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[1] Data from the Solar Wind Ion Composition Spectrometer (SWICS) on board the
Ulysses spacecraft and synoptic maps from Kitt Peak are used to analyze the relatively
short-lived coronal holes which exist during the maximum phase of the solar activity cycle
23. They are compared with the persistent polar coronal holes which prevail around solar
minimum. A solar wind velocity increase coinciding with a shift of the ionic charge
composition toward lower charge states serves as a robust criterion for identifying solar
wind streams emanating from solar maximum holes. This allows an unambiguous
association of every stream identified in interplanetary space with a coronal hole on the
solar surface with consistent magnetic polarity. Solar wind streams emanating from the
solar maximum holes generally show lower velocities of 400 to 600 km/s compared to
the polar hole stream velocities of 700 to 800 km/s. However, the SWICS O7+/O6+ charge-
state ratios, which are a proxy for coronal temperatures, do not reveal a consistent
difference. Though a number of solar maximum holes have a significantly, up to three
times, higher temperature compared to the polar coronal holes, the majority of the
investigated holes and specifically those with new cycle polarity have a coronal
temperature within the range of polar hole temperatures. Likewise, the magnetic flux
density in the solar maximum holes and in the polar coronal holes, as derived from the
synoptic maps, is not strikingly different. Therefore any intrinsic difference between solar
maximum holes and polar coronal holes is small. The striking discrepancy in their kinetic
properties, namely the slower velocity of the solar wind streams emanating from solar
maximum holes, may partly be attributed to deceleration of the solar wind during
propagation to the spacecraft. The discrepancy may also be influenced by active regions in
close proximity to the coronal holes, which presumably is more likely for smaller holes.
There may, however, be a tendency for the faster wind streams to emanate from cooler
holes. INDEX TERMS: 7511 Solar Physics, Astrophysics, and Astronomy: Coronal holes; 2164
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1. Introduction

[2] Coronal holes are magnetically open regions of the
Sun. Their intrinsic properties and their evolution with time
are not only important for understanding the nature of the
solar magnetic field, solar wind acceleration and heating,
but also because of their influence on the geomagnetic
environment, since they constitute the dominant source of

the interplanetary magnetic field (IMF) and the near-ecliptic
solar wind [Wang et al., 1997; Luhman et al., 2002]. The
simplest geometric configuration prevails around solar min-
imum, with unipolar magnetic field regions and stable large
polar coronal holes at both poles. As the Sun approaches
activity maximum these polar coronal holes diminish in size
and finally vanish. Instead, small scale holes appear at all
latitudes, including relatively short-lived, small-scale holes
at polar latitudes.
[3] The basic properties of coronal holes have been

known for decades. The temperature of the corona is
reduced in the coronal holes compared to the surrounding
regions, and coronal holes are the source of the high-speed
solar wind [Krieger et al., 1973]. The interplanetary obser-
vations of coronal hole streams by the Ulysses spacecraft
and the capabilities for diagnosing the corona provided by
the telescopes on the Solar and Heliospheric Observatory
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(SOHO) offer improved possibilities to study coronal hole
properties and their evolution over the solar cycle.
[4] Ulysses, on its polar orbit around the Sun, not only

allows properties of coronal hole streams to be investigated
in interplanetary space, but also coronal properties in the
source region of the solar wind streams to be derived. The
ionic composition is a reliable diagnostic for conditions in
the solar wind source region. The first out-of-ecliptic
observations of the solar minimum polar coronal holes
confirmed the unipolar character of the coronal hole mag-
netic field and that the polar coronal holes are the source of
an extremely stable and uniform high speed solar wind with
velocities of about 750 km/s [Forsyth et al., 1996; Woch et
al., 1997; McComas et al., 2000]. The freezing-in temper-
ature, a proxy for coronal temperature, derived from ionic
charge-state ratios, is considerably lower in the fast wind
originating from polar coronal holes than in the slow wind
originating from the streamer belt. The O7+/O6+ ratios
indicate a temperature of about 1 MK in the polar coronal
holes compared to temperatures exceeding 1.5 MK in the
corona underlying the transient wind [von Steiger et al.,
2000]. A small but significant hemispherical asymmetry
exists, with the north polar hole being cooler than the
southern one [Zhang et al., 2002]. However, there is no
evidence of a significant evolution of coronal hole temper-
ature over the solar cycle. Likewise, ground-based synoptic
maps reflect a north-south asymmetry during the minimum
between cycles 22 and 23, in that the northern polar coronal
hole covers a larger part of the solar surface than the
southern one. The total magnetic flux and, specifically,
the flux density of the north polar coronal hole is consid-
erably lower for the whole interval of time between 1992
and 1997.
[5] Recently, McComas et al. [2002] used Ulysses solar

wind plasma and ion composition data to study a limited
number of solar wind streams assumed to emanate from
small-scale coronal holes which existed at high latitudes
near solar maximum. They found that the ionic composition
of these streams is comparable to that of the wind emanating
from the solar minimum polar holes. However, the solar
wind speed of the streams may differ considerably from that
of the polar hole wind. They concluded that coronal holes,
regardless of whether they are small-scale solar maximum
ones or large-scale polar minimum holes, produce a unique
type of solar wind. Consequently, these holes have similar
chromospheric and coronal properties and, specifically,
similar coronal temperatures. However, variations in the
acceleration process between the different types of holes
produce solar wind stream velocities which greatly differ
from hole to hole. Zurbuchen et al. [2002] used Ulysses/
SWICS data to study the evolution of the solar wind
composition throughout the solar cycle. They showed that
the apparent bimodal nature of the solar wind during solar
minimum does not persist during solar maximum, at least
with respect to solar wind speed and charge-state distribu-
tions. They reported a higher charge-state ratio in coronal-
hole-associated wind during solar maximum and concluded
that this is consistent with theories in which the solar wind
originates from closed magnetic loops that reconnect with
open field lines [Fisk et al., 1999].
[6] In a series of papers, data from the Ultraviolet

Coronograph Spectrometer (UVCS) on SOHO were used

to derive plasma parameters of the solar minimum north
polar coronal hole, a solar maximum equatorial hole and a
solar maximum high-latitude coronal hole [Kohl et al.,
1998; Miralles et al., 2001a, 2001b]. These studies indicate
that ion perpendicular kinetic temperatures observed in the
polar coronal hole at solar minimum are higher than in the
equatorial coronal hole near solar maximum but comparable
to the high-latitude coronal hole.
[7] In this paper, we investigate small-scale coronal holes

observed during the maximum phase of solar cycle 23 at
low to high latitudes. We use data from the Solar Wind Ion
Composition Spectrometer (SWICS) and the magnetometer
on Ulysses to identify coronal hole streams in interplanetary
space and to relate them to coronal holes seen in Kitt Peak
synoptic maps. For the identified coronal holes and their
associated solar wind streams we derive interplanetary and
solar surface/corona properties and compare them with
characteristic parameters of the large polar coronal holes
observed during solar minimum. Specifically, we concen-
trate on the O7+/O6+ charge-state ratio as a proxy for the
coronal temperature and on the solar wind speed represent-
ing the kinetic properties of the coronal hole streams. We
complement the interplanetary observations with estimates
of the coronal hole area, coronal hole magnetic flux, and
flux density derived from Kitt Peak magnetic synoptic
charts.

2. Data Description

[8] The Solar Wind Ion Composition Spectrometer
(SWICS) on board Ulysses combines an electrostatic deflec-
tion system with a time of flight unit and a solid state
detector to measure the mass, charge, and energy of thermal
solar wind ions. The instrument is well suited to determine
the solar wind elemental composition and the charge-state
distributions of heavy solar wind ions as well as proton and
alpha particle speed, density, and temperature. The SWICS
instrument is described in detail by Gloeckler et al. [1992].
For the present study the solar wind proton speed and the
oxygen charge-state ratio O7+/O6+ are used. The charge-state
ratio O7+/O6+ allows the so-called freezing-in temperatures
to be estimated. These are related to coronal temperatures in
the source region of the solar wind. Specifically, charge-state
ratios are a good indicator of coronal temperatures in the fast
coronal hole streams [Geiss et al., 1995; von Steiger et al.,
2000]. A detailed description of the method used to derive
the O7+/O6+ ratio including instrumental errors is given by
von Steiger et al. [2000].
[9] The Ulysses observations are complemented by infor-

mation on the coronal hole area, coronal hole magnetic flux
and average flux density (i.e., spatially averaged field
strength) derived from observations made at Kitt Peak.
Synoptic charts of coronal holes are inferred from He I
1083 nm data, and magnetic field synoptic charts from daily
magnetograms. Each synoptic chart represents one Carring-
ton rotation of the Sun. The original observations were
made with 1 arc sec pixels and then converted to daily, low
resolution, maps in a Carrington longitude versus sine
latitude format. The following corrections are applied to
the magnetic field synoptic Charts: (1) On the generally-
made assumption that the fields are perpendicular to the
solar surface, the observed field strengths are divided by
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cosine of latitude; (2) The magnetograph signal very close
to the poles can be very noisy or even missing. In these
cases the measured signal is replaced by a cubic spline fit to
valid values in the polar regions. Coronal hole boundaries
are identified on the He I 1083 nm synoptic maps, from
which the coronal hole areas are estimated. Within the
coronal hole boundaries the total magnetic flux and average
flux density are derived from the magnetic synoptic charts.
[10] The present study is based on observations made

between 1992 and 2002. A general overview is provided by
Figure 1. Figure 1a shows the heliographic latitude range
scanned by Ulysses and the variation of sunspot number
over the solar cycle during this time. In the declining phase
of the last solar cycle Ulysses was in the southern hemi-
sphere, ascending in latitude toward the south polar region
of the heliosphere. Ulysses reached its highest southern
latitude of 80� in 1994. The fast latitude scan in 1994/1995
at perihelion took Ulysses from the south into the north
polar regions of the heliosphere in just a few months.
During the minimum phase of the solar cycle the spacecraft
descended again from high northern latitudes toward the
ecliptic. Ulysses completed its first orbit with the crossing
of the ecliptic plane in 1998, and began the second slow
latitude scan of the southern heliosphere, this time during
solar activity maximum. At the end of 2000 Ulysses again
reached southern latitudes of 80�. Following the second fast
latitude scan, northern latitudes of 80� were reached at the
end of 2001.
[11] Figure 1b shows 10-day averages of the O7+/O6+

charge-state ratio and the solar wind speed measured by
SWICS during this time interval. At high latitudes Ulysses
observed the uniform solar wind emanating from the large
polar coronal holes which existed throughout the declining/
minimum phase of solar cycle 22. This polar coronal hole
wind is much faster (�760 km/s) than the solar wind at low
latitudes [Woch et al., 1997; McComas et al., 2000] and the
O7+/O6+ ratio is considerably reduced compared to the
streamer belt wind, pointing to low coronal temperatures
in its source region [von Steiger et al., 1997; Zhang et al.,
2002]. During the second southern latitude scan from 1998
onward Ulysses did not encounter any persistent high-
speed/low-temperature streams. This is consistent with the
Kitt Peak observations which showed that in the rising/
maximum phase of solar cycle 23 the large polar coronal
holes had disappeared. Instead, small-scale coronal holes
were observed at all latitudes [Wang et al., 2000b] which
formed and dissolved again on time scales of one to a few
solar rotations.
[12] In the following sections we identify solar wind

streams in interplanetary space emanating from these
small-scale coronal holes using SWICS observations made
between mid-1998 and mid-2001. We derive their inter-
planetary and solar surface/coronal properties and compare
them with those of the large polar coronal holes observed
during solar minimum.

3. Identification of Coronal Hole Streams

[13] The solar wind emanating from the large polar
coronal holes is uniquely characterized by a high solar wind
velocity and a low freezing-in temperature. We thus assume
that the most appropriate and unambiguous way to identify

the solar wind streams emanating from the small coronal
holes during solar maximum is to search for time intervals
with enhanced solar wind speed and a correspondingly
reduced freezing-in temperature compared to the ambient
solar wind [see also, McComas et al., 2002]. We visually
inspected time series of 15-hour-averages of the solar wind
speed and the O7+/O6+ charge-state ratio and identified 37
events as possible candidates for coronal hole streams. In all
these stream intervals the solar wind speed is significantly
above and the O7+/O6+ ratio significantly below values
observed before and after the stream intervals. The rise in
solar wind speed and corresponding drop in the O7+/O6+

charge-state ratio occurs on short time scales within a few
measurement cycles of the instrument, thus yielding sharp
boundaries at the interfaces between the potential coronal
hole streams and the ambient solar wind. Figure 2 shows the
variation of the charge-state ratio and the solar wind
velocity in the 3-year interval from mid-1998 to mid-2001
with the 37 selected intervals. The use of 15-hour averaged
values was required to sufficiently reduce statistical uncer-
tainties in the O7+/O6+ ratio. At the same time, however, this
choice introduces a bias regarding the size of the identified
coronal holes. Streams from the smallest holes will escape
identification. By invoking not only a solar wind speed
increase but also a simultaneous drop in the charge-state
ratio as identification criterion we exclude solar wind
disturbances produced by other sources, like coronal mass
ejections (CMEs), which do not show the characteristic
anticorrelation between the two parameters.
[14] In order to verify whether the 37 events are related to

coronal holes we estimated their source location on the Sun
by using a simple ballistic, constant-velocity approach to
map their interplanetary observation point back to the solar
surface. In addition, the predominant direction of the radial

Figure 1. Ulysses heliographic latitude and sunspot
number (top) and solar wind speed (light curve) and O7+/
O6+ charge-state ratio (heavy) measured by SWICS/Ulysses
(bottom) from 1992 to 2002.
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component of the interplanetary magnetic field as measured
by the Ulysses magnetometer [Balogh et al., 1992] within
the stream events was used to derive the magnetic polarity
(toward or away from the Sun) of each event. It was
possible to unambiguously designate a magnetic polarity
to 31 out of the 37 events. Within the remaining 6 potential
coronal hole streams the field direction was highly variable,
making it difficult to assign a polarity to them. We then
checked the Kitt Peak coronal hole and magnetic field
synoptic charts for the Carrington rotation corresponding
to the Ulysses observation time for any appearance of a
coronal hole with the correct polarity in the vicinity of the
mapped position.
[15] For all of the events with clearly defined polarity a

coronal hole of correct polarity was located less than 30�
Carrington longitude away from the mapped position and
within an appropriate latitude range. Bearing in mind the

uncertainty inherent in the mapping back procedure for
events observed up to about 5 AU away from the Sun, we
regard a 30� deviation as acceptable. For the majority of the
stream events the mapped position even exactly coincides
with a coronal hole of correct polarity. Also for the 6 events
of undefined polarity a coronal hole was closely collocated
with the mapped position. They are included in the study
and assigned the magnetic polarity of the respective coronal
holes in the synoptic maps. Thus we can conclude that each
of the events could be uniquely associated with a coronal
hole on the Sun.
[16] Figures 3 and 4 provide example of this result based

on two arbitrarily chosen events. They are marked by
arrows in Figure 2. The first coronal hole stream was
observed by Ulysses on day 148 of 1999. At that time the
spacecraft was at 27� southern heliographic latitude at a
distance of 4.9 AU from the Sun. Figure 3 shows the solar
wind speed and the O7+/O6+ charge-state ratio derived from
SWICS observations (top) together with the synoptic coro-

Figure 2. The solar wind speed (light curve) and O7+/O6+

charge-state ratio (heavy) measured by SWICS/Ulysses
from mid-1998 to mid-2001. 15-hour averages are dis-
played. Shaded areas mark solar wind streams emanating
from solar maximum coronal holes. Light (heavy) shading
denotes negative (positive) magnetic polarity. Question
marks indicate streams with ambiguous polarity identifica-
tion at Ulysses. Streams chosen as representative examples
(cf. Figures 3 and 4) are marked by arrows.

Figure 3. A coronal hole stream observed by Ulysses on
day 148 of 1999. Top: Solar wind speed (light curve) and
O7+/O6+ charge-state ratio (heavy). Bottom: The synoptic
coronal hole map and mean photospheric field synoptic
charts of the corresponding Carrington rotation 1949. The
projected position of Ulysses at the time of the coronal hole
stream encounter is marked by the horizontal and vertical
lines and small circle. A nearby coronal hole of correct
magnetic polarity is encircled.
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nal hole map (middle) and the corresponding photospheric
field synoptic chart (bottom) for Carrington rotation 1949.
From left to right, the Carrington longitude runs from 0� to
360�, while the latitude from +90� to �90� runs from top to
bottom. The contours represent the boundaries of the
coronal holes. The core of the coronal hole stream as seen
by SWICS is marked with a circle. A solar wind speed
increase from 360 km/s to nearly 500 km/s coincides with a
decrease of the charge-state ratio from 0.3 to 0.04. The
magnetic field is directed away from the Sun which corre-
sponds to a positive polarity (not shown). Mapping back
indicates that the fast solar wind stream emanated from the
solar surface at a position of 27� southern latitude, 162�
Carrington longitude, marked by the grey horizontal and
vertical lines on the synoptic coronal hole map. The small
circle marks the deduced source region of the solar wind
stream. It is located close to a coronal hole of positive
polarity (marked by a larger circle on the coronal hole map).
This coronal hole can therefore be regarded as the source
region of the fast solar wind stream. From the correspond-
ing photospheric field synoptic charts, we find that the
coronal hole is located near the boundary of an active
region. In the same format as Figure 3, Figure 4 presents
another coronal hole stream observed by Ulysses on day
265 of 1999 at a southern latitude of 34.5� and a distance of

4.5 AU. A well-defined peak in the solar wind speed of
approximately 100 km/s above ambient values coincides
with a sharply reduced O7+/O6+ ratio. The magnetic field is
directed toward the Sun (negative polarity). The source
location is estimated at a Carrington longitude of 303� at
33� South. This location coincides with a coronal hole of
negative polarity. As in the previous example the coronal
hole is located close to an active region.

4. Coronal Hole Properties

[17] With SWICS/Ulysses we are able to both remotely
sense coronal properties of the coronal holes and simulta-
neously derive in-situ kinetic properties of the solar wind
emanating from the coronal holes. Figure 5 compares the
small-scale coronal holes observed with Ulysses during
solar maximum with the minimum phase large polar coronal
holes. It shows the O7+/O6+ charge-state ratio, which serves
as a proxy for the coronal hole temperature, versus the solar
wind speed representative of the solar wind properties.
Furthermore, the coronal holes are distinguished on the
figure with respect to their magnetic polarity. For periods
in which Ulysses was permanently immersed in the south-
ern or northern polar coronal hole streams (08.1993 to
01.1995 for south; 03.1995 to 08.1996 for north) values
are averaged over individual Carrington rotations. For mid-
latitude observations (08.1992 to 05.1993 and 07.1996 to
01.1997), when Ulysses encountered the polar streams once
per solar rotation for a limited time, one 15-hour-average
per rotation comprising the core part of the polar coronal
hole encounter is displayed. Similarly, for each encounter of
a solar maximum hole a 15-hour-average around the core of

Figure 4. Same as in Figure 3, but for a stream encountered
on day 265 of 1999 (corresponding to Carrington rotation
1953).

Figure 5. Scatter plot of the O7+/O6+ charge-state ratio
versus the solar wind speed measured by Ulysses in the
solar wind streams emanating from coronal holes. The solar
maximum holes (plus signs, negative polarity, encircled
plus signs, positive polarity) are compared with the solar
minimum north and south polar coronal hole (dots and stars;
heavy symbols denote observations with Ulysses perma-
nently immersed in the polar coronal hole streams, light
ones short encounters of polar coronal hole streams). Also
included is the coronal hole persistently observed by
Ulysses at the end of 2001/beginning of 2002 above
latitudes of about 70� North (heavy cross).
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the stream (solar wind speed maximum, charge-state ratio
minimum) is shown.
[18] In addition we have included in Figure 5 the values

for a coronal hole persistently observed by Ulysses at the
end of 2001/beginning of 2002 above latitudes of about 70�
North. According to the Carrington maps, this coronal hole
emerged at the beginning of 2001 and then evolved into a
comparatively large polar coronal hole with the polarity
expected for the new cycle. This hole, in its early stage, is
the high-latitude solar maximum hole observed by UVCS/
SOHO and discussed in the paper by Miralles et al.
[2001b].
[19] The solar wind streams from the solar maximum

coronal holes differ from the polar coronal hole streams
with respect to their velocity. The speed of the solar wind
from the northern and southern polar coronal hole is
between 700 and 800 km/s. The speed of the solar wind
streams from the solar maximum holes typically ranges
from 400 to 600 km/s. Only for three coronal hole stream
encounters is the speed above 700 km/s, i.e., comparable to
the polar coronal hole speed. Two of these are consecutive
encounters of the same hole. Likewise the speed of the solar
wind stream emanating from the newly emerging north
polar coronal hole is above 700 km/s.
[20] With respect to the charge-state ratios the difference is

less pronounced. For the north polar coronal hole the O7+/O6+

ratio is scattered around a value of 0.01, while for the south
polar coronal hole around 0.02 (see Zhang et al. [2002] for
a discussion of the differences between the north and south
polar holes). In the case of the solar maximum holes the
O7+/O6+ ratio ranges from even below the north polar hole
values to an order of magnitude higher. However, the
majority of solar maximum holes have a O7+/O6+ ratio
which is within the range covered by the O7+/O6+ ratio of
the north and south polar coronal holes. Despite the large
scatter a trend toward an anticorrelation between the solar
wind speed and the O7+/O6+ ratio is discernible. This
suggests an influence of coronal hole temperature on solar
wind speed in the sense that a lower coronal temperature
leads to a faster solar wind. However, given the scatter, this
result is in need of confirmation either from other data or
through an improved analysis.
[21] Of the 37 solar maximum coronal holes identified in

the southern hemisphere, 17 showed a positive magnetic
polarity. Nine of these were observed after May 2000, i.e, in
the last third of the time interval studied. The remaining 20
events had negative polarity, but only two of these were
observed after May 2000. During solar cycle 22 the polar
hole in the southern hemisphere had a negative polarity.
Thus a positive polarity corresponds to the polarity of the
new solar cycle. The observations imply that by mid-2000
the solar magnetic field has reversed its polarity. Except for
one case, solar maximum coronal holes of positive polarity
(i.e. new cycle polarity) have comparatively low O7+/O6+

ratios, which are either only slightly above or in the same
range as the values found in the polar coronal hole. The two
streams showing a very low ratio are also of positive
polarity. For ratios considerably above the polar coronal
hole values negative, old cycle, polarity holes dominate.
[22] Figure 6 summarizes the properties derived from the

coronal hole and magnetic field synoptic charts. It shows
scatter diagrams of coronal hole area versus magnetic flux

and flux density, as well as flux versus flux density. The
figure includes the polar coronal holes of cycle 22 and the
small-scale solar maximum holes observed in the southern
hemisphere between mid-1998 and mid-2000. It includes
both solar maximum holes, whose solar wind streams were
observed with Ulysses (marked by crosses), and those
without an observed interplanetary signature (marked by
open or filled circles).
[23] The solar minimum polar coronal holes encompass

an area one to two orders of magnitude larger than the solar
maximum holes. Not surprisingly, the total magnetic flux
emerging from the coronal holes increases with coronal hole
size. In the scatter diagram the polar holes are consequently

Figure 6. Scatter plots of the coronal hole area versus total
emerging magnetic flux (top) and versus magnetic flux
density (middle), as well as a scatter plot of total flux versus
flux density (bottom). The values are derived from Kitt Peak
synoptic charts. The figure includes the solar maximum
holes of which solar wind streams were identified in
Ulysses data (plus signs), solar maximum holes not detected
with Ulysses (open and filled small circles, see text for
details), and the south (stars) and north (large dots) polar
coronal holes.
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clearly separated from the solar maximum holes both in size
and total flux. Both quantities vary by nearly three orders of
magnitude. In contrast, the average magnetic flux density
varies over less than an order of magnitude. It ranges from
about 4 to 30 Gauss, with the polar coronal holes scattered
toward the lower and the solar maximum holes toward the
higher limit of this range. This corroborates the findings by
Harvey et al. [1982] and the recent study by Wang et al.
[2000a]. Apart from the minor difference between the flux
density of the large polar coronal holes and that of the
small-scale solar maximum holes there is no obvious
relation between the size of the solar maximum holes and
their flux density.
[24] Figure 6 confirms that our study is biased toward

relatively large coronal holes. Only streams from large-sized
coronal holes were identified with Ulysses. It also shows
that only a rather small number of large-sized holes were
not identified with Ulysses (small filled dots). Moreover,
Ulysses may not have detected these large holes, which
were observed from Earth, because they were located at
significantly different latitudes or longitudes from the
spacecraft. Thus, they might already have disappeared
during the time it took to rotate to the longitude conjugate
to Ulysses. There is no apparent bias in the flux density of
the coronal holes selected for analysis.
[25] Finally, Figure 7 relates the properties of the coronal

holes derived from interplanetary observations to those
derived from the synoptic maps. It shows scatter diagrams
of the O7+/O6+ ratio (left panel) and the solar wind speed
(right panel) plotted against coronal hole area, magnetic flux
density and total magnetic flux (from top to bottom). It does
not reveal an unambiguous relationship between any of the
quantities. The clearest sign of a possible dependence,
however, (although still with some scatter) is that of wind
speed on coronal hole area (and thus also on total flux).
There is some indication that faster solar wind emanates
from larger coronal holes. Furthermore, there is a hint of a
relation between the O7+/O6+ ratio and flux density as well
as between solar wind speed and flux density. With decreas-
ing flux density the solar wind speed appears to increase
and the O7+/O6+ ratio to drop. However, the number of
cases available in this study is too small to arrive at a
definite conclusion.

5. Summary and Discussion

[26] Based on SWICS/Ulysses data and Kitt Peak synoptic
charts we have studied coronal holes observed during solar
maximum. We focused on properties imprinted in the solar
wind streams emanating from the coronal holes as well as on
the properties of the coronal holes themselves. We were able
to identify 37 coronal hole streams within a wide range of
southern latitudes in the SWICS/Ulysses data set and to
associate them with coronal holes in Kitt Peak synoptic
maps. A sharp decrease of the O7+/O6+ charge-state ratio and
a simultaneous increase in solar wind speed proves to be a
reliable identification criterion. The large number of identi-
fied events is sufficient to arrive at some general conclusions
regarding coronal hole properties. Furthermore, in combina-
tion with previous studies on polar coronal holes during solar
minimum we are now able to compare properties of coronal
holes throughout the solar cycle.

[27] The polar coronal holes during solar minimum,
though prominent in their stability and size, do not differ
significantly from solar maximum holes in their fundamen-
tal properties. The magnetic flux density of the coronal
holes derived from Kitt Peak synoptic charts varies over a
relatively narrow range, from about 4 to 30 Gauss. The solar
maximum coronal holes are scattered toward higher values
and the solar minimum polar holes toward lower values.
However, there is a considerable overlap.
[28] The oxygen charge-state ratio, a robust diagnostic of

coronal conditions in the source region of the solar wind
streams, is remarkably similar in the solar minimum polar
holes and the solar maximum holes. This is especially true
when comparing solar minimum polar holes with solar
maximum holes observed at high latitudes. This latter
finding confirms the result of the McComas et al. [2002]
study on solar maximum high-latitude holes and the result
of Miralles et al. [2001b] on the high-latitude solar max-
imum hole observed with UVCS/SOHO. Thus we can state
that high-latitude coronal holes forming at solar maximum
and the solar minimum polar coronal holes are not of a
fundamentally different type. Furthermore, bearing in mind
that the polar holes and specifically their freezing-in temper-
atures are remarkably stable over several years around solar
minimum [von Steiger et al., 2000; Zhang et al., 2002], we
can conclude that the freezing-in temperature in coronal
holes observed at high solar latitudes, i.e., at latitudes above
the active regions of the Sun, does not exhibit a solar cycle
dependence, although the coronal hole size strongly varies
between solar maximum and minimum.
[29] For the coronal holes emerging during solar max-

imum in the active belts of the Sun the situation is less clear.
The freezing-in temperature varies considerably between
individual holes. Although the majority of coronal holes
still have temperatures within the range of the polar hole
values, a relatively large number of coronal holes show
temperatures well above polar hole temperatures. However,
nearly all of the latter holes have a negative magnetic
polarity. Since they are observed in the southern hemisphere
this polarity corresponds to the magnetic polarity of the old
cycle. Moreover, with the exception of one coronal hole
observed still in the early phase of solar cycle 23, the
temperatures in all other coronal hole streams having the
magnetic polarity of the new cycle do not significantly
exceed the temperature range of the polar coronal holes.
Thus coronal holes emerging shortly before the transition of
the solar magnetic field to the new polarity seem to have
higher freezing-in temperatures.
[30] In contrast to the conditions in the corona, the kinetic

properties of the solar wind emerging from the solar mini-
mum polar holes and solar maximum coronal holes differ
significantly. With the exception of the solar wind streams
emanating from 2 southern high-latitude coronal holes and
the stream from the north polar coronal hole emerging in
2001, all other coronal hole streams have velocities well
below those of the solar minimum polar coronal hole
streams. Their velocities are typically between 400 and
600 km/s compared to the 750 km/s of the polar holes. This
leads to a pronounced gap in the velocity distribution of
coronal hole streams extending from about 620 to 720 km/s.
We suggest that these greatly different velocities do not
reflect a fundamental difference in the coronal conditions but
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rather that they are due to variation in the acceleration
process [see also McComas et al., 2002] or due to deceler-
ation through interaction with slow solar wind during
propagation to the spacecraft. The tendency for the small
coronal holes at sunspot maximum to produce slower wind
than the large polar holes near minimum is in good agree-
ment with predictions by the wind speed-expansion factor
relationship. Small holes are characterized by rapidly diverg-
ing field lines and generate slower wind, whereas inside the

large polar holes field lines are slowly diverging and produce
faster wind [Wang et al., 1997]. Taking into account the
effects of interactions between fast and slow wind, speeds of
about 600 km/s were deduced for the small solar maximum
holes compared to 750 km/s for solar minimum polar holes
[Wang and Sheeley, 1997]. Furthermore, we found that all
the streams with velocities below 620 km/s emanate from
coronal holes emerging within the active belt of the Sun (cf.
Figures 4 and 5). These holes are either directly adjacent (31

Figure 7. Coronal hole parameters derived from SWICS/Ulysses compared to those derived from Kitt
Peak synoptic charts (symbols as in Figure 6). Left: The O7+/O6+ charge-state ratio versus coronal hole
area, flux density, and total flux (from top to bottom). Right: the same but for the solar wind speed.
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holes) or in close vicinity (3 holes) to one or more active
regions. The solar wind streams with velocities above 720
km/s are all emanating from coronal holes located at high
latitudes far away from any active region. Again this is in
qualitative agreement with the finding of Wang and Sheeley
[1997], that wind streams at maximum are considerably
faster in the absence of interactions.
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