bepreneca N 1783-2006) . Halineso, uTo s BCeX aHATUBUDYEMEX das ofeux
COMHEUYHHX LUKAOB MIOTHOCTE YaCTHUl, yOHEAET C NOBHUEHKEM CKODPOCTH COJHEEYHOIO
Berpa. Ina GoasumHcTBa ¢as 20-cro u 21l-cro nukaos (kpoMme Bocxomsameit seTBu 20—
Or0 UMKJ2) TJIOTHOCTbL yOWBAET COLMACHC cooTHOWeHup nA~V ' 7 . Ansg cnoxoitHo-
CO COJHEUYHOTC BeTpa 6es3 NpLCYyTCTBUA Kp%HHHX CKOPOCTHHX IPeIUEeHTOR Cmia Haitne-
~(1.6-1.7

Ha 3aBHUCHUMOCTB B BUIE nawV . Lnsa BoCXOondmeit BeTBU MOXHO, DO-BU-
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IUMOMY , B8BUCUMOCTEL 3amUCaTh B BuIe n e~ V_1’1 . Ing ofewx umwkaons 2 20 n 21

6w70 TOLTBEDIOEHO , UTC B MUHUME CCJHEUHOM &XTUBEOCTN B OCHOBHOM IUICTHOCTH uac-—

TUI CONHEUHOTO BeTpa Buile (KoedduiumeHT yMHOMEHuS OKCJO 1.5) uem B Makcumywme.

DLHODOBE VARIKCIE VZTAHU HUSTOTA-RYCHLOST SLNESNEHO VETRA. V prdci je na
zéklade priemernych dennych hodndt parametrov slnefného vetra urdovany vztah
medzi hustotou a rychlostou slneéného vetra pre jednotlivé fazy 20. a 21.cyk-
lu slneénej aktivity (november 1963 - mdj 1980, Bartelsove rotdcie &. 1783 -
2006 ). Bolo zistené, %e pre vietky analyzované fdzy oboch slnednych cyklov
koncentrdcia 8astic klesgd so vzrastanim rychlosti slnedného vetra. Pre vEcSinu
faz 20. a 21. $yglu (okrem vzostupnej vetvy 20. cyklu) klesd hustota podla

vztahu nas V_ . Pre kTudny slnelny vietor bez pritomncsti vyraznych rych-

lostnych gradientov bola ndjdend zévislost v tvare n~ V_(1‘6_1’7)
1.1

. Pre vzos-
tupnd vetvu sa zdéd byt redlnou zévislost v tvare n~ V. . Pre ota cykly ¢&.
20 a 21 sa potvrdilo, Ze v minime slnedne] aktivity je v priemere vyd3ia (asi

1.5-krét) hustota Bastic slnedného vetra ako v maxime.

1. INTRODUCTION

Regardless of the fact that direct observations of the solar wind by man-
made satellites have only been available since the beginning of the 1960'3,
there is still no solar wind theory which would take into account all the inho-
mogeneities solar wind observations provide. There is still no adequate theory
of its origin, propagaion through interplanetary space and its effect on the
Earth and its magnetosphere.

The interrelations between the various solar wind parameters (e.g. densi-
ty-velocity, particle flow-velocity, temperature-velocity, etc.) are some of
the properties which should be included in the solar wind theory. 4s regards
the theoretical modelling of expansion and propagation of the solar wind (he-
reinafter abbreviated to SW) in interplanetary space, it is also important to
know the properties of the guiescent SW with no effects due to the interaction
of SW streams with the guiescent background. Consequently, every model of ge-
neration and propagation of the SW should take into account the differences in
the relations between the SW parameters, for various velocity regimes, as well
as various solar activity phases.

Considerable attention has already been devoted in the literature to the
relations between the basic SW parameters such as particle density of protons
(n), proton temperature (T), particle flux (J) and others in dependence on the
solar wind velocity (V) in papers of a number of authors. The relation between
temperature and SW velocity was studied, e.g. by Burlaga and Ogilvie (1970a),
Burlaga and Ogilvie (1973), Geranios (1982), Lopez and Freeman (1985). 4 large
number of papers deals with the relation between the particle flux (usually
only protons) and the SW velocity (e.g., Burlaga and Ogilvie, 1970b; 1973).

The relation between particle density and SW velocity has been studied in
the papers by Burlaga and Ogilvie (1970b), Hundhausen et al. (1970), Diodato
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et al. (1974), Steinitz and Eyni (1980), etc. The individual studies differ in
the method used, amount and nature of data processed, or in the data used for
the different time intervals. For example, Hundhausen et al. (1970) report re-
sults concerning the relation between particle density and SW velocity deter-
mined on ihe basis of observations of SW parameters made on board the Vela-3
satellite and covering the interval from July 1965 to November 1967; in this
particular case, the particle density data were averaged over 25 km/s velocity
intervals. Burlaga and Ogilvie (1970b) report the results and the relation
n(V), determined from Explorer-34 data for the period June-December 1967. Wol-
fe (1972) gives the results of an analysis of the n(V)-relation based on data
from the Pioneer-6 probe for the interval December 1965 to March 1966; he ana-
lysed the n(V)- relation using daily averaged values of proton density and SW
velocity. Diodato et al. (1974) compared the dependence of proton density on
SW velocity for the invervals December 1963 - February 1964 (IMP-1 data), Ju-
ly-December 1965 (Vela-3), June-December 1967 (Explorer-34) and December 1968
~ March 1970 (HEOS-1), using the 3-hour averaged values of these parameters
as the initial data, which enabled them to study the density-velocity relation
for intervals with different degrees of solar activity. Steinitz and Eyni
(1980) give the relation between n and V based on data from IMP-6, 7 and
8, whose data they averaged of a whole solar rotation.

Some authors, besides the relation n(V), also studied the relations men-
tioned above taking into account the distance d from the Sun as a further
parameter, n(V,d), or time t, n(V,d,t), e.g. Diodato et al. (1974), Eyni
and Steinitz (1980), Steinitz (1983 ) and Gazis (1984).

The purpose of this paper is to study the relation between the particle
density of the SW and the SW velocity, as well as their long-term changes in
dependence on the 11-year solar activity cycle.

2. DATA USED AND THE METHOD OF PROCESSING

For the purpose of determining the relations between the particle density
and SW velocity in the various phases of the solar cycle, we used the SW data
published by King (1977, 1979, 1983) for the interval November 1963 to May
1980 (Bartels rotations Nos 1783-2006), which we obtained on magnetic tape via
the NSSDC/WDC-4, Goddard Space Flight Center, Greenbelt, Maryland, USA. Since
we studied the above relations on a large time scale, we used daily averaged
values of the SW velocity and density as the initial data for further proces-
sing. We investigated the relation n(V) only for the constant distance of
1 AU from the Sun, due to the nature of the data we used (King, 1977, 1979,
1983). The range of the data, which cover nearly two whole solar cycles, Nos
20 and 21 (with the exception of the minimum of cycle 21), made it possible to
study the changes of the density-velocity relation in dependence on the indi-
vidual phases of the 11-year solar activity cycle. The studied interval of
Bartels rotations Nos 1783-2006 was divided into separate phases as is given
in Tab. 1. Division of the whole analysed time interval into the separate pha-
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Table 1

Serial number Solar cycle Time interval
of solar cycle phase (month, year) (Bartels rot.)
minimum November 1963 - 1783 - 1811
- December 1965
ascending December 1965 - 1812 - 1835
20 branch - October 1967
maximum October 1967 - 1836 - 1877
) - November 1970
descending November 1970 - 1878 - 1930
branch - October 1974
minimum October 1974 - 1931 - 1969
- dugust 1977
21 ascending August 1977 - 1970 - 1987
branch - December 1978
maximum December 1978 - 1988 - 2006
- May 1980

ses of the solar cycles Nos 20 and 21 was done on the basis of visual inspec-
tion of the course of monthly smoothed relative sunspot numbers. The division
introduced by Hoeksema (1984 ) that was based mainly on physical consideration
(large-scale solar and heliospheric magnetic field configuration) was also ta-
ken into account for the 2‘1St solar cycle.

The data were analysed with regard to determining the n(V)-relation in
each phase of the solar activity cycles separately for:

a) all days, i.e. also on days on which high-speed streams occurred;

b) the days when no high-speed streams occurred.
The days on which high-speed SW streams occurred, and which were not included
to the processing per b), were taken from the catalogue of high-speed SW stre-
ams (Kul&4r et al., 1984).

The density-velocity relation was approximated for each phase of the so-
lar cycle using the method of least squares as

logn =a + b log V, (1)

where a and b are constants for a particular solar cycle phase. Besides
this, we determined the correlation coefficient r of the values log n and
log V, which represented a supplementary parameter providing information about
the closeness of n(V)-relation.

Since the n(V,t)-relations were studied from the point of view of large-~
scale time structures, we then divided the whole velocity interval, in which
the daily averaged values of the SW density and velocity occurred, into nar-
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rower velocity intervals separately for all solar cycle phases. The velocity
intervals were taken to be &V = 50 km/s as follows: 200 £V < 250 km/s,

250 £V € 300 km/s, 300 L V € 350 km/s, etc., up to the maximum velocity which
occurred in the particular cycle phase. We determined the average particle
density for each of these velocity intervals using the data relevant to each
velocity interval.

3. RESULTS AND DISCUSSION

Using the methods described above, we determined the values of constants
a and b and of the correlation coefficient r, characterizing the relati-
on between the particle (proton) density and SW velocity, as well as the ave-
rage values of the densities n for the given velocity intervals in the va-
rious phases of the 1l1-year .solar activity cycles Nos 20 and 21. The values
of parameters a and b, and of the correlation coefficient r for these
phases are given in Tabs 2 and 3.

Table 2
Sclar cycle phase r a b N
Minimum of cycle 20 -0.51 4.8 -1.5 2C3
Ascending branch of cycle 20 -0.36 3.6 -1.1 512
Maximum of cyele 20  -0.46 4.7 -1.6 647
Descending branch of cycle 20 -0.54 4.3 -1.3 1016
Minimum of cycle 21 -0.68 5.2 -1.6 950
Ascending branch of cycle 21 -0.52 4.9 -1.5 475
Maximum of cycle 21  -0.48 4.8 -1.5 474

Table 3
Solar cycle phase : r a b N
Minimum of cycle 20 -0.48 5.1 -1.6 170
Ascending branch of cycle 20 -0.29 3.7 -1.1 422
Maximum of cycle 20 -0.36 4.6 -1.5 525
Descending branch of cycle 20  -0.40 4.7 -1.5 710
Minimum of cycle 21 -0.47 5.3 -1.7 656
Ascending branch of cycle 21  -0.46 5.6 -1.8 379
Maximum of cycle 21 -0.43 5.1 -1.6 392
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Table 2 gives the results for all days, including those on which high-
speed streams occurred, Tab. 3 gives the values for the days on which these
streams were absent. The last column of each table gives the number of days
(N) used to determine parameters a, b and r. As regards the values in Tabs
2 and 3 (meinly the parameter a), it should be pointed out that they were ob-
tained for particle densities expressed as the number of particles per cu.cm.
This manner of expressing the n-values was chosen in this case in order to ma-
ke the results compatiblebwith the data published in the literature, where
particle concentration is usually expressed in units of cu.cm.

Besides the results given in Tabs 2 and 3, we alsc give the results of
calculating constants a and b and of the coefficient of correlation r
for the case in which the input data were the average values of n and V
for the individual Bartels rotations covering the whole period of November
1963 to May 1980. We obtained the following values:

a =28, b=-0.7, r=-0.26,
the number of input pairs being N = 191.

To estimate the accuracy of the results of the regression analysis, who-
se results are given in Tabs 2 and 3, the following should be mentioned: As
regards the relation n(V), which in this case was obtained by fitting a reg-
ression line to pairs of values logn and log V using the least-squares me-
thod, this case was more complicated than simple linear regression, because
the density values n as well as the velocities vV were subject to observa-
tion errors. Therefore, the accuracy in determining the parameters of the re-
gression line 'a and b, cbtained by the leasi-squares method, was tested in
twe ways:

- by interchanging the independent and dependent variable ( in this par-
ticular case log V and log n),

- by testing the significance of the correlation coefficient according
to the t-distribution (Student's test) at two levels of significance, p =
0.05 and p = 0.01. The results of both these testing methods indicate suffi-
cient statistical significance of the relation beiween the density and SW ve-
locity, the results for the ascending phase of cycle 20 being the least accu-
rate and the results for the minimum of cycle 21 being the mocst accurate.

Figures 1a-g, 2 and 3 show the results of the statistical processing of
the density n in dependence on the SW velocity V using the method of divi-
sion into velocity intervals. Figures la-g show n(V) for the separate phases
of cycles 20 and 21 together with the standard deviations of the average den-
sity values. Figures 2 and 3 represent a superposition of Figures la-d and
1e-g, respectively, and provide an illustrative overview of the changes of
n(V) with time. The relations n(V) and n(V,t) in Figs la-g, and 2 and 3,
respectively, refer to all days including those on which high-speed SW stre-
ams occurred. The abscissae give the velocity intervals in such a way that,
e.g., the value 200 km/s, marked on the graph, corresponds to the velocity
interval 200 =V < 250 km/s, etc.

Based on the results given in Tabs 2 and 3 and in Figs la-g, 2 and 3, the
following conclusions can be drawn:
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Fig. ta. Graph of the solar wind density-velocity relation for the minimum of
solar activity cycle 20.

It has been proved that the concentration (density) of particles (protons)
decreases with increasing SW velocity. The same conclusion was drawn by Hund-
hausen et al. (1970), Burlaga and Ogilvie (1970b), Wolfe (1972), Diodato et
al. (1974), Neugebauer (1976) and others.

The particle concentration displays a decrease with increasing SW veloci-
ty in all phases of solar activity cycles 20 and 21. This conclusion agrees
with that of Diodato et al. (1974) who claim that the average values of the
proton concentration are subject to long-term variations with the cycle under
quiescent as well as disturbed SW velocity regimes.

In the majority of the phases of cycles 20 and 21 (with the exception of
the ascending phase of cycle 20), the dependence of the particle concentrati-
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Fig. 2. The solar wind density-velocity relation for solar activity cycle 20.
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Fig. 3. The solar wind density-velocity relation for solar activity cycle 21.
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on on velocity can Le expressed approximately by the functional dependence
ne V" '5. In the ascending branch of cycle 20 this dependence can be expres-
sed in the form nAs7 ' *!. The results we have obtained agree well with the
eported by other authors in the literature. For example, Wolfe (1972}
riag gilvie s data (1970b) and after supplementing them with
cbtained by other satellites and probes (IMP-1, HEOS-1, Pioneers 6 and
, etc, ) he rerorted this dependence as n~~ v '+, Hundnausen et al. (1970}
en han 500 km/s ard
erval of July 1965 tc November 1967 (which covers partly the minimum

1
i

for velocities lower t

ent this dependence as naAr V.
t

n
veriod and mainly the ascending phase of cycle 20), and this is good agree-
ment with the value of the exponent, -!1.1, we obtained for the ascending pha-
se cf cycle 20. The value is the lowest value {(in absolute value) of the ex-
onent  t o in Eg. (1) of all the values given in Tabs 2 and 3. Tnese low va-
cf the exponert are caused by low values cf the particle density Dbein
corded at low SW velocities, as compared to the other phases of cycles 20
and 21, during thre ascending phase of cycle 2C, whereas the densities for hi-
n velccities were not lowered markedly. It is interesting to note

anomaly of this kind was registered during the ascending branch of c¢y

Tre physical explanation of this effect is not clear.

The values of constarts a and b and of the cerrelation coefficient

r do not display any characteristic trend with time. & certain irend may
possibly be seen in the data in Tab. 2, in which there is some indication of
a decrease of all three parameters, a, b and r (decrease ir their absolute
values) between the minimum and naxinum cf cycle 21. We car see from these
changes that the correlation between the quantities r and V is decreasing
(change in the correlation coefficient from -0.68 to -0.48).

As regards the descending phase of cycle 20, Tabts 2 and 3 indicate that
the value of exponent bt in this period is lower (in absoclute value, as com-
pared to its values in the other phases of the solar cycle (with the excepti-
on of the value -1.1 for the ascending phase of cycle 20, which has already
been discussed above). The low values of exponent b during the descending
prase are probably due to the presence of a larger number of high-speed stre-
ams.

Tables 2 and 3 show that the value of exponent ©b, under a relatively qu-
iescent SW structure (see Tab. 3 - data without high-speed streams), is higher
for most of the phases of cycles 20 and 21. Excep{ions are the phases of the
maximum of cycle 20, when this relation is inverted, and the ascending phase

f cycle 20, when the values of the exponent are the same. It-follows that,

in the quiescent SW velocity structure, the slope of the line representing the
relation between log n and log V is steeper, whereas under higher velocities
the slope is more gradual. This is caused by the presence of high-speed stre-
ams in the SW velocity field ir all phases of cycles 20 and 21, evidence of
which are the different values of N 1in the last columns of Tabs 2 and 3.

The higher values of correlation coefficients in Tab. 2 against the same
values in Tab. 3 give evidence about the fact that the inverse correlation cf
the n(V)-relation is closer for the cases when high-speed solar wind streams
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are also taken into consideration in processing than for the quiet SW only.
In the result that is expressed via the values of r in Tabs 2 and 3 is ref-
lected the fact that high-speed SW streams are in general in their nature the
regions with lower particle density than their surroundings. The exceptions
are high density compressions at the leading edge of the streams. The influ-
ence of these compressions is very restricted in this case because of their
short duration in domparison with the whole duration of the stream.

Steinitz and Eyni (1980) give the following values for the n(V)-relation,
determined on the basis of the average values of n and V for solar rota-
tions (56 values from IMPs 6, 7 and 8 covering the period 1971-1974): a =
3.95, b = =-1.12. The values we obtained, i.e., a = 2.8 and b = -0.7, differ
from Steinitz s and Eyni’s values which may be due to the different initial
values of n and V covering different time intervals.,

Figures 2 and 3 display a tendency in the changes of the n(V)-relation
in dependence on the phases of solar activity cycles. Comparing the n(V)-rela-
tions in individual phases of solar cycles 20 and 21, the average values of
the particle density decrease for the given velocity ranges in the following
order: descending phase, minimum, ascending phase and maximum. It follows that
SW particle concentration is higher on the average in the minimum than in the
maximum of solar activity. According <o our data, the factor of SW particle
contentration increase in cycles 20 and 21 between the maximum and minimum is
about 1.5, which agrees well with the result of Diodato et al. (1974) who gi-
ve the values as 1.5 - 2.0, This factor of increase is too large to enable
these changes in concentration to be ascribed tc observation errors, insiru-
mental errors, or to the difference in the methods of processing the data u-
sed, Moreover, this increase in concentration between maximum and minimum is
observed in all velocity ranges. We may ithus conclude that the increase is a
real phencmenon,

The comparison of the SW particle density and the eleciron density in the
corona in dependence on the 1l-year cycle of solar activity indicates that the
variations in the particle concentration in the corona and solar wind display
a phase shift: whereas the maximum of the particle concentration in the coro-
na is observed at the time of maximum solar activity, the maximum of the SW
particle concentration is displaced to the descending phase of the 1l-year
cycle. This phase shift is very probably catsed by the solar magnetic field
and its actual configuration which, in the maximum cf sclar activity, prevents
the escape of a large amount of plasma from the Sun, whereas at the time of
lower solar activity, when the number of active regions on the Sun graduslly
decreases, their mutual relations, mediated by magnetic fields simplifies,
thus creating conditions for easier escape of the solar plasma in the form of
solar wind into interplanetary space.

Diodato et al. (1974) claim that, under velocities of less than 300 km/s,
the average values of the SW particle concentirgztion cobserved at the time of
the solar maximum (1968 ) were roughly the same as the values observed during
the minimum (1965) of cycle 20. Our results do not support the conclusion of
Diodato et al.' (1974) for cycle 20. According to our data, the values of the
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average particle densities for velocities below 300 km/s during the solar mi-
nimun differ considerably from the values for the maximum. The values we ob-
tained for the minimum of cycle 20 were in the range (12.0 - 18.5)x106 m'3,
whereas for the maximum of cycle 20 (6.0 - 10.5 )x10° n™3. For the same veloci-
ty ranges and phases of cycle 20, Diodato et al. (1974) reported the values
(9.5 - 14.O)x106 m3 and 13.5x106 m_3, respectively. The difference is not
negligibly small and cannot be ascribed to inaccuracies. For low velocity ran-
ges, this difference is quite distinect not only in the ascending and descen-
ding phases of cycle 20, but also in the maximum and minimum. On the other
hand, however, for cycle 21 we obtained results which agree with the conclusi-
ons of Diodato et al. (1974). Figures le, 1g and 3 show that, in this case,
the differences are minimal, (11.0 - 17.5)x106 =3 and (11.5 - 15.0)x106 m_3,
and cen be ascribed to the errors and inaccuracies in the data. Similarly, in
the ascending phase of cycle 2! the particle density is around 15.0x10 m_3
under low SW velocities.

Figures la-g, 2 and 3 show that the dependence n(V) is not "smooth" for
all phases of the solar cycles, but that the particle concentration displays
an increase at certain velocities of the SW. In some cases this increase is
also observed at two different velocities.

In solar cycle 20, the density values increase at velocities between 450
and 500 km/s, except in the minimum when the increase is observed at SW velo-
cities between 500 and 550 km/s. The second local maximum of the increased
n-values occurs at velocities of 600 to 700 km/s. In cycle 21, the double lo-
cal maximum of increased n-values occurs only during the cycle maximum, the
first at velocities of 500 to 550 km/s and the second at 600 to 650 km/s. As
regards the other phases of cycle 21, only one maximum can be observed, which
is more pronounced as compared to those in cycle 20, at velocities of 600 to
700 km/s. The compdrison of the occurrence of the local maxima of the n-valu-
es in cycles 20 and 21 indicates that the first increase in cycle 20 as com-
pared to the first increase in cycle 21, is displaced towards lower SW velo-
cities, whereas the second increases fall within the same velocity interval in
both the cycles.

Similar increases in the n-values can zlso be seen in the data reported
by Diodato et al. (1974) who, apart from two local increases at high veloci-
ties, also reported another increase at low velocities of around 350 km/s,
which we did not observe.

The increases in the SW particle density mentioned above can be explained
by the presence of density compressions observed at the leading edge of the
high-speed streams which are generated by the interaction of fast SW streams
with the slow background SW velocity field during its propagation through the
interplanetary medium (see,e.g., Kane, 1974; Montgomery et al., 1972).
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