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Abstract. Results from all phases of the orbits of the Ulyssesis observed in the variation of all the estimates of the open
spacecraft have shown that the magnitude of the radial comflux. This decline combines with the solar cycle variation to
ponent of the heliospheric field is approximately independentproduce an open flux during the second (sunspot maximum)
of heliographic latitude. This result allows the use of near-perihelion pass of Ulysses which is only slightly larger than
Earth observations to compute the total open flux of the Sunthat during the first (sunspot minimum) perihelion pass.

For example, using satellite observations of the interplane- ds. Interolanet hvsics (interplanet i
tary magnetic field, the average open solar flux was shown t ~Ey words. Interpianetary pnysics _(|n erplanetary magnetic
elds) — Solar physics, astrophysics and astronomy (mag-

have risen by 29% between 1963 and 1987 and using the ax os)
geomagnetic index it was found to have doubled during thenet'c fields)
20th century. It is therefore important to assess fully the ac-
curacy of the result and to check that it applies to all phases of

the solar cycle. The first perihelion pass of the Ulysses space- )

craft was close to sunspot minimum, and recent data from thé- ~ Introduction

second perihelion pass show that the result also holds at so-

lar maximum. The high level of correlation between the openThe Ulysses satellite is the first to have sampled the helio-
flux derived from the various methods strongly supports thesphere well away from the ecliptic plane. This has allowed
Ulysses discovery that the radial field component is indepena discovery of great importance for solar, heliospheric and
dent of latitude. We show here that the errors introduced intcsolar-terrestrial sciences, namely that the radial component
open solar flux estimates by assuming that the heliospheri®f the heliospheric magnetic field, at a fixed heliocentric dis-
field’s radial component is independent of latitude are simi-tancer, is independent of heliographic latitude To nor-

lar for the two passes and are of order 25% for daily valuesmalise the data to a constant heliocentric distance?ate-
falling to 5% for averaging timescales of 27 days or greater.pendence of radial field is used: this is expected from the
We compare here the results of four methods for estimatingncrease in flux tube area and is an important part of Parker
the open solar flux with results from the first and second perespiral theory which is very successful in explaining observed
helion passes by Ulysses. We find that the errors are lowedteliospheric fields.

(1-5% for averages over the entire perehelion passes lasting The latitudinal uniformity of the radial field, was first
near 320 days), for near-Earth methods, based on either intefeund to apply as the satellite passed from the ecliptic plane
planetary magnetic field observations or the aa geomagnetito over the southern solar pole (Smith and Balogh, 1995;
activity index. The corresponding errors for the Solanki et Balogh et al., 1995). Subsequently, this result has been con-
al. (2000) model are of the order of 9-15% and for the PFSSirmed during the pole-to-pole “fast” latitude scan during the
method, based on solar magnetograms, are of the order dirst perihelion pass and during the second ascent of Ulysses
13-47%. The model of Solanki et al. is based on the contito the southern polar region (Lockwood et al. (1999b) and
nuity equation of open flux, and uses the sunspot number t&mith et al. (2001), respectively). Recently, the second peri-
quantify the rate of open flux emergence. It predicts that thenelion pass has underlined the generality of the result (Smith
average open solar flux has been decreasing since 1987, asal., 2003; Smith and Balogh, 2003). The first perihelion
pass took place during the interval September 1994 until July
Correspondence tadvl. Lockwood 1995 when solar activity was low (the average sunspot num-
(m.lockwood@rl.ac.uk) ber during the pass wasR>=23.5). On the other hand, the
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second perihelion pass (December 2000 until October 2001§1995) were able to match to the radial field seen at Earth
was near sunspot maximura > was 106.5). during solar cycles 20 and 21, again using the assumption
Smith and Balogh (1995) noted that the uniformity of the that B, is independent of latitude in the heliosphere, as found
radial field allowed for the computation of the total open from the Ulysses observations. Recently, Wang and Sheeley
solar flux and that it could be explained by excess magneti€2002) have shown that this result holds for cycles 22 and 23
pressure at high latitudes close to the Sun. This findingas well. Thus, the work of Wang and Sheeley (1995, 2002)
shows that the inner heliosphere is dominated by sheet, andives strong evidence that the Ulysses result on the unifor-
not volume currents. It has been explained further by Suessity of the radial heliospheric field is valid throughout cycles
and Smith (1996) and Suess et al. (1996) in terms of the21-23.
pressure transverse to the flow in the expanding solar wind at The result is important because Eq. (1) allows for the total
r between about.b R; and 10R,, where the plasma beta is open flux of the Sun to be computed from near-Earth obser-
low (the mean solar radiu®,=6.96x 10° m): non-radial so-  vations of the Interplanetary Magnetic Field (IMF). Lock-
lar wind flow atr <10 R, allows for the field to re-distribute, wood et al. (1999) used this to show that the mean open solar
such that the tangential magnetic pressure is constant, i.dlux (averaged over the 11-year solar cycle) had risen by 29%
the radial field is uniform. Because of this result, the radial during the interval 1963-1987 for which near-Earth observa-
field seen near Eartl®,1 can be used to compute the total tions of the IMF were available. In addition, these authors
flux threading a heliocentric sphere of radius=1AU. developed a procedure to compute the radial component of
Lockwood (2002) estimated the fraction of the total openthe near-Earth IMF from the aa geomagnetic index. Appli-
solar flux which closes at between SR, and r (i.e. cation of Eq. (1) to these data showed that the average open
the open fluxF, that does not thread the surfaceratr;) solar flux had increased by a factor of 2.4 during the 20th
for solar minimum conditions. Quantitatively, the flu century.
generates an uncertainty &24% in hourly values, falling These studies assumed that the Ulysses result applied at
with an averaging timescale #16% in monthly averages all times, as would be expected from the theory of Suess and
and between:4% in annual values. Thus, the flux threading Smith (1996) and Suess et al. (1996). In this paper, we study
the surface at=r; is a good estimate of that threading the data from the two perihelion passes of Ulysses in order
a heliocentric sphere of radius=2.5 Ry, if the averaging to analyse the errors introduced by this assumption. We also
timescale is sufficiently long. The flux threading-2.5 R update the work of Lockwood et al. (1999a, b) to cover data
is called the “coronal source flux” or the (unsigned) “open taken after 1995 and thereby place the two perihelion passes
solar flux”, Fy. It is the total flux leaving the solar corona in context of the long-term variation of the open solar flux.
and entering the heliosphere by threading the hypothetical
“coronal source surface”, where the field is purely radial and
which is usually taken to be approximately spherical and at2 The Context of the Ulysses perihelion passes
r~2.5 R; (Wang and Sheeley, 1995; Lockwood et al., 1999;
Lockwood, 2001). If the averaging timescale is large enoughThe top panel of Fig. 1 shows the variations of the open solar
for F,/F, to be considered negligible, the coronal sourceflux, [F;lir, deduced using Eg. (1) with near-Earth mea-
flux estimate can be obtained from: surements of the radial IMF componei#,;. For compar-
ison, the bottom panel gives the sunspot numi&er, The
vertical dashed lines mark the intervals of the two Ulysses
Fy = 47r1?|B1]/2 + F, ~ 47r1?| Bs1|/2. (1)  perihelion passes and the horizontal dashed lines in each
panel are the mean values during these intervals.
The factor 2 arises because half of the flux through this sur- The first perihelion pass took place between day 280 of
face is outward (away from the Sun) and half is inward. 1994 and day 235 of 1995, with the ecliptic plane being
Support for the use of Eq. (1), and the approximation in-crossed on day 73 of 1995. The mean sunspot number
herent in it, comes from coronal source flux estimates fromfor this interval wasR=23.5 and the averaggF;]ur was
measurements of the line-of-sight component of the pho4.77x10'*Whb. The second perihelion pass took place be-
tospheric field (atr=1R;). In deriving this line-of-sight  tween day 353 of 2000 and day 301 of 2001, with the eclip-
component of the field from magnetograph data, a latitudetic plane being crossed on day 144 of 2001. The mean
dependent “saturation” correction factor must be appliedsunspot number for this interval was=1065 and the av-
(Wang and Sheeley, 1995). The radial component is thererage{ F;]ye Was 485 x 104 Whb.
computed by dividing by a cosine factor (so there is no in- Thus, the first and second perihelion passes took place un-
formation from over the solar poles). The open flux is thender very different solar conditions, being near solar minimum
estimated using a method such as the potential field sourcand maximum, respectively. However, the open flux derived
surface (PFSS) procedure (Schatten et al., 1969), in whiclirom near-Earth IMF measurements (and from the Ulysses
the coronal field is assumed to be current-free between théata themselves, see later) are very similar. In isolation, these
photospheric surface and the coronal source surface, whemata could be interpreted as showing that the open solar flux
the field is assumed to be radial. With an improved latitude-was almost constant in magnitude. However, the top panel
dependent saturation correction factor, Wang and Sheelegf Fig. 1 shows that, although this is true for solar cycle 20,
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Fig. 1. The variation in monthly means of (top) the open solar Fig. 2. Monthly values of the open solar flu¥;. The
flux deduced from IMF observation$y |mg=27r12|B,1| (Where black line shows monthly means deduced from IMF observations
r1=1AU and B, is the near-Earth radial component of the IMF) [Fslimr=27r12|B,1|, whereas the red curve shows 1-year values
and (bottom) of the sunspot numbBr The vertical dashed lines deduced from the aa geomagnetic indé¥]aa using the method
mark the fast latitude scans of the first and second perihelion passe®f Lockwood et al. (1999). The vertical dashed line shows the end
of Ulysses. The horizontal dashed lines in each panel show thef the data interval used by Lockwood et al. in the development of
mean values during these passes. the procedure and the dot-dash line shows the end of the test data
presented by these authors. It can be see that the procedure has
continued to work well for the additional test data accrued during

there is considerable variation (by a factor of about 2) in the1996_2001'

open flux during cycles 21 and 22. Peak open flux occurs
roughly two years after peak sunspot number, as found from The results forl F-1.. over 1964—2001 are shown in red
the PFSS method by Wang et al. (2000b), which has impli- ults fOrLFs Jaa OV wn |

cations for flux tube evolution, as discussed by MacKay ot Fig. 2. For comparison, the black line shows the results
’ from near-Earth IMF datd)F. , as presented in Fig. 1.
al. (2002) and MacKay and Lockwood (2002). AFslmr, as p g

The vertical dashed line marks the end of the data used in
the derivation of the method and the vertical dot-dash line
shows the end of the data presented by Lockwood et al. and
3 Update of the long-term variation of open solar flux Lockwood and Stamper. It can be seen that agreement has
remained close in the subsequent data.
In this section, we update the results of Lockwood et al. Figure 3 shows the full data sequence of montfjyval-
(19994, b) to cover data taken after 1995. The procedure usedes from the aa index£;]aain red), extending back to 1868.
is as given by Lockwood et al. (1999a), with the modified im- The values| Fs]y¢ from near-Earth IMF observations are
plementation adopted by Lockwood and Stamper (1999) (i.eshown in blue. The black line shows the predicti¢fs]sy
only data from before 1987 were used to derive the procedur®f the model by Solanki et al. (2000). This model is based
for computingB,1 from the aa index, leaving data from after on a simple continuity equation for open flux (see Eq. (2) be-
1987 as independent test data). We here refer to the resultingw), with the emergence rate of new open fltix computed
open solar flux estimates #5;],, Lockwood and Stamper from a semi-empirical function of sunspot number. The loss
were able to use data from solar cycle 22 as an independer®f open flux is assumed to be linear and Fig. 3 uses the best-
test of the procedure. The additional data presented here fdit loss time constant of=3.6 years. The model is then
the rising and maximum phase of cycle 23 thus afford a fur-integrated forward, from a starting value at the end of the
ther test of the method. In this method, it is important to Maunder minimum: the value used is that derived by Lock-
use 1-year averages to eliminate annual effects, such as thood (2000) from a linear regression between{tge cos-
precession of the dipole tilt of the Earth and the obliquity of mogenic isotope abundance in the Dye3 ice sheet core and
Earth’s orbit, and seasonal effects, such as the variations ithe [Fy]laa Values from the aa index. It can be seen that the
ionospheric conductivity around the magnetometer sites usethodel reproduces the long-term drift and solar cycle varia-
to generate aa. Thus, Lockwood et al. and Lockwood andions reasonably well, but cannot reproduce the most rapid
Stamper only generated annual means. Here we produce va¥ariations in the Fy]aa and[ FsJive data.
ues for one-year intervals, but advance the interval used by The vertical dashed lines show the intervals of the two
one month at a time, so generating a data sequence in whigberihelion passes and the horizontal dashed lines show the
only every 12th data point is fully independent. open flux values derived from the Ulysses ddt&],, see
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Table 1. Estimates of the open solar flux during the first and second perihelion passes of Ulysses.

first second
perihelion fast latitude scan perihelion fast latitude scan
Open ﬂuxaFS (FS_[FS]H)/[FS]M open ﬂUX,FS (FS_[FS]M)/[FS]H
(10M4Whb) (1014 whb)
From Ulysses(Fy), 454 0 5.05 0
From IMF, [ Fs)mE 4.77 +5% 4.85 —4%
From aa[Fsl,, 4.31 —5% 5.01 —1%
From PFSS[F;]prss 3.93 —13% 2.70 —47%
From model[Fs1spm 4.15 —9% 431 —15%

Table 1). It can be seen from Fig. 3 and Table 1 that for bothis caused by a drop in the mean emergence rate associated
passes the mean open flux seen by Ulysses agrees well (t@ith a drop in average sunspot numbers.
within 5%) with those derived from the aa index and near- These variations all assume the Ulysses result, i.e. Eq. (1)
Earth IMF and (to within 15%) with the best-fit model of applies. We know that use of this equation is, broadly speak-
the open flux variation by Solanki et al. (2000). This model ing, valid because comparisons with the open flux derived
was devised in 1999 to match the open flux variation in thefrom photospheric magnetograms using the PFSS method
available data, which at that time was for 1868-1996. Thusshow that the Ulysses result has applied throughout cycles
the good fit ensures that the model matches well the averag@0-23 (Wang and Sheeley, 2002). These PFSS data show
open flux seen during the first perihelion pass of Ulyssesvery similar long-term drifts to those in Fig. 4 (Lockwood,
Subsequently, the model has matched the evolution of the003). However, we do not know quantitatively the uncer-
open flux well and has correctly predicted the open flux seentainty incurred in using Eq. (1). In the remainder of this pa-
by Ulysses during its second perihelion pass (see Fig. 3)per, we concentrate on quantifying this error using data from
Thus the model correctly reproduces the fact that the openhe two perihelion passes.
flux near the peak of cycle 23 is only slightly larger than just
before the preceding minimum, as was measured by Ulysses.

The Solanki et al. model is not concerned with the diS-4 Ana|ysis of the first perihe”on pass
tribution of open flux over the solar surface and how this
evolves, instead it applies a simple continuity equation to therigure 5 shows daily means from the first perihelion pass of
open flux, assuming a simple linear loss law: Ulysses. The top panel shows the radial fiel},,|, which

_ varies from negative to positive as Ulysses moves from a

dFs/dt = Es = Fs/t, 2) large southern polar coronal hole to the corresponding po-
whereE; is the rate at which new open flux emerges throughlar coronal hole in the Northern Hemisphere, with multiple
the coronal source surface amds the loss time constant. crossings of current sheet(s) in the streamer belt in-between.
Solanki et al. devised a complex function of sunspot numberThus, the heliospheric field configuration is very much as
to quantify E; and found ar of 3.6 years from a best fit to expected for sunspot minimum. Figure 5 also gives the he-
the data of Lockwood et al. liocentric coordinates of Ulysses,( 6,, A,), wherer, is the

Figure 4 clarifies the long-term variations by showing heliocentric radial co-ordinate of the spacecrajtis the so-
11-year running means. Figure 4a shows the 11-year meariar longitude of the spacecraft (whefg=0 along the Sun-
of (thin line) the open solar flux[F;laa>11, derived from  Earth line) andA,, is the heliographic latitude. The second
the aa index and (thick linex[F;]mg>11 from the near-  panel shows the radial field normalised-ter1=1 AU using
Earth IMF observations. Figure 4b shows the 11-year meangnr? dependence B, |(r,/r1)?.
of the open flux emergence rateE;>11, deduced from Figure 6 compares observations of the heliospheric field
Eq. (2) using the observed rate of change"pfind the best-  |B,,| observed by Ulysses during the first perihelion pass
fit linear loss time constant of=3.6 years. Comparison with those made simultaneously by near-Earth spacecraft
with Fig. 4c shows that the variation of the 11-year mean of|B,1]. In this paper, we use near-Earth interplanetary data
the sunspot number R>11 has a somewhat similar form to from ACE, which is in a halo orbit around the Lagrange L1
<Ey>11. The plot shows a peak in the average open flux inpoint, and from IMP-8 which is in a 3Rg, near-circular or-
1987, after which it has declined. When added to the rise asbit around Earth. Thus, both craft are always relatively close
sociated with the rising phase of cycle 23, this decline cause$o the ecliptic plane and=r;. Note that data acquisition
the small difference between the solar maximum and solafrom IMP-8 was not continuous at this time and thus, there
minimum seen in the comparison of the two Ulysses perihe-are gaps in théB,1| data sequence. The solar wind propa-
lion passes. The downward drift in the open flux after 1987gation lagL from (r1, ®,, A,) to (r,, ®,, A,) is computed
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Fig. 3. The variation of open solar flu¥y since 1868. The
blue line shows monthly means deduced from IMF observations = :z
[FS]|M|:=27rr12|Brl|, whereas the red curve shows 1-year values &
[Fs]aadeduced from the aa geomagnetic index using the method of
Lockwood et al. (1999) (see Fig. 2 for a more detailed view of the
last 3 cycles). The black curve shows the bedtAiflsy using the 2ob—u — — — — — -
open flux continuity model of Solanki et al. (2000). The vertical Year
dashed lines mark the times of the two perihelion passes by Ulysses
and the horizontal dashed lines the mean open flux deduced duringig. 4. Variations of 11-year running means: (top) of the open flux
those passes. Note that the model parameters were obtained from<a Fs]155>11 derived from the aa index (thin line) and from near-
best fit to data for up to 1986 and thus the values for the two periheEarth IMF observations (thick line); (middle panel) of the emer-
lion passes are predictions that match the Ulysses observations vegence rate< E>1; derived from[Fy]a4 from the aa index with a
well in both cases. linear loss rate of open flux with the best-fit time constant68.6
years; (bottom) of the sunspot numbeR > 1.

from the radial solar wind speed observed at Ulys3gs,

The panels of Fig. 6 show (from top to bottom): (a) the lag

L, (b) the radial solar wind speed observed at UlysBeg(c) the normalised radial field observed by Ulys&s(r, / r)?,

the lagged radial field magnitude, normalised+e-1=1 AU as shown in Fig. 6 and the red line gives 27-day running
using anr? dependence|B,,|(r./r1)%, where|B,,| is the means time of this absolute values of normalised radial field
absolute value of the radial field observed by Ulysses at timemagnitude <|B,,|(r./r1)°> . The black and blue lines give

t, but plotted here as a function of the time that field passedhe 27-day running means of the corresponding radial field
throughr=r1, i.e. atr1=(¢,—L); (d) the radial field magni- magnitude seen near Earth. These near-Earth data are aver-

tude observed near the ecliptic planeat; at timery, | By1]. ages over 27-day intervals of timg { L), where the Ulysses
Thin lines show daily means, thick lines are 27-day runningobservations are made at timg and L is the propaga-
means. tion lag discussed above, and are plotted as the correspond-

The lagL varied between 1 and 3 days, with the largesting mean of the Ulysses latitudg, in the 27-day interval
values at the beginning and end of the pass because-then of r,. The black line gives the mean of the observed ra-
was largest. The variation of, means thatl. decreased dial field magnitude,< |B,1| >. This can be influenced
towards the centre of the pass but increased again whildy transient deflections in the IMF, such as caused by, for
Ulysses encountered the slow solar wind in the streamer beliexample, Coronal Mass Ejections (CMESs), although these
These lags are significant because they are longer than theffects should largely be cancelled to zero in these 27-day
coherence time of the radial field in the heliosphere. Lock-means. The blue line shows an alternative estimate which
wood (2002b) has presented the autocorrelation function ofmight be less susceptible to any such effects, made using the
the open flux estimated from Eq. (1) (and therefore of the ra-magnitude of theB; with the average garden hose angle
dial field component) and shown that it falls to 0.5 at a lag of <B; cod«)>. The value otx used is the average for the en-

9 h and is only about 0.2 at 1 day and 0.1 at 3 days. Thus itire perihelion pass and is derived from the IMF components
is very important to allow for the lagk, as there is consid- observed by IMP-8 and ACE. Although there is some evi-
erable variation in the radial field in these intervals. dence that CMEs, Corotating Interaction Regions (CIRs) and

Figure 8 shows the variations of radial field estimates as aurrent sheet warping, may makg cog«) a better estimate
function of the heliographic latitude. The green line showsfor open flux estimation on short timescales, it can be seen
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Fig. 5. Ulysse_s data from the first perlhellor_l pass. From top to bot- pass. From top to bottom: the solar wind propagationZlaigom
tom: the r.adlal pompopeqt of the magnetic field seen by Ulysses(rL Ou, A) 10 (ru, Oy, Ay); the radial solar wind speed,; the
B, at r_adlal heliocentric dls_,tanoezgu; the absolute value CB,%, normalised radial field magnitude ity =1 AU, | By \(ru/rl)z at
normalised to=ry=1 AU using an-* dependenceBu|(ru/r1)%; time (r,—L), wherer, is the observation time at Ulysses; the radial

the geocentric radial co-ordinate of the spaceargfthe solar lon- g magnitude observed near EafB)1|. Thin lines show daily
gitude of the spacecrafi, (where®, =0 along the Sun-Earthline);  means; thick lines are 27-day running means.

and the heliographic latitude of the craft,,.

there is little consistent difference on this 27-day averagingP® Seen that, is of the order of 50% fo'=1 day, but falls
timescale and henceforth, the direct that measurement of rd® about 10% forI'=27 days, — the averaging interval on
dial field | B,, | is used. It can be seen that agreement betweenvhich the effects of longitudinal structure and the difference

the radial field values is good: how good is quantified in thein solar longitude between Earth and Ulysseg (see Fig. 5)
next section. are significant. At greateF, &, converges asymptotically to

7%, the value for averaging over the whole fast latitude scan
(which lasts almost twelve 27-day solar rotation periods).

5 Analysis of errors However, this r.m.s. deviation in the radial fieldis not
) ) ) ) o ~ the same as the erref in the total open flux estimatgs
In this section, we investigate the deviation of lagged, dis-jncurred by the use of Eq. (1). The total (signed) open flux is
tang:e - corrected average radial field seen Ulysses from thg s the integral of B.da| over a whole sphere (wWhetk is
radial field seen near Earth: a surface area element). For averaging intervals tfis be-
5 comes the sum ove¥g=(t,/T) solar longitude bins (each
AB, = {< |Br(ty)|(ry/11)* > — < |Bra(ty—L)| >}.  (3) A®=27/Ng in extent) andV,=(T,/T) solar latitude bins
(of variable extentA1), wherert; is the solar rotation period

The fractional deviation of the Ulysses radial field from andT, is the duration of the pole-to-pole pass.

the near-Earth value is thelB, /| B,1|, the rm.s. value of
which ise,=<(AB,/|B,1])?>>/2. Figure 7 is for an averag-
ing timescalel’ of 27 days: in this section we investigate the No N,

use of7" between 1 day and 67.5 days (2.5 solar rotations).r, — (1/2) Z Z[Vu/rl)2|Bru|]ijrlcOS>\iA®rlA)\i 4)
The dotted line in Fig. 8 shows. as a function off". It can imli=t
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Fig. 7. Ulysses and near-Earth IMF data during the first perihelion Fig. 8. variations with the averaging timescafe, (Dashed line) the
pass as a function of the heliographic latitude of Ulysses: (green)percentage deV|at|onr of the normalised radial field magnitude,
the normalised radial field observed by Ulyss@,|(r/r1)%; <|Brul(ru/r1)?> at timet, from the value observed near Earth
(red) 27-day means of the normalised radial field magnitude,at time (r,—L), <|B,1|>. (Solid line) the inferred uncertainty;
<|Bru|(ru/r1)?>; (black) 27-day means of the radial field mag- in the open solar flux estimate deduced from near-Earth IMF ob-
nitude observed near Earth at timg [(<|B,1|>; (blue) 27-day  servations| Fy],,- =27r12|B,1|. The vertical dashed line marks
means of the radial field magnitude deduced from near Earth meathe mean solar rotation period (in the Earth’s frame) of 27 days.
surements at time,(L) from the magnitude of the fiel@#; with the The horizontal dashed line is the value b@lerul(ru/rl)2>—
average garden hose angle<Bj coSa)>. <|B,1|>} for the full duration of the perihelion pass, the horizontal
solid line is the inferred errafgs for the whole pass.

Expressing this open flux as a fraction of that deduced
from Eq. (1) yields:

Fy/F = (1/47) %% W”AWMMV“'\/N“V“'V/wk WW WWW

" (nT)

B

j=1i=

[(u/rD)?|Bru/ Br1ll;j COS\ AL A (5) i

If we average results over any longitudinal structure, be-

e
causeNe A®=2r, this becomes =
N, ie af
Fo/F{ = (1/2) ) [(ru/r)?Bru/Bs1llij COSAi AL (6) il
j=1 22F
The fractional error inF;, ¢f , is the error in the ratio E) 1:_
(F]/Fs), which is equal to that in its reciprocal. The uncer- =
tainty in the sum in Eq. (5) is the square root of the sum of Laf
the squares, thus: i
N, 12 g 100
EF = (1/2){Zgr20052)‘iA)\i2} . (7) o s}
Jj=1 0
From Eq. (7) we can compute the effect of the uncertainty s %
¢, (given by the dotted line in Fig. 1) in giving the fractional &
uncertainty inF/, er. The result, as a function of the aver- < |
aging timescaldl’, is the solid line in Fig. 8. Because the L : - . . . -
near-Earth data is not continuous, it is not possible to com- days after 1 Jan 2001

pute the errors fof" less than about 7 days. It can be seen

thate  falls to about 5% af’ of 27 days and is less than or Fig- 9. Same as Fig. 5 for the second perihelion pass.
equal to this value at all great&r. The solid horizontal line

shows the error itF; for the whole fast-latitude scan.
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7 Discussion and conclusions

This paper has compared the radial fields observed by
Ulysses and by near-Earth spacecraft, with the aim of inves-
tigating the use of near-Earth IMF observations to quantify
the open solar flux: this test has been applied to the perihe-
lion passes of Ulysses for which other factors are minimised.
In particular, ther,? correction factor, allowing for the ef-
fect of the heliocentric distance of Ulyssgson flux tube
area, varies between about 1.8 and 4.8 during the perihelion
passes and so is much closer to unity than for the rest of
the Ulysses orbit. In addition, the lowef(<2.2 AU) near
perihelion means that propagation lags fresml AU to the
spacecraft are minimised. There is little coherence in the ra-
dial field over typical propagation delaysand thus, uncer-
tainties in the comparison of simultaneous Ulysses and near-
Earth data relating te=r1 would be subject to considerable
errors for largern,. Forr,<2.2AU, L is less than about 3
days and thus uncertainties Ingenerally have little effect
on averages taken over intervdlof 27 days or longer.
Analysis of the uncertainties introduced by using Eq. (1)
shows that they are<5% for averaging timescales>27

lag, L1LI (days)

V (kms™)

r

B, |(r/r)? (nT)

IB,,| (nT)

L L L L
100 150 200 250

3
o}
o
3

days after 1 Jan 2001 days. This is true for both the first and second perihelion
passes of Ulysses which took place near sunspot minimum
Fig. 10. Same as Fig. 6 for the second perihelion pass. and sunspot maximum, respectively. Thus, we can use near-

Earth measurements of the radial field and, assuming the
Ulysses result that the radial heliospheric field is independent
of latitude, derive the total open solar flux to within this un-
certainty. The fact that the result applies at sunspot maximum
as well as at sunspot minimum, despite the greatly differing
In this section, we repeat the analysis presented in Sects. datures of the heliospheric field at these times, strongly im-
and 5 for the second perihelion fast-latitude scan of theplies that it is a general result, as would be expected from the
Ulysses spacecratt. theoretical explanation by Suess and Smith (1996) and Suess

Figure 9 shows that the radial field observed by Ulysses et al. (1996). ) L
much more structured than during the first pass, in that polar- 1he only available test of the application of the Ulysses
ity reversals are seen at all latitudes and there are at least 1§SUlt on longer timescales comes from the comparisons of
clear intervals of both away and toward polarity field. This the near-Earth radial IMF measurements and the open so-
emphasises the solar maximum nature of the heliospheriiar fluxes derived from the Potential Field Source Surface
field during the second perihelion pass. Note that the so{PFSS) method from surface magnetograms (Schatten et al.,
lar longitude of Ulysse®, is different from the first pass, 1969). Wang and Sheeley (1995, 2002) used such compar-

varying between 200and 20 (for the first pas®, varied isons to show that the Ulysses result applies over solar cycles
between 270and 90, see Fig. 5). 20-23, provided the latitude-dependent line saturation factor

. ) ) o is first applied to the photospheric field data. This correction

Figure 10 shows that the radial solar wind velocity is also gyrongly emphasises low-latitude fields, which means that
more variable than the for the fII’St' pass, \'NI'Fh several transiyo\_order multi-poles dominate the open flux derived. How-
tions between fast to slow solar wind. This introduces moreg, ey there are a number of other assumptions which are used
variability into the lagL, superposed on the longer-term vari- i, this method, in addition to the latitude-dependent satura-
ation due to the heliocentric distance tion factor. The surface field is assumed to be radial, so that

Figure 11 shows the 27-day means of the lagged, rangethe component normal to the surface can be computed from
corrected radial field at Ulysses, as seen by ACE near Earththe observed line-of-sight component (and, even then, no in-
as a function of the latitude of Ulysses. As for the first peri- formation is available from near the poles). The field is also
helion pass (see Fig. 7), there is good agreement between ttesssumed to be radial at a “coronal source surface” which may
two, and to some extent, the same temporal variations can benly be a hypothetical surface, but which is usually assumed
seen in the two data sets. Figure 12 shows that the variationt® be spherical, heliocentric and &=2.5R;. The corona
of the uncertainties, ande  with the averaging timescale is assumed to be current-free between the photosphere and
are very similar indeed to those for the first perihelion passthe coronal source surfac® &« B=0), and Laplace’s equa-
and that errors are 5% f@t > 27 days. tion is solved for Carrington maps of the photospheric field,

6 Analysis of the second perihelion pass
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Fig. 11. Same as Fig. 7 for the second perihelion pass. Fig. 12. Same as Fig. 8 for the second perihelion pass.

assuming that all fields are constant over each Carrington rol/eré used. The first perihelion pass took place during the in-

tation interval. Field lines which reach the coronal sourcetervaI September 1994 until July 1995 and thus[féprss

surface are defined as open and the flux they constitute uaﬁ(—"’“ue in Taple 1 used a mixture of the two d:?\ta sets. For the
tified P y a second perihelion pass (December 2000 until October 2001),
’ ’&/e[Eg]p,:SSvalue is based on MWO data alone. Figure 1 of

Thus, the conclusion that the Ulysses result can be applie .
; ang and Sheeley (2002) shows thaf]prsswas in good
over cycles 20-23, based on a comparison of near-Earth IM greement withF, e value until 1997, but since then it has

observations and open flux estimates from the PFSS metho een consistently lower. It is this difference that causes the

is subject to all the above uncertainties introduced by theloW [F,]prssvalue in Table 2 for the second perihelion pass.

PFSS methpd. __ltisnot clear if this reflects a feature of the MWO data: how-
Table 1 gives the mean open fluxes for the two periheliongyer e note that the same discrepahBylprss<[ Fs ivr

passes derived by a number of methods. The open flux d&ccyrred for the WSO data during 1987-1989 in the rising

rived from the Ulysses data, using Eq. (4).#5],. The other phase of solar cycle 22.

\(alues given are all averages over the duration of the perihe- 1he validity of the Ulysses result, and the low erre5Q6)

lion passes. The estimate§ i and[ F;]aaare derived, re- - piroduced by the use of Eq. (1) allows us to use the near-

spectively, from near-Earth IMF observations and from the aag4th IMF observations to compute the open flEK]jve-

geomagnetic index (using the procedure of Lockwood et al. 7pe results, shown in Fig. 1, reveal that the open solar flux is

1999a, b) and both make use of Eq. (1). The PFSS procedurég constant, showing a factor of two variations during both

as applied by Wang and Sheeley (2002) yidlsprssand  cycles 21 and 22. However, thus far, cycle 23, like cycle 20,

the model of Solanki et al. (1999) gives the val{i€s]gy. is showing very little change in open flux.

Table 1 also gives the fractional deviation from each of these 110 longer-term variation in open flux, as derived using

average open flux estimates from the corresponding valugy,, Ulysses result from the aa indég¥; 1,5 (Stamper et al.,
from Ulysses|[F;],. 1999, Lockwood et al. 1999a, b: Lockwood, 2001, 2002b),
It can be seen from Table 1 that bdth;Jive and[Fslaa  agrees well with the predictions of the modelling by Solanki
agree with{ Fs], to within the 5% error derived in this paper. et al. (2000) and Lean et al. (2002). The Solanki et al. model
The model predicts value$flsy, that are slightly low in  correctly predicts the open flux seen by Ulys$gs], dur-
both cases, but are still accurate to within 15%. Thus, theing both the perihelion passes (Fig. 3). Thus the model gives
model reproduces the fact that the open flux seen during thgs some insight into why the open flux seen in these two
two Ulysses passes is similar, even though they are at greatljasses is so similar (in other words, why cycle 23, like cycle
different solar activities. 20 before it, shows only a small variation in the open solar
Table 1 shows that agreement with the PFSS estimates iBux). There are a number of contributory factors. First, av-
not so good| Fy]pessbeing 13% too low for the first pass erage sunspot numbers have fallen since 1987 and thus, the
and 46% too low for the second pass. As discussed by Wanflux emergence rate is lower. By Eqg. (2), this means that
and Sheeley (2002), photospheric data from the Wilcox Sothe loss rate has dominated and the average open flux val-
lar Observatory (WSOQ) are available up to 1995 but for afterues have fallen. The control of open flux by emergence rate
that date, data from the Mount Wilson Observatory (MWO) is confirmed by the rise in open flux modelled by Lean et
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al. (2002), caused by the rise in sunspot number and emet-ean, J. L., Wang, Y.-M., and Sheeley Jr., N. R.: The effect of
gence rate which are the input into their model. In addition, increasing solar activity on the sun’s total and open magnetic flux
the second Ulysses pass happened to be in a relative min- during multiple cycles: Implications for solar forcing of climate,
imum (a “Gnevyshev gap”) in solar activity between two ~ Geophys. Res. Lett., 29(24), 2224, doi:10.1029/2002GL015880,
stronger peaks around the maximum of cycle 23: the as- 2002. o o
sociated minimum in emergence rate will have made the-°ckWwood. M.: Long-term variations in the magnetic fields of the
open flux at the time of the second perehelion pass some- sun and the heliosphere: their origin, effects and implications, J.
. . . Geophys. Res., 106, 16 021-16 038, 2001.
what Iq\(ver than at other times around this solar maximum. o wood, M. and Stamper, R.: Long-term drift of the coronal
In addition to these effects of reduced emergence rate, cy- goyrce magnetic flux and the total solar irradiance, Geophys Res.
cle 22 has also been a somewhat longer solar cycle, allowing | ett., 26, 2461-2464, 1999.
more time for the open flux to decay, a relationship predicted_ockwood, M., Stamper, R., and Wild, M. N.: A doubling of the
by the Solanki et al. (2000) model and noted in observations sun's coronal magnetic field during the last 100 years, Nature,
by Lockwood (2001). Lockwood (2002) has noted that all 399, 437-439, 1999a.
indicators of open solar flux show a decline since 1987. Sulockwood, M., Stamper, R., Wild, M. N., Balogh, A., and Jones,
perposing a solar cycle variation on this longer-term decline G- Our changing sun, Astron. Geophys, 40, 4.10-4.16, 1999b.
in average values has resulted in a peak open flux that is On|§oc_kwood, M.: Relationship betwee_n the near-earth mt_erplanetary
slightly larger than the value seen during the previous mini- geelgpir;ds tt;{ee;:orlo(r;?l flejsrczg:y)ib 28ggrzdoeonlaiggs;gggsgg?é J.
mum. As noted above, Fig. 1 shows t.hgt the peak in the o_perllockwood, M. Twenty-three cycles of changing open
flux was very weak for cycle 20, as it is for cycle 23. This

. " A ‘ ) solar magnetic flux, J. Geophys. Res., 108, 1128,
is consistent with the above discussion because cycle 20 was (4i10.1029/2002JA009431, 2003.

also weaker than the cycle before it, in terms of the sunspojyackay, D. H. and Lockwood, M.: The evolution of the sun’s open
number and thus, the inferred emergence rate (Fig. 4c shows magnetic flux: I. A Single Bipole,. Solar Physics, 207(7), 291—

that the 11-year smoothed sunspot number peaked in 308, 2002.

1955 and 1987 and Fig. 4b shows that the inferred emergenddacKay, D. H., Priest, E. R., and Lockwood, M.: The evolution
rate peaked shortly after bothy Rmaxima). In addition, it of the sun’s open magnetic flux: Il. Full solar cycle simulations,
followed an unusually long cycle (number 19). Solar Physics, 209(2), 287-309, 2002.

We conclude that the relative similarity of the open flux Schatten, K. H., Wilcox, J. M., and Ness, N. F.. A model of in-
terplanetary and coronal magnetic fields, Sol. Phys., 6, 442—-455,

values during these two Ulysses passes does not mean that 1969

the ‘?pef‘ flux is cons_tant, rather it is a feature of the generajSmith, E. J. and Balogh, A.: Ulysses observations of the radial mag-
decline in solar activity, average emergence rate and average qic field Geophys. Res. Lett., 22, 3317-3320, 1995.

open solar flux that has been present since 1987. Most SOsmjth, E. J. and Balogh, A.: Open magnetic flux: Variation with

lar cycles since 1867 are shorter than cycles 19 and 22 (e.g. |atitude and solar cycle, in: Solar Wind Ten: Proceedings of the
Lockwood, 2001) and most show higher sunspot numbers Tenth International Solar Wind Conference, edited by Velli, M.,

and emergence rate (see Fig. 4). From the above, it fol- Bruno, R., and Malara, F., 67-70, 2003.

lows that cycles like 23 and 20, with little open flux variation Smith, E. J., Balogh, A., Forsyth, R. J., and McComas, D. J.:
caused by a downward drift in emergence rate and a long Ulysses in the south polar cap at solar maximum: Heliospheric

preceding cycle, have been rare in the last 130 years. Magnetic Geophys. Res. Lett.,, 28, 4159-4162, 2001.
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