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Abstract. The 3-D structure of the solar wind is strongly de- of its journey away from the ecliptic plane in February 1992,
pendent upon the Sun’s activity cycle. At low solar activity a through a Jupiter gravity assist, Ulysses has performed obser-
bimodal structure is dominant, with a fast and uniform flow vations for more than an entire solar activity cycle, with two
at the high latitudes, and slow and variable flows at low lat- full out-of-ecliptic orbits completed in mid-2004. From this
itudes. Around solar maximum, in sharp contrast, variablehuge data set it comes out very clearly that at low solar activ-
flows are observed at all latitudes. This last kind of pattern,ity the solar wind has quite a simple bimodal structure, with
however, is a relatively short-lived feature, and quite soona fast, tenuous, and uniform flow filling large angular sectors
after solar maximum the polar wind tends to regain its role.at high heliographic latitudes (the so-called polar wind) and
The plasma parameter distributions for these newborn polaslower, more variable, and highly structured flows at low lati-
flows appear very similar to those typically observed in po-tudes (e.g. McComas et al., 1998, 2000). Around solar maxi-
lar wind at low solar activity. The point addressed here ismum, in sharp contrast, variable flows are observed at all lati-
about polar wind fluctuations. As is well known, the low- tudes and the wind structure appears to be a complicated mix-
solar-activity polar wind is characterized by a strong flow ture of flows coming from a variety of sources (McComas et
of Alfvénic fluctuations. Does this hold for the new polar al., 2002, 2003). However, this kind of wind pattern per-
flows too? An answer to this question is given here throughsists for a relatively short fraction of the high-solar-activity

a comparative statistical analysis on parameters such as totphase. For the remainder of the cycle a bimodal structure is
energy, cross helicity, and residual energy, that are of generahe dominant feature of the 3-D solar wind.

use to describe the Albnic character of fluctuations. Our |l this is well illustrated by Figs. 1 and 2, referring to
results indicate that the main features of the Affic fluc-  tne first and the second out-of-ecliptic orbit of Ulysses, re-

tuations observed in low-solar-activity polar wind have beengpectively. The latitudinal variation of the wind velocity is
quickly recovered in the new polar flows developed shortly gisplayed in the top polar graphs, with time running anti-
after solar maximum. clockwise from the left arrow. Note that the angular resolu-

Keywords_ |nterp|anetary physics (MHD waves and turbu- tion is Variable, with a maximum at the aphe|i0n (Ieft) and

lence; Sources of the solar wind) — Space plasma physicd Minimum at the perihelion (right), due to changes in the
(Turbulence) Ulysses angular velocity along the orbit. A bimodal struc-

ture is clearly apparent in Fig. 1, where data from day 48
(1992), just after the Jupiter flyby, to day 346 (1997) are plot-
ted. As shown by the sunspot number vs. time curve in the
bottom panel, this interval, highlighted as a thick segment,

The 3-D structure of the solar wind dramatically changescovers the entire descending phase of a cycle (cycle 22) and
the beginning of the next one. Conversely, a bimodal struc-

during the Sun’s activity cycle. This feature, first seen int : ¢ N Fig. 2 (t | ing d ¢
wind speed values estimated from interplanetary scintillation ure is not seen in Fig. 2 (top panel), covering days from

observations (e.g. Rickett and Coles, 1983), has been unarr:f)'-47 (199.7) to 51 (2004). This intervgl includes (see thick
biguously confirmed by in-situ measurements of Ulysses, thestegmept in the l:zjog]ombpa'nel.) thefrlltsw:jg phas; of cr)]/cle 2:2
first spacecraft able to perform an almost complete latitudinaf> MaXImum, and the beginning otits descending phase.

scan (aboutt8C°) of the heliosphere. From the beginning first striking feature of Fig. 2 is the absence of persistent
' fast wind during the Southern Hemisphere crossing, occur-

Correspondence td3. Bavassano ring when the solar cycle attains its highest levels. A sec-
(bavassano@ifsi.rm.cnr.it) ond remarkable point is that at the next polar crossing in

1 Introduction
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Fig. 1. Top: Solar wind velocity (daily averages) vs. heliographic Fig. 2. Solar wind velocity vs. latitude as observed by Ulysses dur-
latitude as observed by Ulysses during days from 48 (1992) to 346ng days from 347 (1997) to 51 (2004), in the same format of Fig. 1.
(1997). Dots along the outermost circle mark the beginning of each
year, with time increasing anticlockwise starting from the arrow on
the left. Bottom: Solar sunspot numbers (ssn) vs. time starting fromyegime quickly recover its features, as is seen to occur for
1991. Monthly and smoothed values are plotted as a thin and a thick|asma conditions? The aim of the present investigation is to
line, respectl_vely. A t_hlck segment on top marks the time interval answer to this question.
of the data displayed in the polarpanel. It is worth recalling that Alfenic fluctuations in solar
wind are usually a mixture of two different populations, char-
acterized by an opposite direction of propagation in the wind
the Northern Hemisphere, less than one year later but afteplasma frame of reference. The first population, dominant in
the solar magnetic field reversalopes et al.2003, the sit-  the great majority of cases, is made up of fluctuations prop-
uation has greatly Changed, with an extended hlgh'latltud%ganng’ in the wind frame, away from Sun (Outward popu-
sector of wind with speed well above 600 kmMcComas  |ation), while the second population is made up of fluctua-
et a|(2003 have shown that these pOSt'maXimUm fast ﬂOWStionS propagating, in the wind frame, towards the Sun (in_
are virtually indistinguishable (in terms of statistical distribu- \ard population). Obviously, outside the A#fiic critical
tions of plasma parameters as velocity, density, temperatureyoint (where the solar wind becomes super-Affic), both
and alpha-particle abundance) from the polar flows observeginds of fluctuation are convected outwards, as seen from
by Ulysses during its first orbit. In other words, at the time the Sun. The major source for outward fluctuations seen in
of the second orbit northern CI’OSSing, the polar wind rebuild-the interp|anetary space is the Sun, with smaller contribu-
ing is already well under way. This reflects the restructuringtions from interplanetary sources. Conversely, interplanetary
of the solar magnetiC field after its reversal phase, with a reinward fluctuations can on|y come from sources in regions
growing of the northern polar coronal hole (e.g. Miralles et gutside the Alfénic critical point (in fact, inside this point
al., 2001). inward waves fall back to the Sun). As is well known (e.g.
As is well known, an outstanding feature of the low-solar- Dobrowolny et al., 1980), the presence of the two kinds of
activity polar wind is that of a strong and ubiquitous flow waves is a condition that leads to the development of nonlin-
of Alfv énic fluctuations, largely dominant with respect to all ear interactions.
other kinds of perturbation (see, e.g. Goldstein et al., 1995; Though Ulysses observations have offered a new per-
Horbury et al., 1995; Smith et al., 1995). The point that spective to solar wind studies, many fundamental advances
we will address here is: Does this hold for the new after-in understanding the behaviour of Affmic fluctuations
maximum polar flows too? In other words, does the Alfic date back from the seventies and eighties, with spacecraft
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measurements confingd within a small Iat_itudinal belt arour]dTabIe 1. The analysed data intervals: start and end times (year, day,
the solar equator. This was made possible by the fact thag,yr) minimum and maximum distance®, (in AU), and latitudes

near-equator fast streams, coming from equatorward exter, in degrees, with n and s for north and south, respectively).
sions of polar coronal holes (or small low-latitude holes), are

rich in Alfvénic fluctuations. For an exhaustive review onthe i ierval time R 3
results in the near-equator wind, reference can be mabe to min max min  max
and Marsch1995. Discussions of the Ulysses observations

in polar wind, with comparisons to low-latitude results, can LS 9420917-9429220 2.03-2.61 75.1s5-80.2s
be found inGoldstein et al(1995, Horbury and Tsurutani LN 9517613 -9526017  1.77-2.36  72.5n-80.2n
! HN 0124812-0133216 1.77-2.35 72.5n-80.2n

(2001), andBavassano et a{2004).

2 Data and method of analysis
band, determined by the data sampling time (see above) and

The data used in the present study are those of the sdsythe averaging time used to evaluate variances. Results dis-
lar wind plasma and magnetic field experiments aboard theussed here refer to hourly variances. This choice is based
Ulysses spacecraft (principal investigators D. J. McComason the well-established result (e.g. see Tu and Marsch, 1995)
and A. Balogh, respectively), as made available by the Worldthat fluctuations on an hourly scale fall in the core of the in-
Data Center A for Rockets and Satellites (NASA Goddardertial (f—%/3) Alfv énic regime (see Goldstein et al., 1995,
Space Flight Center). The plasma data are the fluid velocityand Horbury et al., 1995). Shorter intervals would have too
vector (averaged over proton and alpha-particle populations)small a number of data points, while longer intervals would
the proton number density, the alpha-particle number densityinclude contributions from low frequencies outside the iner-
and the proton temperature. The time resolution of plasmaial regime.
measurements is either 4 or 8 min, depending on the space- In addition toe; and e_, two other quantities will be
craft mode of operation. The magnetic data are 1-minuteused to describe Al@nic fluctuations, namely the normal-
averages of higher resolution measurements. ized cross-helicityg¢, and the normalized residual energy,
The computational scheme of our analysis is quite sim-og (for a discussion on these quantities, see Matthaeus and
ple. For each plasma velocity vectdrwe first compute the  Goldstein, 1982, and Roberts et al., 1987a). They are defined
corresponding magnetic field vectBrby averaging over 4 asoc=(e+—e_)/(et++e_) and og=(ey —ep)/(ey+ep), with
(or 8) min, then derive the Edsser’s variables, defined as ey andep the energies (per unit mass) @f and B//4mp

(Elsasser1950 fluctuations, respectively, as given by their total variances (at
hourly scale in the present case). Both parameters may only
Ze =V + B/\/Aamp, 1) vary between-1 and+1. The cross-helicityc gives a mea-

where p is the mass density. A discussion on the use ofsure of the energy balance between the two components (out-
Elsasser variables in studies on solar wind fluctuations mayward and inward) of the Alfenic fluctuations. The value of

be found in the review ofu and Marsct{1995. These vari-  oc is 1 (—1) when only the outward (inward) component is
ables are ideally suited to separately identify Affic fluc-  Present. Absolute values of below 1 correspond to a mix-
tuations propagating in opposite directions. When studyingture of the two components and/or to the presence of non-
Alfv énic fluctuations in solar wind, it is useful to know that Alfvénic variations in the solar wind parameters. The resid-
Z.. fluctuations always correspond to outward modes andJal energyor gives the balance between kinetic and mag-
Z_ fluctuations to inward modes, regardless of the back-netic energy (with the magnetic field scaled to Afvunits
ground magnetic field direction. This request is fulfilled if through the factor A\/4wp). The absence of magnetic (ki-
Eq. (1) is used for a background field with a sunward com-netic) fluctuations correspondsdg equal to+1 (—1), while

ponent along the local spiral direction, while for the opposite €quipartition givessg=0. It should finally be recalled that
magnetic po|arity the equation oc andog have to fulfill the ConstraJntTCZ"‘O'Rle (prO'

vided thatop #A+1, see Bavassano et al., 1998).
Zy =V F B/\/4np 2)

is taken. In the following we will apply this dual defini- 3 The investigated intervals and their Alfvenic content
tion. Obviously, in the case of folded (or S-shaped) field

configurations, erroneous outward/inward classifications ar@ur analysis is based on a comparison between fluctuations
obtained. This, however, occurs for quite a small number ofin post-maximum polar wind and in low-activity polar wind
cases (see Balogh et al., 1999). from the point of view of their Alfeénic character. An in-
Once the time series of the Blisser variableZ ; and  spection of the post-maximum flows observed by Ulysses in
Z_ are obtained, their total variances, ande_, as given  the Northern Hemisphere during its second orbit (Fig. 2) has
by the trace of their variance matrix, are computed. The val-allowed one to identify at the highest latitudes an interval of
ues ofe; ande_ give a measure of the energy per unit massthree solar rotations (as seen by Ulysses) in which polar wind
associated witlZ ; andZ _ fluctuations in a given frequency conditions appear to be well established. We have decided to
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Fig. 3. Hourly averages of the solar wind velocity, the proton Fig. 4. Solar wind parameters at the northern polar pass of the
number densityV, the proton temperatufg, and the magnetic field  Ulysses first out-of-ecliptic orbit, in the same format of Fig. 3. Red
magnitudeB vs. time at the southern polar pass of the Ulysses firstlines indicate the interval that corresponds to the three northernmost
out-of-ecliptic orbit. Red lines indicate the interval that correspondssolar rotations (label LN in Table 1).

to the three southernmost solar rotations (label LS in Table 1).

(see McComas et al., 2002), flow conditions are not as steady
study the Alfiénic content of this interval and to compare it as for the 1994 and 1995 intervals, and several velocity gra-
to that found for analogous (in terms of latitude and duration)dients are observed. Though weak in comparison to those
intervals in low-activity polar wind. seen in low-latitude wind, these gradients represent non neg-

The selected intervals are listed in Table 1, identified by aligible perturbations of the polar flow, with the development
two-letter label (the first letter gives the solar activity level, of compression/rarefaction regions. However, it clearly ap-
L=low and H=high, the second letter is for the hemisphere,pears from Fig. 5 that the 2001 sample has extended periods
N=north and S=south). Intervals labeled LS and LN refer toduring which the wind is relatively steady (see blue lines).
the first Ulysses orbit, with LS for the southern polar cross- As discussed above, our analysis is based on the com-
ing in 1994 and LN for the northern one in 1995, both at low putation of hourly values oé,, ¢_, o¢, andog. In addi-
solar activity. They have already been the object of past studtion to this, to evaluate the level of variations of compressive
ies on Alfvenic fluctuations (e.g. see Goldstein et al., 1995;type, hourly standard deviations of the magnetic field mag-
Smith et al. 1995; and Bavassano et al., 2000a, b). The thirditude §5) and the proton density), normalized taB and
interval, labeled HN, is for the 2001 northern crossing at highN hourly values, have been computed. Time plots of this
solar activity. These intervals are highlighted as thick angu-set of parameters for the investigated intervals in 1994, 1995,
lar sectors and dashed bands in Fig. 1 (LS and LN, around thand 2001 are shown in Figs. 6, 7, and 8, respectively.

South and North pole, respectively) and Fig. 2 (HN, around The data shown in Figs. 6 and 7 are from the data set
the North pole). used by Bavassano et al. (2000a, b). As already well dis-

Hourly averages of the solar wind plasma (protons plus al-cussed (see also Goldstein et al., 1995), these low-solar-
pha particles) velocity, the proton number density, the protonactivity polar samples are characterized by an &ific flow
temperature, and the magnetic field magnitude for the invesdominated by the outward fluctuations component, as easily
tigated intervals are shown in Figs. 3, 4, and 5 (between redeen from the displacement @f towards high positive val-
lines). The 1994 and 1995 intervals correspond to very stablees. Moreover, as is typical for observations outsideAU
and almost identical wind conditions. The situation is not ex- (e.g. see Matthaeus and Goldstein, 1982, and Roberts et al.,
actly the same for the newborn polar wind of the 2001 inter-1987a), an imbalance afg towards negative values (i.e.
val. Here, even though a fast wind appears well establishedarger amplitudes of magnetic field fluctuations with respect
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Fig. 5. Solar wind parameters at the northern polar pass of theFig. 6. From top to bottom, hourly values efy, e—, oc, or, sg,
Ulysses second out-of-ecliptic orbit, in the same format of Fig. 3. andsy are plotted vs. time for the 1994 polar interval (LS).
Red lines indicate the three northernmost rotations interval (label
HN in Table 1). Blue lines mark periods in which the wind is rela-
tively steadier (see text).

§

parameter pairec—og and e, —e_ have been derived for
the three intervals. For 2001 data the analysis has been per-
formed for both the whole interval and the subintervals de-

. limited by blue lines in Fig. 8. The histograms are shown
in the presence of low values of andsy, below 0.1 for the as coloured contour plots in the panels of Figs. 9 and 10. A

large majority of cases. ) label in the upper left corner indicates the examined interval
Are these features observed in the 2001 newborn p°|aE2001* is for the 2001 blue-line subintervals)

wind too? An answer can come from a comparison of Figs. 6" | . A .

. . Histograms of Fig. 9 indicate that the Ulysses observations
and 7 to Fig. 8, where the results for the 2001 interval are. .4 to cluster in the bottorn riaht quadrant. w is DOS-
shown. As already mentioned above, flow conditions for this, gntq ! €as p

: : ; w2 2
interval are less steady than for the 1994 and 1995 intervals't;\ée andog g?r%ig\llleiﬁZ?(;:aoglgi?ctlgeo??ennglrjas,mlt d-’r_aav}\e/ niinl’re q
and this is expected to affect the Aéfmic fluctuation prop- OC—OR P ;

erties (e.g. see Roberts et al., 1987b, 1992). Velocity graln the four panels (the small blue areas outside the circle are

: . X : > _the effect of interpolations in constructing the coloured sur-
dient effects are certainly present in the Fig. 8 data, with . :
. ace graphs). It is worth recalling (Bavassano et al., 1998)
decrease ofc and an increase afg, sg, andsy. However,

if we focus on the intervals between blue lines, where (se that the correlation coefficient betwewrandB/ /47 fluc-

. e . . etuations is closer to 1 (in absolute value) the closer to the unit
above) the irregularities in the wind velocity are of lesser rel- " : :
circle the correspondingc—oy pair falls.

evance, appreciable differences with respect to low-activity imilari . he f o ¢
results (Figs. 6 and 7) do not come out. Thus, the @i A great similarity exists be_tweent e four distributions o
In all cases a prominent peak emerges@t0.8

character appears to have been quickly recovered in the posF—ig' 9. _ _ L .
maximum polar wind. and og~—0.5, in the proximity of the unit circle (i.e. for

highly correlated velocity and magnetic fluctuations). It is
accompanied by a tail extending towargs~0 andog~—1,
4 Theoc—og and e, —e_ pairs with a weak secondary peak at the end. The main peak is
easily interpreted in terms of wind regions dominated by
To further compare the 2001 interval Afimic features Z. fluctuations. Not surprisingly, for the 200%ubset this
with those of the 1994 and 1995 intervals, an occurrenceeature emerges in a cleaner way than for the whole 2001
frequency analysis of the values &f, oy, e1, ande_ has  sample. The secondary peak corresponds to cases for which
been performed. More specifically, 2-D histograms of the magnetic fluctuations exist nearly in the absence of velocity

to velocity fluctuations) is clearly apparent. All this occurs
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Fig. 7. Hourly values ofey, e—, oc, og, sg, andsy vs. time for Fig. 8. Hourly values ok, e_, o¢, oR, sg, andsy vs. time for the
the 1995 polar interval (LN). 2001 polar interval (HN). Blue lines mark wind regions relatively
unaffected by velocity gradient effects.

fluctuations. Similar cases were observed in the inner helio® Summary and conclusion

sphere byTu and Marsch(1991), who interpreted them as .

a special type of convected magnetic structures. Thus, his;l_;]hesdep,)end?n.ct:e of lthef.S—{D structure %f the sdolarl wind ?_n
tograms of Fig. 9 indicate that the polar wind fluctuations es- et (;”f] s acl '\:' Y cI:yc e:[, Irs S.ef:'.;? Itn W'nh spt?e va “esb"r‘s -
sentially are a mixture of Alfénic fluctuations and convected mated from Interplanetary scintiiation, nas been unambigu-

structures of magnetic type (see also Bavassano et al., 1998§USIy confirmed by in-situ measurements of Ulysses, the

This is a support to models (e.g. Tu and Marsch, 1993) base rst lspacecr?f:hablhe It_o pirform 2? Ialmos': com?_lg;ce Iattl)t_u-
on a superposition of such two components. inal scan ot the hellosphere. ow sofar activity a bi-

modal structure is dominant, with a fast and uniform flow at
The frequency distributions shown in Fig. 10 indicate that high latitudes, and slow and variable flows at low latitudes.
also for theZ, andZ_ fluctuation energies essentially the Around solar maximum, in sharp contrast, variable flows are
same pattern is observed in the different samples. The greabserved at all latitudes. This last kind of pattern, however,
majority of points falls within a narrow band close to the has a relatively short life. In fact, quite soon after solar max-
e4+=10e_ line (white solid line). Thee;—e_ pairs of this  imum the fast high-latitude wind is seen to regain its role,
band represent the Alénic population typically found in  though solar activity remains high (see Fig. 2).
the polar wind, with a largely dominant contribution from  From statistical distributions of the Ulysses measurements
outgoing fluctuations, and correspond to the main peak aMcComas et al(2002 have concluded that the 2001 new-
oc~0.8 seen in Fig. 99 is 0.82 fore,/e_=10). The re- born polar flows exhibit plasma features (as velocity, den-
maining points mostly fall in the region between the band sity, temperature, and alpha-particle abundance) virtually in-
and thee, =e_ line (white dashed line). As is obvious, the distinguishable from those typical of the low-solar-activity
ey~e_ cases of Fig. 10 correspond to the~0 cases of polar wind. However, when time profiles of wind velocity,
Fig. 9. Itis worth mentioning that the, values in the main  density, temperature, and magnetic field are examined for the
band tend to be higher for the 1995 interval. This could be arintervals investigated here (see Figs. 3 to 5), flow conditions
effect of the lower level of variability that characterizes the in 2001 do not appear to be as steady as in 1994 and 1995.
wind seen by Ulysses during the northern polar pass in 1995Though weak in comparison to gradients seen in low-latitude
as compared to other polar wind phases (e.g. see Bavassamond, the velocity variations observed in the 2001 sample
et al., 2005). represent non negligible perturbations in the plasma flow,
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shown in the four panels, with the label in the upper left corner to (kM) (ki)

indicate the interval under examination. The 20@anel is for the

subintervals of the 2001 sample (highlighted by the blue lines ingig 10. Fluctuation energies are shown in terms of occurrence fre-

Figs. 5 and 8). The colour code for the occurrence frequéni  quency distributions in the,—_ plane. The four panels have the

per cent) is shown on top. The red circle indicates the limit value ggme meaning as in Fig. 9. The colour code for the occurrence

for the sum ofrc2 andog? (see text). frequency P (in per cent) is shown on top. White lines are for
e4+=10e_ (solid) ande=e_ (dashed).

with clear evidence of compression and rarefaction effects.

The point addresse.dlln the pre;ent paperis abOUt_a r_EIevachnowIedgementsThe use of data of the plasma analyzer (princi-
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remain valid for the post-maximum polar wind too? gator A. Balogh, The Blackett Laboratory, Imperial College, Lon-

In order to obtain an answer to this question we have deterdon, UK) aboard the Ulysses spacecraft is gratefully acknowledged.
mined for the post-maximum polar flow seen in 2001 the val-The data have been made available through the World Data Center
ues of the parameters that are generally used to characteriZefor Rockets and Satellites (NASA/GSFC, Greenbelt, Maryland,
fluctuations of Alfiénic type (namely .- andZ_ fluctuation USA). Solar sunspot data are from the World Data Center fqr the
energies, normalized cross-helicity, and normalized residuaPunsPot Index, Royal Observatory of Belgium (Brussels, Belgium).
energy) and have compared them with those obtained for Topical Ed_ltor R._Forsyth thanks_ M. L. Goldstein and another
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