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Abstract We investigate the relation between coronal hole (CH) areas and solar
wind speeds during 1995–2011 using potential field (PF) model analysis of mag-
netograph observations and interplanetary scintillation (IPS) observations by the
Institute for Space-Earth Environmental Research (formerly Solar-Terrestrial
Environment Laboratory) of Nagoya University. We obtained a significant pos-
itive correlation between the CH areas (A) derived from the PF model cal-
culations and solar wind speeds (V ) derived from the IPS observations. The
correlation coefficients between them are usually high, but they drop significantly
in solar maxima. The slopes of the A–V relation are roughly constant except for
the period around solar maximum when flatter or steeper slopes are observed.
The excursion of the correlation coefficients and slopes at solar maxima is as-
cribed partly to the effect of rapid structural changes in the coronal magnetic
field and solar wind, and partly due to the predominance of small CHs. It is
also demonstrated that V is inversely related to the flux expansion factor (f)
and that f is closely related to A−1/2; hence, V ∝ A1/2. A better correlation
coefficient is obtained from the A1/2–V relation, and this fact is useful for im-
proving space weather predictions. We compare the CH areas derived from the
PF model calculations with He i 1083 nm observations and show that the PF
model calculations provide reliable estimates of the CH area, particularly for
large A.
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1. Introduction

Coronal holes (CHs), which are identified as dark regions in X-ray or extreme
ultraviolet (EUV) observations, are associated with unipolar fields where the
magnetic flux is open to interplanetary space (Altschuler, Trotter, and Orrall,
1972; Munro and Withbroe, 1972; Timothy, Krieger, and Vaiana, 1975), and
are also associated with fast solar winds when the area at the surface of the
Sun is sufficiently large. A close association between CHs and fast winds was
revealed by a comparison of soft X-ray images of the Sun and solar wind speeds
measured by Pioneer VI and Vela (Krieger, Timothy, and Roelof, 1973). The
linear relationship between the CH area A at the surface of the Sun in units of
1010 km2 and the (maximum) solar wind speed V at 1 AU in km/s was derived
from an analysis using Skylab X-ray observations and in situ measurements
(Nolte et al., 1976), as follows:

V = (80± 2)A+ 426± 5. (1)

Here, the area of a CH within 10◦ of the ecliptic plane in the full-disk X-ray
image obtained near its central meridian passage (CMP) was used for A, and the
largest speeds observed within 20◦ around the CH were used for V . Such an A–V
relationship is valuable partly because it provides key information that elucidates
the solar wind acceleration mechanism and partly because it enables us to predict
the solar wind speed at the Earth from CH imaging observations. Recently, the
A–V relationship was extensively studied from the viewpoint of space weather
predictions using advanced instruments such as the Geosynchronous Operational
Environmental Satellite (GOES) Solar X-ray Imager (SXI), the Solar and He-
liospheric Observatory (SOHO) Extreme ultraviolet Imaging Telescope (EIT),
and the Solar Wind Electron, Proton and Alpha Monitor (SWEPAM) onboard
the Advanced Composition Explorer (ACE; Vršnak, Temmer, and Veronig, 2007;
Rotter et al., 2012, 2015; Reiss et al., 2016). In these studies, A was given as
the fractional area of a CH for a meridional slice embracing the central meridian
at either ±10◦ or ±7.5◦ in longitude. A high degree of correlation was found
between A and V for a time lag of 3–4 days, which corresponds to the delay due
to solar wind propagation from the Sun to 1 AU. Note that the CH area A is
a parameter derived from global observations, whereas the solar wind speed V
measured in situ is a local parameter. The correspondence between the A and
V data was not exactly established in these studies, although a suitably located
portion of the solar disk was selected to determine A from imaging observations.

In this study, we examine the relation between the CH area A and the solar
wind speed V using interplanetary scintillation (IPS) measurements and the
potential field (PF) model of the solar corona. IPS measurements allow us to
derive the solar wind speed between 0.1 and 1 AU, and determine its global
distribution on the source surface through tomographic analysis. The PF model
analysis enables us to determine the CH distribution on both the photosphere
and source surface, and also to firmly establish the correspondence between A
and V data. Here, magnetically open field regions determined by the PF model
are assumed to represent CHs. The validity of this assumption was proven from

SOLA: CH_V_r3b.tex; 16 February 2017; 12:18; p. 2



Coronal Hole Area and Solar Wind Speed

comparison between the PF model calculations and He i 1083 nm observations for
Carrington Rotation (CR) 2020 to CR 2165 (Fujiki et al., 2016). We compare the
area of open regions with that of CHs identified from He i 1083 nm observations
more extensively to verify the assumption. Another important point regarding
this study is that the period analyzed here spans from Cycle 22/23 minimum to
near Cycle 24 maximum, and the sunspot number reduced significantly during
this period (Schrijver and Liu, 2008; Wang, Robbrechet, and Sheeley, 2009). The
present study allows us to address long-term changes in the A–V relation.

Hakamada, Kojima, and Kakinuma (1991) derived a linear relation between
the solar wind speed and He i 1083 nm intensity from IPS and Kitt Peak observa-
tions during CRs 1848–1852 in 1984. In their study, PF model calculations were
performed to determine the magnetic connectivity between the photosphere and
the source surface, as in this study. However, the solar wind speeds used in their
analysis included the effect of line-of-sight integration because tomographic anal-
ysis of the IPS observations (Kojima et al., 1998, 2007) was unavailable at that
time. Hence, the present analysis is considered to provide a better assessment of
the relation between CHs and the solar wind speed.

The outline of this paper is as follows: In Section 2, we describe our IPS
observations, which provide solar wind speed (V ) data with global coverage, and
our determination of the CH area (A) from the PF model analysis. In Section
3, we examine the relation between A and V , and also compare it with the
flux expansion factor, which is a key parameter controlling the solar wind speed
(Wang and Sheeley, 1990; Hakamada and Kojima, 1999; Hakamada et al., 2002;
Fujiki et al., 2016; Pinto, Brun, and Rouillard, 2016). In Section 4, we compare
the PF model analysis and He i 1083 nm observations. In Sections 5 and 6, we
discuss and summarize the results obtained here.

2. Data

2.1. IPS Observations

IPS is a scattering phenomenon caused by density irregularities in the solar
wind, and it serves as a useful ground-based method of measuring the solar wind
speed (Hewish, Scott, and Wills, 1964). IPS observations of the solar wind have
been performed regularly since the early 1980s at Nagoya University using the
327-MHz multistation system (Kojima and Kakinuma, 1990; Tokumaru, 2013).
The solar wind speeds are derived from cross-correlation analysis of the IPS
observations. The derived speed data are available from the Institute for Space-
Earth Environmental Research (ISEE) ftp server (ftp://ftp.isee.nagoya-u.ac.jp/
pub/vlist). Since the obtained speeds tend to be significantly biased by the effect
of line-of-sight integration, we perform tomographic analysis of our IPS data to
accurately retrieve the global distribution of the solar wind speed on the source
surface. Various versions of the tomographic analysis of IPS data have been
developed in the past two decades (Kojima et al., 1998, 2007; Hayashi et al., 2003;
Jackson et al., 1998, 2011). We use here the time-sequence tomography method
(Fujiki et al., 2003; Kojima et al., 2007; Tokumaru, Kojima, and Fujiki, 2010),
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which allows reliable reconstruction of quasi-stationary heliospheric structures
slowly evolving with the solar cycle. In this method, the solar wind is assumed
to flow radially at a constant speed, and the solar wind speed data is projected
onto the source surface under this assumption. Such a ballistic mapping method
works well for an analysis of the IPS measurements between 0.1 and 1 AU,
because the solar wind is almost accelerated to its asymptotic speed by 0.3 AU
(Schwenn et al., 1981) and also because the radial component of the speed vector
is dominant for this distance range. The source surface is assumed to be located
at 2.5 solar radii (R�). The value of 2.5 R� is frequently used for the source
surface radius because it gives the best overall agreement between calculated
and observed IMF polarities (Hoeksema, Wilcox, and Scherrer, 1983).

Figure 1 shows the synoptic source surface map of the solar wind speed derived
from tomographic analysis of CR 1911. We note that Figure 1 represents the
solar wind speed distribution at distances much further than 2.5 R�, where
the speed is nearly equal to its asymptotic value. The bimodal distribution of
the solar wind during the solar minimum is clearly observed in this map. The
heliosphere is composed of fast winds located at mid to high latitudes and slow
winds located around the equator. The slow wind belt is closely aligned to the
magnetic neutral line (black line) on the source surface, which corresponds to
the heliospheric current sheet (HCS); however, the location of very low-speed
wind does not follow the oscillation of the HCS. The very low-speed wind is
found to originate from a small coronal hole located in the vicinity of active
regions, associated with a rapidly expanding flux tube (Kojima et al., 1999).
The figure shows that there is an isolated region of the slow wind at a longitude
of approximately 330◦ and a latitude of approximately 60◦ N. This slow wind
patch is a short-lived feature, and is not observed in adjacent CRs. Specific
structures of the coronal magnetic field are not identified for this wind; hence,
its origin remains an open question.

In this study, we analyze the solar wind speed data collected for the period
from 1995 to 2011, which includes two solar minima (Cycles 22/23 and 23/24
minima) and two solar maxima (Cycles 23 and 24 maxima). This period is
selected, since the IPS data after 1995 have a better spatial coverage than those
before. The analysis period corresponds to CRs spanning CR 1895 to CR 2115.
Our IPS observations are unavailable for winter owing to thick snow at the
observatories, and they are also unavailable for 2010 owing to a system upgrade.

2.2. Magnetograph Observations and Identification of Coronal Holes

Magnetograph observations taken at Kitt Peak National Observatory (http:
//nsokp.nso.edu/) for the period from 1995 to 2011 are analyzed using the
PF model (Hakamada, 1995) to reconstruct the magnetic field of the solar
corona. In this analysis, we use synoptic maps of the photospheric magnetic
field obtained from the National Solar Observatory (NSO) Vacuum Telescope
(ftp://solis.nso.edu/kpvt/synoptic/mag/) for CRs 1895–2007 and from the vec-
tor spectrograms (http://solis.nso.edu/vsm/vsm masps.php) for CRs 2008–2115.
Even though there are some differences between the NSO vacuum telescope and
the vector spectrogram data (Keller, Harvey, and Henney, 2008; Callaban and
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Wamplet, 2009), we consider that they do not significantly bias the results of
this study. The field lines calculated by the PF model are shown in Figure 2.
The photospheric region where the field line is connected to the source surface,
the so-called “open” region, is considered to be the source of the solar wind, as
the plasma motion should be aligned with the magnetic field in the solar corona
(Pneumann and Kopp, 1971). In this calculation, the source surface is assumed
to be located at 2.5 R�.

Figure 3a indicates the distribution of open regions on the photosphere. The
open regions identified by PF model analysis are considered to represent CHs
seen in imaging observations. We automatically identify individual CHs from the
map of open regions using the following method (see also Fujiki et al., 2016).
The map of open regions is first smoothed with an angular width of 5◦, and the
boundary of each open region is determined using the region growing algorithm.
We assume that open regions with the same magnetic polarity located within
an angular separation of 5◦ can be regarded as a single group of CHs. Here, the
angular separation denotes an angle measured along a great circle connecting
the centers of open regions. The result of this analysis is shown Figure 3b.
Unsmoothed boundaries of a CH are used for calculating A, and CHs with
extremely small A are rejected in this analysis (see the next section). Finally,
we identify 1052 CHs from Kitt Peak magnetograph observations for the period
between 1995 and 2011 when IPS observations are available.

2.3. Determination of Coronal Hole Area A, Solar Wind Speed V ,

and Other Parameters

We calculate an area on the source surface, ASS, for the region corresponding to
a CH identified in the above analysis. We also derive the mean solar wind speed
V from IPS observations over the CH region on the source surface. Then, we
calculate the CH area on the photosphere, A, and the expansion factor of the
magnetic flux tube, f , for each CH using the following formulas:

A =
ASSBSS

BPH
, (2)

f =
ASS

A

1

R2
SS

, (3)

where BPH, BSS, ASS, and RSS are the mean photospheric magnetic field, mean
magnetic field, CH area on the source surface, and radial distance of the source
surface in solar radii (i.e., 2.5), respectively. In this analysis, we determine BPH

using the PF model instead of raw data from magnetograph observations and
ignore CHs with A less than 108 km2, which corresponds to approximately 1◦×1◦

on the Sun’s surface and is equivalent to the latitude/longitude grids used for
the synoptic maps. It should be noted that f calculated here represents a global
property of the coronal magnetic field, and there is a slight difference between
it and the one used in earlier studies (e.g. Hakamada and Kojima, 1999; Arge
and Pizzo; 2000). The former is given for an individual CH, whereas the latter
is given for each field line.
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3. Results

3.1. Relation between A and V

Figure 4 demonstrates the relation between A and V for the period between
1995 and 2011. This figure reveals a good positive correlation between the two
quantities, although it shows a significant amount of scatter, particularly for
small values of A. From this figure, we can say with fair certainty that the slow
solar wind does not come from a large CH. The correlation coefficient is 0.66,
which is as high as those obtained from earlier studies (e.g. Rotter et al., 2012,
2015). The linear regression line is given by

V = (4.31± 0.15)A+ 457± 2.41, (4)

where V and A are given in km/s and 1010 km2, respectively. We note that the
slope is much flatter than that obtained by Nolte et al. (1976). This discrepancy
is observed even when data with small A (A < 6×1010 km2) are selected (see the
lower panel of Figure 4). In this case, 755 CHs are included, and a regression line
that is considerably similar to Equation (4), V = (4.56± 0.20)A+ 452± 2.77, is
obtained, while the correlation coefficient reduces significantly to 0.21. Further
discussion on the discrepancy between Nolte et al. (1976) and this study will be
presented in Section 5. We note that the correlation becomes poor when data
with large A are excluded, due to large data scatter at small A. If we limit
our analysis to A > 109 km2 (843 data points), we obtain a slightly improved
correlation between A and V (the correlation coefficient is 0.69).

Figure 5 shows the temporal variation in the correlation coefficients and slopes
of the A–V relation during 1995–2011. The correlation coefficients (Figure 5a)
are usually high except during solar maximum periods. The correlations in 2000,
2003, and 2011 drop to a moderate to low level, although they are still signif-
icantly positive. If data for these years are excluded, the correlation coefficient
between A and V rises to 0.68. This drop in correlation is partly ascribed to the
effect of rapid structural changes in the corona and solar wind. It is well known
that the coronal magnetic field structure changes rapidly and significantly during
solar maximum periods. Such rapid changes may result in errors in the PF model
analysis when synoptic maps are used. The distribution of the solar wind also
changes rapidly during solar maximum, and this fact may cause some errors in
the tomographic analysis of IPS observations, where quasi-stationary structures
are assumed. In addition, the drop in correlation is partly ascribed to the effect of
disappearance of large CHs. Many small CHs, which exhibit large scatter in the
A-V plot, are present during solar maxima, which may degrade the correlation.
The slopes of the A–V relation (Figure 5b) remain within 2σ, where σ is the
rms deviation. However, flatter or steeper slopes tend to occur around Cycle 23
maximum. As in the case of decreased correlations, this fact is attributed to the
effect of rapid changes in the Sun’s magnetic field and the solar wind and/or the
predominance of small CHs during solar maxima.
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3.2. Relation between 1/f and V

An inverse relation between V and f was demonstrated from the analysis of in
situ and magnetograph observations (Wang and Sheeley, 1990); V ∝ f−α. A
value of α = 1 is considered appropriate by some authors (Riley et al., 2015),
while somewhat different values for α were reported from earlier studies; e.g.
α = 2/5 (Arge and Pizzo, 2000), and α = 0.3 (Fujiki et al., 2015). In the present
study, we assume α = 1; i.e. V ∝ 1/f .

Figure 6 demonstrates the relation between 1/f and V . A clear positive
correlation is observed. The correlation coefficient is 0.68, and the regression
line is given by

V = (1174± 38.8)(1/f) + 432± 2.84, (5)

where V is in units of km/s, and f is dimensionless. The time variation of the
correlation coefficients and slopes of the 1/f–V relation are shown in Figure 7.
As in the case of the A–V relation, the correlation coefficients between 1/f and
V (Figure 7a) are usually high except at solar maxima. A degraded correlation
is observed at solar maxima and is ascribed to the effect of rapid structural
changes in the Sun’s magnetic field and the solar wind. The standard deviation
of correlation coefficients between 1/f and V derived on a yearly basis is 0.21,
slightly greater than that between A and V ; 0.19. The slopes of the 1/f–V
relation (Figure 7b) tend to be flatter and steeper at solar maxima and minima,
respectively. This variation of the slopes has been observed for the A–V relation,
but the slopes of the 1/f–V relation appear to exhibit more obvious solar cycle
dependence.

We now examine the relation between A and f . As shown in Figure 8a, A
is negatively correlated to f , and the correlation coefficient between them is
−0.81. The slope of the log(A)–log(f) relation is −0.43± 0.01, so the relation is
approximately given by f ∝ A−1/2. The values of 1/f are plotted as a function
of A1/2 in Figure 8b. An excellent positive correlation between two variables is
revealed in the figure. The correlation coefficient is 0.84. According to Eqs. (2)
and (3), the correlation between f and A−1/2 suggests that A1/2 ∝ ASS. While
further discussion on the physical meaning of this relation is beyond the scope
of the present paper, it is quite interesting since it may suggest that there is
a certain level of self-similarity between CHs of different sizes, and the relation
serves as a useful empirical formula to determine a flux expansion factor from
imaging observations of CHs.

3.3. Relation between A1/2 and V

Since we found that f ∝ A−1/2 and V ∝ 1/f in the previous section, we examine
the relation between A1/2 and V here. A positive correlation between V and
A1/2 is demonstrated in Figure 9. The correlation coefficient, 0.70, is slightly
better than that between A and V . This fact suggests that A1/2 acts as a better
parameter to determine V . The linear regression line is given by

V = (30.2± 0.96)A1/2 + 433± 2.72, (6)
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where V is in units of km/s, and A is in units of 1010 km2. The time variation
of the correlation coefficients and slopes of the A1/2–V relation are indicated in
Figure 10. The tendency revealed here is basically the same as that in Figure 5
(A–V relation), but the fluctuations in slopes derived on a yearly basis (33 % of
the mean) are somewhat smaller than those of the A–V relation (38 %).

4. Comparison between He i 1083 nm Observations and
Potential Field Model Calculations

To check the accuracy of the CH areas derived from the PF model calculations,
we compare them with CH areas determined from imaging observations. We use
here He i 1083 nm observations at the Kitt Peak National Observatory. A CH is
identified as a bright region in He i 1083 nm observations (Harvey and Sheeley,
1977, 1979; Kahler, Davis, and Harvey, 1983). This absorption line allows reliable
detection of CHs from imaging observations of the Sun. We analyze He i 1083
nm observations taken with the NSO Vacuum Telescope (ftp://solis.nso.edu/
kpvt/synoptic/helium/) for the period between 1995 and 2003 (CRs 1895–2007),
for which He i 1083 nm synoptic maps are available.

Figure 11a shows an example of a synoptic map of He i 1083 nm observations.
We derive a synoptic map of CH boundaries from He i 1083 nm observations for
each CR using the following method. First, we make a histogram of intensity for
a given CR and fit a Gaussian function to the histogram (see Figure 11b). The
higher value corresponding to the half-maximum of the best-fit Gaussian func-
tion (red vertical line in Figure 11b) is used as the threshold level to determine
CH boundaries. CH boundaries derived by this method are shown in Figure 11a.
We identify individual CHs from this map using the method we used for the PF
model analysis (see Section 2.2). We note that the criterion for identification of
CHs is slightly different from the one used in Fujiki et al. (2016). Figure 11c
compares the synoptic maps of CH boundaries from the PF model calculations
(black lines) and He i 1083 nm observations (red lines). The centers of individual
CHs are indicated by crosses (black or red). We determine the correspondence
between the two types of CH data by using the following selection criteria: the
angular difference between the centers of the PF model and He i 1083 nm CHs
is within 20◦ for latitudes less than 45◦ and within 40◦ for latitudes greater
than 40◦. We identify 673 cases of one-to-one correspondence between the CHs
determined by the PF model and He i 1083 nm.

Figure 12 compares the CH areas from the PF model calculations and He i
1083 nm observations. The PF model calculations generally agree with the He i
1083 nm observations, and the correlation coefficient between them is 0.77. This
result is basically the same as that shown in Figure 2b of Fujiki et al. (2016).
The data show a large scatter at smaller areas, and the correlation coefficient
rises to 0.96 when we use data with A > 109 km2 (above the green line in the
figure). The scatter tends to increase with decreasing A even for A > 109 km2,
which is consistent with large scatter of data at small A in the plots shown in
the previous section. The linear regression line lies close to but slightly below the
line indicating a 1 : 1 relationship, suggesting that the PF model calculations
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provide a systematically larger value of the CH area than the He i 1083 nm
observations. The ratio of CH areas from He i 1083 nm observations to those
from the PF model calculations is 0.82± 0.56 for A > 1010 km2 and 0.72± 0.35
for A > 1011 km2, whereas it is 1.03±2.32 for A > 109 km2. Thus, the tendency
for the PF model calculations to overestimate A is more pronounced for larger
A. Figure 13 shows the probability of successfully detecting the CH area from
the PF model calculations within an area difference of factor 3. The probability
of successful detection increases with the CH area. More than 80% of CHs with
A > 1011 km2 and more than 50% of those with A > 1010 km2 are successfully
detected from the PF model calculations.

5. Discussion

As shown in Figure 4, our analysis indicates a flatter slope of the A–V relation
than that in Nolte et al. (1976). There are some differences between their analysis
method and ours. First, they used the area of CHs located within ±10◦ of
the ecliptic plane near their CMP to compare with in situ measurements of
the solar wind speed. Note that, unlike our analysis, they did not consider the
correspondence between CHs and in situ data by tracing the magnetic field line.
Second, they used the maximum hourly average of the speed observed in the
solar wind stream. We use the average speed over a CH in our analysis. Figure
14 shows the A–V relation for CHs located at low latitudes (within ±10◦ of the
equator). We find 160 CHs at low latitudes during 1995–2011. The slope shown
in this figure, (8.0±1.6)×1010 [/km/s], is somewhat steeper than that in Figure
4, but still much flatter than that of Nolte et al. (1976). Hence, we consider that
the discrepancy in the slope mostly comes from the different average speeds.

Rotter et al. (2012, 2015) investigated the relation between A and V using
EUV imaging observations and in situ measurements for 2005 and 2011–2013.
Their estimates of the CH area were given by the ratio of the number of CH
pixels to the total number of pixels inside a meridional slice of ±7.5◦ for EUV
images; i.e., the fractional area, so their results cannot be directly compared
with our estimates. The correlation coefficients derived for 2005 and 2011–2013
were 0.76 and 0.60, respectively. This difference in correlation may be ascribed
to the effect of the solar cycle. The occurrence of transient streams with a non-
CH origin increases during solar maximum, and this fact may cause the reduced
correlation coefficient obtained for 2011–2013, which corresponds to Cycle 24
maximum. This effect of transient streams is considered to be safely eliminated
in the tomographic analysis of IPS observations.

Recent magnetograph observations revealed that the Sun’s polar fields of Cy-
cle 23/24 minimum were about 40 % weaker than those of the previous minimum
(Schrijver and Liu, 2008; Wang, Robbrecht, Sheeley, 2009), and peculiar aspects
associated with this weakness were reported from observations of the solar wind
(McComas et al., 2008; Tokumaru et al., 2009; Tokumaru, Kojima, and Fujiki,
2010; Tokumaru, Fujiki, and Iju, 2015) and interplanetary magnetic fields (Smith
and Balogh, 2008; Lee et al., 2009). Despite this remarkable decline, the slopes
in either the A–V or A1/2–V relations (Figures 5b and 10b) do not exhibit any

SOLA: CH_V_r3b.tex; 16 February 2017; 12:18; p. 9



M. Tokumaru et al.

clear long-term trend during the analyzed period, except for the solar cycle effect.
This fact suggests that A serves as a robust parameter which enables reliable
determination of V independently of long-term change in the solar activity.

He i 1083 nm observations of CHs and PF model calculations of open field
regions were compared for CR 1892 (in 1995) by Neugebauer et al. (1998). They
found that there was a fairly good match between the CH boundaries in He i
1083 nm images and the envelopes of open field lines, although some noticeable
disagreements existed. This fact is generally consistent with our result. We find
that the PF model calculations tend to give a slightly larger CH area than the He
i 1083 nm observations do. This result depends strongly on not only the threshold
level of the He i 1083 nm intensity but also the source surface height. Although a
height of 2.5 R� has typically been used as the source surface value in many PF
applications, Lee et al. (2011) demonstrated that smaller source surface heights
yielded a better match with observations for Cycle 23/24 minimum, when the
solar activity weakened remarkably. The effect of smaller source surface heights
on the A–V relation is beyond the scope of this paper, and it is deferred to
a future study. We note that no significant long-term trend associated with
weakening of the solar activity is discernible from the results obtained here.

6. Summary

We investigate the relation between the solar wind speed (V ) and the CH area
(A) using ISEE IPS observations and PF model calculations for the period
between 1995 and 2011. The source surface distribution of solar wind speeds is
determined from tomographic analysis of IPS observations and compared with
CH area data derived from PF model analysis of magnetograph observations.
We find a good correlation between A and V ; the correlation coefficient is 0.66,
and the linear regression line is V [km/s] = (4.31±0.15)A[1010 km2]+457±2.41.
This correlation is as good as those obtained in earlier studies, although the slope
of the A–V relation differs from the earlier results. The correlation coefficients
in the A–V relation remain high during the analyzed period except for solar
maxima, when they degrade to a moderate to poor level. The slopes of the A–V
relation also show deviations to flatter or steeper values in the period of solar
maximum. The reduced correlations and excursion of the slopes are ascribed
partly to the effect of rapid structural changes in the corona and solar wind, and
partly due to the predominance of small CHs during solar maxima. It is also
found that V is inversely related to the flux tube expansion factor (f), and f
is closely related to A1/2; hence, V ∝ A−1/2. The relation between A−1/2 and
V yields a slightly better correlation (ρ = 0.70) than that between A and V .
The regression line deduced for A1/2 and V is V [km/s] = (30.2± 0.96)A1/2[105

km] + 433 ± 2.72. This result may be useful for improvement of space weather
predictions. In this study, we compare CH areas derived from PF model calcu-
lations with those derived from He i 1083 nm observations. The CH areas from
the PF model calculations are found to generally agree well over a wide range
with those from He i 1083 nm observations, although the PF model calculations
tend to give a slightly larger CH area than the He i 1083 nm observations. Better
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agreement between them is found for large areas, and the PF model calculations
allow estimation of the CH area within an error factor of 3 for more than 80%
of cases where the area is greater than 1011 km2.
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Rotter, T., Veronig, A.M., Temmer, M., Vršnak, B.: 2012, Relation between coronal hole
areas on the sun and the solar wind parameters at 1 AU, Solar Phys., 281, 793,
doi:10.1007/s11207-012-0101-y.
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Figure 1. Synoptic solar wind speed map derived from ISEE observations for CR 1911.
The black solid line indicates the magnetic neutral line on the source surface computed from
magnetograph observations using a PF model.
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Figure 2. Coronal magnetic field lines (colored solid lines) between the photosphere (lower)
and the source surface (upper). Magenta and cyan denote positive and negative polarities,
respectively.
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(a)

(b)

Figure 3. (a) Distribution of “open” regions on the photosphere. Red and blue areas represent
CHs with positive and negative polarities, respectively. The black curved line corresponds to
the magnetic neutral line on the source surface. (b) Distribution of CHs identified from PF
model calculations. Different colors are used to distinguish individual CHs. Crosses indicate
locations of the centers of open regions.
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Figure 4. Relation between CH area A and solar wind speed V for 1995–2011. The black
line is a linear regression line, and the blue line corresponds to the relation between A and V
derived from Nolte et al. (1976). The lower panel shows data for A < 1010 km2.
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(a)

(b)

Figure 5. Year-by-year variation of (a) correlation coefficients and (b) slopes of A–V relations.
Horizontal dashed and dotted lines correspond to the average and root mean square (rms)
deviation, respectively.
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Figure 6. Relation between 1/f and V . The black line is a linear regression line.
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(a)

(b)

Figure 7. Year-by-year variation of (a) correlation coefficients and (b) slopes of 1/f–V re-
lations. Horizontal dashed and dotted lines correspond to the average and rms deviation,
respectively.
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(a)

(b)

Figure 8. Relations (a) between A and f in the log–log format and (b) between A1/2 and
1/f . The black line is a linear regression line.
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Figure 9. Relation between A1/2 and V for 1995–2011. The black line is a linear regression
line.
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(a)

(b)

Figure 10. Year-by-year variation of (a) correlation coefficients and (b) slopes of A1/2–V
relations. Horizontal dashed and dotted lines correspond to the average and rms deviation,
respectively.
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(a)

(b)

(c)

Figure 11. (a) He i 1083 nm observations for CR 1911. Solid black lines indicate boundaries
of CHs. (b) Histogram of He i 1083 nm brightness for CR 1911. The green curve is a Gaussian
function fit to He i 1083 nm observations, and the vertical bar corresponds to the upper level
at half-maximum of the Gaussian. (c) Comparison of CH boundaries determined by the PF
model calculations (black) and He i 1083 nm observations (red). Crosses indicate locations of
CH centers
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Figure 12. Comparison of CH areas from PF model calculations and He i 1083 nm ob-
servations. The blue line indicates a 1:1 relationship. The black line is a linear regression
line.
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Figure 13. Detection ratio of CHs from PF model calculations as a function of area. Data
within a factor three difference in area are used here.
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Figure 14. Relation between A and V for low-latitude CHs located within ±10◦.
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