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[1] The three-dimensional (3-D) structure of the heliosphere is investigated using in situ
and remote sensing measurements. The 3-D structure of both neutral interplanetary gas
and solar wind ions are affected by the solar latitude variation of the solar radiation fields
(solar wind and solar EUV). Neutral hydrogen atom lifetimes against charge-exchange
with solar wind protons in the 3-D heliosphere are calculated from measurements of the
solar wind proton velocity, density, and mass flux by Ulysses SWOOPS (Solar Wind
Observations Over the Poles of the Sun) from 1990–2001. These are compared to in-
ecliptic H atom lifetimes derived from solar wind measurements by the spacecraft IMP
(Interplanetary Monitoring Platform) 6, 7, and 8, WIND, and ACE (Advanced
Composition Explorer) SWEPAM (Solar Wind Electron Proton Alpha Monitor). Recent
observations during the Ulysses rapid solar pole-to-solar pole passage (fast-latitude scan)
at solar maximum find a more isotropic rotationally averaged solar wind mass flux (and H
atom lifetime) than was found during the previous fast latitude scan at solar minimum.
During the solar minimum fast-latitude scan the 27-day averaged SWOOPS lifetime
passed through two distinct regimes: it doubled from 2� 106 s at low latitudes to 4� 106 s
at high latitudes in both hemispheres. During the solar maximum pass the 27-day
averaged SWOOPS H atom lifetime (corrected to 1 AU) at all southern latitudes and at all
northern latitudes below 60� was (2–2.5) � 106 s, while at the very end of the pass, above
60� N latitude, it rose to 4 � 106 s as polar coronal holes reformed. Remote sensing
studies of interplanetary H Lyman-a emission, white light solar coronal observations, and
radio scintillation experiments have also indicated that the time-averaged solar wind mass
flux (and H atom lifetime) is more isotropic at solar maximum than at solar minimum.
This enlarges the polar H cavity at solar maximum. Results from in situ measurements are
compared to remote sensing data. Ulysses GAS Lyman- a maps are modeled, with
updated results. Comparisons of the H atom charge exchange loss rate with a weaker
H atom loss process, photoionization, are made using the SOLAR2000 model [Tobiska et
al., 2000] for in-ecliptic solar Extreme UltraViolet (EUV) fluxes. The relative latitude
invariance of the H atom lifetime at solar maximum is related to the absence of high-speed
solar wind at solar maximum and to the large inclination of the heliospheric current
sheet. INDEX TERMS: 2151 Interplanetary Physics: Neutral particles; 2144 Interplanetary Physics:

Interstellar gas; 2164 Interplanetary Physics: Solar wind plasma; 2162 Interplanetary Physics: Solar cycle
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1. Introduction

[2] The ESA/NASA Ulysses Mission has now explored
the solar poles and solar equator during both solar minimum
and solar maximum, providing a unique opportunity to look
for systematic changes in solar wind properties. Details of
the solar wind properties found with Ulysses SWOOPS
have been presented elsewhere [McComas et al., 2000a,
2000b, 2001, 2002a, 2002b; McComas, 2002]. Here we
report on the Ulysses solar wind mass flux at both solar
maximum and solar minimum and draw conclusions about

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. A10, 8034, doi:10.1029/2003JA009878, 2003

1Center for Atmospheric Sciences, Hampton University, Hampton,
Virginia, USA.

2Jet Propulsion Laboratory, Pasadena, California, USA.
3Southwest Research Institute, San Antonio, Texas, USA.
4Max-Planck Institut fur Aeronomie, Katlenburg-Lindau, Germany.
5Space Environment Technologies SpaceWx Division, Los Angeles,

California, USA.

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2003JA009878$09.00

LIS 9 - 1



the lifetime of heliospheric H atoms. McComas et al. [1999]
reported on H atom lifetimes from the first solar minimum
orbit (up to December 1997) and found that H atoms
survived longer at high solar latitudes than near the ecliptic
plane. H atom lifetimes are of interest for studies of comets,
the geocorona, planetary exospheres, and the heliosphere.
Heliospheric H Lyman-a emissions are sensitive to the H
atom lifetime, providing a way of remotely sensing the solar
wind mass flux, a technique that will be discussed and
evaluated here using in situ solar wind measurements from
Ulysses and other spacecraft.
[3] Neutral atoms such as H and He in the solar system

primarily come from interstellar space, approaching the sun
from the ‘‘upwind’’ direction. Neutral helium measurements
by the Ulysses GAS experiment find that the upwind flow
comes from 254.7 ± 0.5 ecliptic longitude, 5.2 ± 0.2 ecliptic
latitude [Witte et al., 2003] with a velocity of 26.3 ± 0.4 km/s
and a gas temperature of 6300 ± 340 K at large distances
from the sun. For H, recent measurements by SOHO SWAN
indicate a somewhat lower velocity �21–23 km/s and a
higher temperature �10,000–13,000 K [Costa et al., 1999],
with the difference between H and He properties attributed to
outer heliospheric H-H+ charge exchange [e.g., Izmodenov
et al., 1999].
[4] Charge exchange within a few AU from the Sun

between solar wind protons traveling at 400–700 km/s
and slow heliospheric H atoms produces fast neutral H
atoms and H+ pick-up ions traveling radially away from the
Sun, leaving a cavity near the Sun depleted in slow neutral
H that can effectively scatter the solar Lyman-a line and
produce the observed Lyman-a background glow [e.g.,
Thomas, 1978]. (Solar EUV photoionization also removes
neutral H near the Sun at a slower rate). The shape of the
hydrogen cavity depends, among other things, on the
latitude dependence of the solar wind mass flux, or more
precisely, on the latitude dependence of the product of the
time-averaged proton density, velocity, and the velocity-
dependent cross section. A number of studies of the
Lyman-a glow have attempted to infer the solar wind mass
flux variation with latitude, with different results at different
times. We show below that the varying results inferred from
Lyman-a measurements during the period from 1990–2001
are as expected, based on the changing solar wind measure-
ments from Ulysses SWOOPS.

2. Ulysses SWOOPS Measurements of the
H Lifetime

[5] Ulysses SWOOPS [Bame et al., 1992] measurements
on solar wind ions and electrons have been obtained since
17 November 1990 following launch on the space shuttle
Discovery on 6 October 1990. The Ulysses trajectory
remained near the ecliptic plane until the Jupiter swingby
gravitationally altered the trajectory in February 1992. The
spacecraft then traveled south from the ecliptic, traversing
the Sun’s south polar region in September 1994. A rapid
pole-to-pole scan (‘‘fast latitude scan’’) at solar minimum
(September 1994–July 1995) was then followed by slow
descent from the north pole, an ecliptic plane crossing near
5 AU in April 1998, and the recent fast-latitude scan at solar
maximum from over the south polar region in November
2000 to the north polar region in October 2001.

[6] Figure 1 shows the 27-day averaged (solar-rotation
averaged) solar wind proton velocity (vp) and density (np)
measurements from Ulysses SWOOPS. (Whenever an av-
erage is mentioned in this paper, it refers to the average of
the values over the specified time interval, centered on the
time in question. An alternative choice, averaging over the
time preceding the measurement, skews the results in
latitude as Ulysses orbits the Sun). This 27-day averaging
process removes a great deal of structure due to persistent
longitudinal asymmetries in the solar wind, making it easier
to see the long-term trends important for understanding the
H distribution. The SWOOPS pre-launch instrument cali-
bration determines velocity to better than 1% and density, at
least at the time of the calibration, to about 10%. Joselyn
and Holzer [1974] proposed that Lyman-a remote sensing
observations of the cavity shape could be used to remotely
infer a quantity closely related to the latitude dependence of
the solar wind mass flux npvp, that is, the H-H+ solar wind
charge exchange rate Rsw .

Rsw ¼ np vps vp
� �

; ð1Þ

where np is the solar wind proton density, vp is the solar
wind proton velocity, and s(vp) is the velocity-dependent
charge-exchange cross section. Cross section values we
have adopted from Barnett [1990] decline from 1.83 �
10�15cm2at350kms�1 (slowsolarwind) to1.24�10�15 cm2

at 750 km s�1 (fast solar wind). Figure 2 show the
SWOOPS-derived H atom lifetimes against charge-
exchange (tsw = 1/Rsw) and charge-exchange rates Rsw ,
using equation (1). To obtain Figure 2, Rswwas computed for
each measurement and averaged over 27 days to obtain a
rotationally averaged charge-exchange rate, the inverse of
which is the average lifetime. Note that directly averaging
the lifetime from 1/Rsw leads to incorrect average lifetimes.
Averaging is desirable for studying the Lyman-a, since the H
density reflects conditions over a year or more before the
observations (an H atom travels 4.2 AU/year at 20 km/s).
Averaging for longer than 27 days oversmooths the data

Figure 1. Polar plots of the Ulysses SWOOPS solar wind
proton velocity in km/s and solar wind proton density
measurements in cm�3 (scaled to 1 AU, assuming a 1/d2

fall-off with heliocentric distance d). Latitudes in all figures
are heliographic.

LIS 9 - 2 PRYOR ET AL.: H ATOM LIFETIMES



from the fast latitude scans when the latitude of Ulysses was
changing rapidly, removing real observed structure as a
function of latitude. Figure 2 also shows the charge exchange
rates themselves, which are perhaps easier to understand
than lifetimes, since a large solar wind mass flux directly
leads to a large charge-exchange rate.
[7] Examination of the SWOOPS results in Figure 2

leads to the conclusion that in 1998–2001 the H atom
lifetime against charge-exchange was generally latitude
invariant, with a 27-day average value at 1 AU of (2.0
(+1.0,�0.5)) � 106 s. An exception to this pattern is an
increase in the lifetime to 4 � 106 s at the very highest
northern heliographic latitudes above 60�, due to the reap-
pearance of high latitude coronal holes in this period
[McComas et al., 2002a, 2002b]. This is quite different from
the solar minimum data that contain high speed solar wind at
high latitudes and a corresponding increase in 27-day aver-
age H atom lifetime from (2.0 (+1.0, �0.5)) � 106 s near the
ecliptic to (4.0 ± 0.5)� 106 at high heliographic latitudes. At
low heliographic latitudes the measured 27-day average
H atom lifetimes remain near (2.0 (+1.0, �0.5)) � 106 s at
both solar minimum and solar maximum. Some caution is
needed in interpreting the in situ data to derive lifetimes at all
latitudes and times, because the solar wind was changing
while the spacecraft was moving. Remote sensing measure-
ments remain important for identifying the rapidly changing
boundaries between the fast and slow solar wind regions.

3. Comparisons With In-Ecliptic Measurements

[8] In situ measurements from a single spacecraft are
inadequate to describe changes in a complex structure like
the 3-D heliosphere. However, substantial progress can be
made by comparing measurements from low heliographic

latitude solar wind monitoring spacecraft in the vicinity of
Earth with the Ulysses measurements from a variety of
heliographic latitudes.
[9] We obtained solar wind data for the in-ecliptic study

from two sources: the National Space Science Data Center
(NSSDC) OMNIWEB solar wind plasma database (avail-
able at http://nssdc.gsfc.nasa.gov) and the ACE SWEPAM
web site (available at http://swepam.lanl.gov/text.html). The
OMNIWEB data we examined, from 1973-2001 represent
merged solar wind measurements from NASA’s IMP 6, 7, 8,
and WIND spacecraft and are currently available for most
days in this period. IMP 6 was launched on 13 March 1971
and reentered Earth’s atmosphere on 2 October 1974. IMP 7
was launched on 23 September 1972 and turned off on
31 October 1978. Data from IMP 8 were available after its
launch on 26 October 1973. These data sets are extensively
described by King [1977, 1979, 1989], Couzens and King
[1986], and King and Papitashvili [1994]. The most recent
solar wind plasma data merged in OMNIWEB comes from
the WIND Solar Wind Experiment [Ogilvie et al., 1995],
launched on 1 November 1994. The ACE SWEPAM
[McComas et al., 1998] data are the newest, and represent
only a few years of data, beginning after the launch on
25 August 1997. They have not yet been merged into
OMNIWEB but are shown here to complete the compar-
isons. OMNIWEB has substantial overlap in time with the
Ulysses data that began in 1990.
[10] Figure 3 brings together several related kinds of

time-series data from 1973 to 2001, the time of Ulysses’
most recent polar passage. The top panel shows the solar
F10.7 cm radio flux, a commonly used solar activity
indicator available at www.spacewx.com. The middle panel
shows the heliographic latitudes of Ulysses and the Earth.
The third panel compares various measures of the H loss

Figure 2. Polar plot of the 27-day averaged Ulysses SWOOPS H atom lifetimes against charge-
exchange in s and charge-exchange rates in s�1 at 1 AU. A 27-day lifetime (almost 1 month) would
correspond to 27 days times 86,400 s/day = 2.3 � 106 s. Note that charge-exchange rates were somewhat
more isotropic during the current solar maximum fast-latitude scan than during the previous solar
minimum fast-latitude scan.
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rate, and the bottom panel shows various estimates of the
H atom lifetime asymmetry parameter, A, to be explained
later.
[11] A secondary H loss process shown in Figure 3 is the

solar EUV photoionization rate, based on the SOLAR2000
model of the solar spectrum and its variations in time
[Tobiska et al., 2000], available at www.spacewx.com.
Nearly all space-based measurements of the solar extreme
ultraviolet irradiances since the mid-1970s have been incor-
porated into the derivation of SOLAR2000 including
13 rockets, one reference spectrum, one theoretical spectrum,
and time-series measurements from 21 instruments on five

spacecraft. The SOLAR2000 model provided solar fluxes
that were combined with the well-known H photoionization
cross-sections tabulated by Banks and Kockarts [1973] to
find EUV photoionization rates. The result is better illus-
trated in Figure 4, where this photoionization rate estimate
is compared to the curve we had been using in earlier
modeling efforts [e.g., Pryor et al., 1998a, 1998b, 2001].
That curve was based on work by Ogawa et al. [1995],
specifically their Table 3 specifying loss rates at solar
maximum and minimum. EUV uncertainties remain large,
and we have not attempted to calculate here the latitude
dependence of the photoionization. This will depend on the

Figure 3. (top panel) The solar F10.7 cm radio flux is shown as a function of time. (second panel) The
heliographic latitudes of the Ulysses spacecraft and the Earth are displayed as a function of time. Also
shown is the maximum extent of the heliospheric current sheet tilt in each hemisphere away from the
ecliptic [Hoeksema et al., 1982, 1983; Hoeksema, 1991] where the actual data used here is from the radial
field model data given at the web site http://sun.stanford.edu/�wso/Tilts.html. (third panel) Loss
processes for H, including a 27-day average photoionization estimate, 27-day average charge exchange
measurements from the OMNI data, 27-day average charge exchange measurements from the ACE
SWEPAM data, and 27-day average charge exchange measurements from Ulysses SWOOPS. (bottom
panel) The solar wind asymmetry parameter is shown as a function of time. Boxes represent reported
asymmetry values derived from Lyman-a measurements by Mariner 10, Prognoz 5-6, Pioneer Venus, and
Galileo, with the box width set by the duration of the observation, and the box height set by the reported
error bars. Ulysses GAS Lyman-a values show the derived asymmetry parameter in the north and south
separately. Years when a heliospheric upwind groove was or was not reported are marked with a ‘‘G’’ or
an ‘‘NG.’’ The first ‘‘G’’ is from Prognoz [Bertaux et al., 1985, 2003], the next two G’s for 1996 and
1997 are from SOHO SWAN [Bertaux et al., 1997, 1999], and the two NG’s for 1998 and 1999 are also
from SOHO SWAN [Summanen et al., 2002]. Also shown are estimates for A found by comparing loss
rates found by Ulysses and near-Earth spacecraft.
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latitude and longitude distribution of EUV bright active
regions and the limb darkening and/or brightening behavior
at each wavelength in the photoionization continuum below
91.2 nm. Ulysses GAS data indicate that there is a substan-
tial latitude dependence of the He photoionization rate at
solar maximum [Witte et al., 2003]. We have neglected
weaker H loss processes, such as electron impact ionization
[e.g., Rucinski et al., 1996] and long-wavelength photoion-
ization of metastable H excited by solar Lyman-b [Gruntman,
1990; Ogawa et al., 1995].
[12] The primary H atom loss-process is the charge-

exchange process. The third panel of Figure 3 shows
the 27-day averages of the charge-exchange rate for the
OMNIWEB IMP 6, 7, and 8 andWIND data. Also shown are
27-day averages of the charge-exchange rate for the ACE
data, which shows good agreement with the OMNIWEB data
in the overlap region. The same panel also shows the 27-day
average Ulysses SWOOPS charge-exchange rates obtained
at a variety of latitudes. We have assumed the nominal
calibrations for each solar wind instrument. (Bzowski
[2001a] investigated correction factors that might be
needed to bring the various solar wind data sets into better
agreement). The comparison we have found between the
Ulysses and the other solar wind measurements is very
different during the solar minimum and solar maximum
periods.
[13] During the solar minimum fast-latitude scan of

Ulysses in 1994–1995 the charge exchange rate at high
latitudes was much lower than the in-ecliptic measurements
by Ulysses and IMP. This was during a period of low
heliospheric current sheet tilt (see the middle panel) when
dense slow solar wind was found near the ecliptic, causing a
large charge-exchange rate, while less dense, high-speed
solar wind was found at high latitudes.
[14] During the recent solar maximum fast-latitude scan

of Ulysses in 2000–2001 the charge exchange rate is quite

similar in the measurements by ACE, IMP, and Ulysses,
even when Ulysses is at high solar latitudes. The curves
converge in the plots from about 1998 on. This more
isotropic solar wind charge-exchange rate is associated with
a period of little or no high-speed solar wind and high
current sheet tilt so that dense, slow solar wind associated
with the current sheet can be found at a variety of latitudes.

4. Lyman-A Studies of the Solar Wind

[15] We will now compare the in situ results reported
above with inferences from many years of Lyman-a remote
sensing. Interplanetary Lyman-a is a bright (�1 kRayleigh)
emission easy to study with ultraviolet telescopes in space.
An early study [Thomas and Krassa, 1971] of Orbiting
Geophysical Observatory (OGO) 5 Lyman-a data found an
upwind brightness maximum was present during solar
maximum. One use of the Lyman-a data in numerous
subsequent studies has been to try to estimate the latitude
behavior of the solar wind mass flux. Because of the fall-off
in H-H+ charge exchange cross-section with velocity, high-
speed solar wind is relatively less effective at producing
charge exchange than low-speed solar wind with the same
mass flux npvp. Also, high-speed solar wind is generally of
lower density than low-speed solar wind. These two effects
lead to the expectation that heliospheric latitudes dominated
by the high-speed solar wind, originating in coronal holes
that are most frequently found at high heliographic latitudes
near solar minimum, will have relatively more slow H atoms
and be brighter in a Lyman-a map. This expectation was
tested in heliospheric Lyman-a maps obtained by the
Mariner 10 Ultraviolet Spectrometer (UVS) on 6 November
1973–28 January 1974 during solar minimum [Broadfoot
and Kumar, 1978; Kumar and Broadfoot, 1978, 1979;
Ajello, 1978; Ajello et al., 1979; Witt et al., 1979, 1981].
Brightness maxima at high latitudes were found to be

Figure 4. Detailed comparison of the estimated H atom photoionization rate at 1 AU as a function of
time using the Tobiska et al. [2000] SOLAR2000 model with an earlier estimate that we had been using
based on Table 3 of Ogawa et al. [1995].
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consistent with an H atom lifetime against charge-exchange
tsw = 1/Rsw of the functional form

tsw latitudeð Þ ¼ tsw equatorð Þ= 1� A sin2 latitude
� �

ð2Þ

If A = 0, the lifetime is latitude invariant. If A = 0.5, the H
atom lifetime against charge-exchange at the pole is twice
the lifetime at the equator. Figure 5 illustrates the functional
form of t for several values of A. Models of the Mariner 10
UVS data indicated A = 0.25 ± 0.1. Pioneer Venus Orbiter
UVS [Stewart, 1980] observations during a special Comet
Halley observing sequence from 1 January–4 March 1986
(solar minimum) that covered a range of heliospheric
latitudes also found an enhanced H atom lifetime at high
latitudes, with a derived A value of A = 0.3 ± 0.2 [Ajello,
1990] or A = 0.3 ± 0.05 [Lallement and Stewart, 1990].
(Most Pioneer Venus Orbiter UVS measurements were
obtained at a constant latitude of �30 degrees and are less
suitable for assessing the A parameter that measures
latitudinal variations in lifetime. Lallement et al. [1990]
report that Voyager Lyman-a maps are also relatively
insensitive to A because the two Voyager spacecraft were
flying upwind and spent most of their time outside the
H cavity near the Sun).
[16] Prognoz satellite Lyman-a data from 1977 [Bertaux

et al., 1996] found that not only was the H lifetime
enhanced at the poles, but also a well-defined ‘‘groove’’
of reduced emission was present in the Lyman-a pattern
near the upwind ecliptic plane. This groove can be associ-
ated with a period of small heliospheric current sheet tilt
[Hoeksema et al., 1982, 1983, 1991] during this period
(Figure 3). Enhanced slow solar wind flux near the current
sheet depletes the slow neutral H population near the
ecliptic plane, leading to the observed groove.

[17] A rather different situation was inferred from 1990–
1992 solar maximum Lyman-a data obtained by the Galileo
Ultraviolet Spectrometer and Extreme Ultraviolet Spectrom-
eter [Hord et al., 1992; Pryor et al., 1992, 1996, 2001;
Ajello et al., 1993, 1994]. Those authors found a brightness
maximum in the upwind ecliptic plane and modeled this
with a combination of enhanced solar flux from Lyman-a
active regions near the ecliptic plane and a nearly isotropic
solar wind mass flux. The isotropic solar wind mass flux
was considered plausible based on white light images of the
Sun which showed a more isotropic and chaotic illumina-
tion pattern associated with the large heliospheric current
sheet tilt at solar maximum, not the well-defined white-light
brightness maximum in the ecliptic plane seen near solar
minimum. Galileo UVS ‘‘antisun’’ maps of the downwind
hemisphere obtained in 1990 were best fit [Pryor et al.,
2001] with A = 0.0, while a map obtained in 1992 required a
larger asymmetry factor of A = 0.25. Galileo EUVS data
obtained on great circles through the ecliptic poles from this
period also can be described with A = 0 in 1990 increasing
to A = 0.25 in 1992.
[18] Lyman-a observations by the Ulysses GAS experi-

ment [Witte et al., 1992, 1996] from 1990–1995 were used
to infer that the solar wind asymmetry increased over this
period from A = 0 to values of A > 0.5 [Pryor et al., 1998b].
Better fits to these data were obtained using other functional
forms of the lifetime based on actual SWOOPS measure-
ments. Ulysses GAS upwind measurements from 1997
were well represented using the functional form given by
McComas et al. [1999] and Pryor et al. [2001]. The model
charge exchange rate R (s�1) at 1 AU as a function of
heliographic latitude q in radians is

R qð Þ ¼ 2:45� 10�7 þ 3:95� 10�7e�6:37sin2q s�1 ð3Þ

based on SWOOPS data fromwhenUlysses was 2.0–5.4 AU
from the Sun. The period of increasing A value corresponds
to a period of declining heliospheric current sheet tilt.
Bzowski et al. [2002] examined alternate expressions for the
ionization profile.
[19] The Solar Heliospheric Observatory (SOHO) SWAN

(Solar Wind Anisotropy Experiment) is a dedicated helio-
spheric Lyman-a instrument that has produced frequent all-
sky Lyman-a maps beginning in December 1995 [Bertaux
et al., 1995, 1997, 1999]. These maps initially confirmed the
Prognoz detection of an upwind ecliptic minimum ‘‘groove’’
during a period of small heliospheric current sheet tilt.
Kyrola et al. [1998] modeled the 1996 SWAN data, includ-
ing separate north and south anisotropy (A) parameters and
found the A parameters were small (�0.1 to 0.2) outside of a
narrow (11.5 degree) enhanced ionization belt near the
current sheet. Later reports from SWAN indicate that the
groove had weakened [Bertaux et al., 1999] and then was
finally replaced by an upwind maximum in 1998 and 1999
[Summanen et al., 2002]. Figure 3 illustrates that these
changes correspond to a period of increasing heliospheric
current sheet tilt and to a period when the equatorial charge
exchange rates converge with the high-latitude charge
exchange rates measured by Ulysses. The enhanced solar
wind flux produced near the current sheet is now spread
over more latitudes, weakening and finally eliminating the
groove. Pryor et al. [2001] found a Lyman-a plateau or

Figure 5. The ‘‘asymmetry parameters’’ used most
frequently by Lyman alpha modelers to describe the latitude
dependence of the H atom lifetime against charge exchange
are illustrated for cases A = �1.0, 0, �0.25, 0.25, 0.5, and
0.75. Also shown are the measured 27-day averaged
lifetimes against charge exchange as a function of latitude
for the Ulysses SWOOPS experiment.
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weak groove in Ulysses GAS observations of the upwind
direction during the period from 1997-336 to 1997-354,
rather than the strong maximum seen in Galileo data from
the previous solar maximum. This is in general agreement
with SOHO SWAN observations from this period [Bertaux
et al., 1999]. (We note that Figure 4 of Pryor et al. [2001]
contains a labeling error: the middle panel should read
model, not data). Figure 3 of the current paper illustrates
that these changes in the SWAN and GAS data correspond
to a period of increasing heliospheric current sheet tilt and to
a period when the equatorial charge exchange rates con-
verge with the high-latitude charge exchange rates measured
by Ulysses. The enhanced solar wind flux produced near the
current sheet is now spread over more latitudes, weakening
and finally eliminating the groove.
[20] Figure 5 illustrated one way to estimate A from the

Ulysses data alone. This technique may confuse spatial and
temporal variations, as the Ulysses spacecraft takes months
to years to survey a range of latitudes. Alternatively, the
existence of simultaneous H atom lifetime measurements in
the ecliptic plane from IMP-8, WIND, and ACE, and out of
the ecliptic from Ulysses allows us for the first time to
form 2-point rough estimates of the instantaneous value of
the A parameter, as follows. We use the inverse form of
equation (2)

Rsw latitudeð Þ ¼ Rsw equatorð Þ* 1� A sin2 latitude
� �

ð4Þ

where Rsw is the H-H+ charge exchange rate at 1 AU
deduced from solar wind measurements. Measurements
from two latitudes (1 and 2) then yield an estimate for A:

A ¼ R1 � R2ð Þ= R1sin
2 latitude2ð Þ � R2sin

2 latitude1ð Þ
� �

ð5Þ

that is also plotted in Figure 3. This instantaneous estimate
for A will not be meaningful in periods when Ulysses was
near the ecliptic, so we have restricted the display to periods
when Ulysses was poleward of 35 degrees N or S in
heliographic latitude. The result is a bimodal set of points

with large A near solar minimum and small A near solar
maximum, the result we were expecting to find based on
predictions by Lallement et al. [1985] and others. The
technique has the obvious limitation of assuming that
equation (4) and its assumed functional form are
sufficiently close to the truth to be useful, which may
not always be true. On the same plot we have shown some
A values deduced from earlier remote sensing work for
comparison.
[21] Figure 3 also shows updated A value estimates from

the Ulysses GAS Lyman-a experiment. Pryor et al. [1998b]
found A in the GAS data was small in the previous
maximum and large in the last solar minimum. Our current
modeling efforts use standard hot hydrogen density models
and a detailed Lyman-a illumination model described by
Pryor et al. [1996, 1998a, 1998b, 2001] that uses He 1083 nm
solar images (spectroheliograms) processed into Carrington
maps of He 1083 nm equivalent width by the National
Solar Observatory to produce estimates of the solar
Lyman-a flux for each day at each solar latitude and
longitude. This technique has previously reproduced many
details of the spatial and temporal variations in the Pioneer
Venus, Galileo, and Ulysses Lyman-a data sets. The stan-
dard hot hydrogen density model also introduces north-
south asymmetries because the upwind direction is out of
the ecliptic plane at 5.2 ± 0.2 ecliptic latitude [Witte et al.,
2003]. Several important changes have been made since our
earlier modeling efforts. The H atom temperature at large
distances in the models is now 12000 K, not 8000 K,
reflecting the recent work with SOHO SWAN absorption
cell data by Costa et al. [1999]. Data are now included from
directions more than 45 degrees from the Sun, relaxing our
previous restriction to the anti-sunward hemisphere, based
on additional study of the instrument scattering properties.
We have also decided based on additional in-flight calibra-
tion work that the GAS background estimates described in
Pryor et al. [1998b] were not adequate. We now use a least-

Figure 6. The least-squares fit between Ulysses GAS
Lyman-a data and the best of 441 models is illustrated. In
this case the linear correlation coefficient was r = 0.98.

Figure 7. A contour plot of the reduced chi-squared fitting
parameter for the GAS map from 1990-343 is shown.
Twenty-one values of AN and 21 values of AS were tested,
in the range from A = �1.0 to 1.0, providing 21 � 21 = 441
models for each map. In this case the minimum in reduced
chi-square occurs for AN = 0.1 and AS = �0.2.
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squares fit between the model and the data to estimate the
background (Figure 6). We trust this technique because
the model has been successful in fitting Galileo data where
the background is well understood, since non-Lyman-a

channels are available [Pryor et al., 2001]. The solar wind
asymmetry parameter in the north (AN) and in the south
(AS) were varied separately. This additional degree of
freedom proved very helpful in fitting real structure in
the data. A grid search in AN and AS was performed
(441 models per map) to choose AN and AS based on the
model that minimized the reduced chi-square fitting param-
eter (Figure 7). Figure 8 shows the point-by-point agree-
ment between data and model for the 1990 day 343 GAS
map, and Figure 9 shows the distribution of data and model
points in ecliptic latitude and longitude. Figure 10 is a color
image of this data and model. O and B stars brighter than
magnitude 6.0 were removed, forming an obvious arc across
the map where the Milky Way falls. Figure 11 illustrates a
sample retrieved asymmetry profile. We found that maps
obtained well out of the plane of the ecliptic are still not well
modeled and may be intrinsically unsuitable for finding
AN and AS separately, since the two hemispheres both fall
on the same lines-of-sight. Figure 3 only shows GAS
asymmetry results obtained when Ulysses was within
30 degrees of the heliographic equator. Additional modeling
effort will be required to understand the GAS maps obtained
at higher latitudes. The GAS derived A values again show
lower asymmetry during the previous solar maximum and
higher asymmetry during the last solar minimum. The

Figure 8. The same GAS map is shown in a point-by-
point comparison with the best model found from Figure 9.

Figure 9. The same GAS map and model are shown point-by-point as a function of ecliptic latitude and
longitude.
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observing geometry during the current solar maximum was
mostly unfavorable for the asymmetry determination, since
Ulysses was mostly well out of the ecliptic.

5. Conclusions and Future Work

[22] The unique Ulysses out of the ecliptic solar wind
measurements help to validate several decades of effort in
the Lyman-a remote sensing field. The Ulysses SWOOPS
solar wind data, both by themselves and in comparison with
near-Earth satellite data, show that a more isotropic solar
wind mass flux is present at solar maximum than at solar
minimum. This is consistent with SOHO SWAN results
which found an upwind heliospheric groove in 1996 near
solar minimum, which gradually weakened and vanished as
solar maximum approached and the heliospheric current
sheet increased its inclination, spreading the more effective
solar wind for charge exchange (dense and slow) over a
wider range of latitudes.
[23] Comparison of Lyman-a data from various space-

craft beginning in 1974 shows that the general pattern found
by the SOHO SWAN and Ulysses SWOOPS comparisons
held in earlier epochs as well. When the heliospheric
current sheet tilt was small during solar minimum, Prognoz,
Mariner 10, Pioneer Venus, SWAN, and Ulysses GAS all
found a Lyman-a brightness minimum in the upwind
ecliptic direction, consistent with enhanced low-latitude

charge exchange. When the heliospheric current sheet was
more inclined closer to solar maximum, OGO-5, Galileo,
Ulysses, and SWAN all found a brightness maximum in the
upwind ecliptic direction, consistent with more latitudinally
isotropic H-H+ charge-exchange.
[24] The SWOOPS measurements have borne out the

extensive earlier remote sensing work involving Lyman-a.
Solar minimum provides extensive coronal holes at high
latitudes that produce high-speed solar wind with reduced
effectiveness in removing slow H. Low heliospheric current
sheet tilt produces a low-latitude enhancement in the slow
solar wind flux and carves a groove in the hydrogen
distribution near the ecliptic plane. Solar maximum produ-
ces smaller coronal holes, a larger current sheet tilt that
sprays slow, dense solar wind at a larger range of latitudes,
and a resulting reduction in the H atom lifetime at high
heliospheric latitudes, enlarging the polar cavity. Figure 3 of
McComas et al. [1999] shows both the upwind heliospheric
cavity shape from the solar minimum SWOOPS results, and
the rounder shape found for a constant in latitude charge
exchange rate, more appropriate for the solar maximum data
presented here. Results on the solar wind proton mass flux
distribution from earlier Lyman-a studies separated in time
are now seen to be due to actual changes in the solar wind
properties associated with changes in the current sheet tilt
and the behavior of coronal holes over the solar cycle.
[25] A second remote sensing technique, studies of inter-

planetary scintillations, has also provided information on
the latitude dependence of the mass flux [e.g., Woo and
Gazis, 1994; Woo and Goldstein, 1994]. Woo found that the
solar wind mass flux anisotropy was reduced at solar
maximum. These results seem consistent with Lyman-a
and solar wind results.
[26] One also expects the flux of pickup hydrogen

ions produced by the H and H+ charge-exchange process
[Vasyliunas and Siscoe, 1976; Gloeckler et al., 1993, 1994]
to be more latitude-invariant at solar maximum based on the
data in Figure 5. Detailed discussion of the variations in

Figure 10. A color image shows the star-filtered GAS data
as a function of ecliptic latitude and longitude and a model
for this data. The positions of the Earth, Sun, Jupiter, upwind,
and downwind are marked e, s, j, u, and d, respectively.

Figure 11. The retrieved AN = 0.1 and AS = �0.2 H atom
lifetime against charge exchange profiles for the 1990-343
Ulysses GAS map are shown and compared with several
other profiles.
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latitude of the pickup ion flux over the solar cycle, including
the effects of radiation pressure on the density distribution,
is given by Bzowski et al. [2001b]. Their predictions could
be tested using Ulysses SWICS (Solar Wind Ion Composi-
tion Spectrometer) data. Ulysses GAS and SWOOPS are
expected to continue taking data for several more years,
making it possible to study the reformation of the ecliptic
heliospheric groove during the next solar minimum. We will
look for a better parameterization of the anisotropies and
their variations, as the traditional A parameter used here to
illustrate the changes by comparisons between current
data and literature values does not well represent the
sharply defined heliospheric grooves seen at solar minimum
[Summanen et al., 1997; Summanen, 2000].
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